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WELCOME 

 

On behalf of the Organizing Committee, we welcome you to the X Iberoamerican 

Conference on Phase Equilibria and Fluid Properties for Process Design EQUIFASE 

2015. It is our greatest pleasure to host all of you in the Mediterranean city of Alicante, 

with its long sandy beaches and mild climate. 

We are very pleased for the interest shown in this conference, resulting in the large 

number of fine contributions we have received from many parts of the world. 

The scientific program provides, as previous editions of the EQUIFASE Congress, an 

excellent opportunity for participants to exchange new ideas and information on many 

important issues in phase equilibria and fluid properties. The program includes high-

standard plenary lectures. We want to express our gratitude to the invited speakers for 

their contribution to the excellence of the meeting. 

We wish also thank the International Scientific Committee for their support in all the 

aspects of the event. We also deeply appreciate the participation of leader companies 

and government agencies and institutions as sponsors of this conference. 

We wish you all a fruitful meeting. Welcome to Alicante and many thanks for making 

EQUIFASE 2015 possible! 

                                                                 

                 Antonio and Vicente 
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ABOUT EQUIFASE 

In April 1983, the third International Conference on Fluid Properties and Phase 
Equilibria for Chemical Process Design took place in Callaway Gardens, Georgia, 
USA. This event stimulated the Latin American participants to organize an 
International Course on the Thermodynamics of Phase Equilibria in Bahía Blanca 
(Argentine), in July 1984. This course brought a large number of participants from 
industry and universities, giving the chance to program scientific and technical 
interchange activities in the field of vapor–liquid equilibrium for process design. This 
was the first step for the series of EQUIFASE Conferences reported below, being held 
periodically: 

EQUIFASE 1987:       Concepción, Chile 
EQUIFASE 1990:       Salvador de Bahía, Brazil 
EQUIFASE 1992:       Oaxaca, México 
EQUIFASE 1995:       Caracas, Venezuela 
EQUIFASE 1999:       Vigo, Spain 
EQUIFASE 2002:       Foz de Iguaçu, Brazil and Argentine 
EQUIFASE 2006:       Morelia, Mexico 
EQUIFASE 2009        Praia da Rocha, Portugal 
EQUIFASE 2012        Puerto Varas, Chile 
EQUIFASE 2015       Alicante, Spain 

 

The general purpose of the EQUIFASE Conference is to promote the Scientific and 
Technologic exchange between people from both the academic and the industrial 
environment from the European and American Continents in the field of Phase 
Equilibria and Thermodynamic Properties for the Design of Chemical Processes. The 
main topics of this Conference are related to measurement, modeling, prediction and 
simulation of physical–chemical properties concerning product and process design. 
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EQUIFASE 2015 

 
Alicante is a Spanish city located on the Mediterranean coast. It has an arid 
Mediterranean climate, with mild temperatures all year long and little rain. Alicante is 
a modern city with a primary focus on tourism, but also a special interest in industry 
and commerce. It offers not only a great variety of services, but also a wide range of 
cultural activities, with its museums, its festivals and its nature areas. Alicante is a 
perfect city for spending a few pleasantly relaxing days. 
 
EQUIFASE 2015 is held at the Meliá Hotel, one of the city’s most iconic hotels, 
which is located between Postiguet Beach and Alicante Marina, near the well-known 
Paseo de la Explanada de España, the historic and commercial center of the city and 
Santa Bárbara Castle. 

 

SCOPE AND TOPICS 

 
1. Measurement of Thermodynamic Properties. Phase Equilibria and Chemical 

Equilibria 
2. Theory and Modelling: Statistical Thermodynamic, Equations of State, Activity 

Coefficient Models, Molecular Simulation and Multiscale Simulation 
3. Alternative solvents. Supercritical fluids. Ionic liquids 
4. Energy. Gas and oil. Petrochemicals. Environment and sustainability 
5. Biomolecules and Biotechnology 
6. Product and Process Design. Databases and Software 
7. Education 
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ESTEBAN A. BRIGNOLE AWARD 

 
This will be the first edition of the Esteban A. Brignole Award, recognized as the most 
prominent figure in the area of Applied Thermodynamics in Latin America. His major 
research contributions are the pioneering work on molecular design of solvents and the 
novel integration of rigorous thermodynamic methods to process engineering, which 
have gained him international recognition.  
 
As the person who gives its name to the prize, the distinguished with the Esteban A. 
Brignole Award are expected to combine technical excellence with selfless service to 
promote progress, innovation, and collaboration. The members of the International 
Scientific Committee of EQUIFASE 2015 have awarded this prize to Pedro de 
Alcántara Pessoa Filho, Professor in the Chemical Engineering Department, 
University of Sao Paulo, Brazil. Professor Pedro de Alcántara Pessoa Filho is awarded 
for the high quality standards in his scientific work, by building bridges of 
approximation between different research groups, by working as an editor for several 
iberoamerican and international scientific and academic journals and by his passion for 
scientific progress and innovation. 
 

SPECIAL ISSUE OF FLUID PHASE EQUILIBRIA 

 
The Editors of Fluid Phase Equilibria have arranged for publication (after peer-
reviewed) of the EQUIFASE 2015 Conference Proceedings, as a Special Issue of FPE. 
Only authors of selected papers will be invited to submit a manuscript. Selection will 
take place during the conference by the guest editors and the FPE handling editors. 

 Editors: Theo de Loos and Ana Soto 
 Guest Editors: Antonio Marcilla and Vicente Gomis 



 

 

 

 

 

 

 

 

 

Scientific Program 
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SCIENTIFIC PROGRAM – EQUIFASE 2015 

SUNDAY, 28 June 
16:00 Registration 
19:30 Welcome reception and Cocktail 

MONDAY, 29 June 
9:00 
9:10 

Conference Presentation 
In memoriam Hugo Segura 
Andrés Mejía, Universidad de Concepción, Chile 

Chair: Cor Peters, The Petroleum Institute, Abu Dhabi, UAE 
9:15 (PL-1) Inaugural Lecture: “Modelling water in computer 

simulations” 
Carlos Vega, Complutense University of Madrid, Spain 

10:00 Oral Presentations 
10:00-10:15 (O-01) 

 
Description of solid-liquid equilibria in complex mixtures 
involved in the acid processing of aluminosilicate ores 
Teyssier Angélique1,2, Jean-Michel Schmitt1, Christelle 
Goutaudier2 
1AREVA, BG Mines, France 
2Laboratoire des Multimatériaux et Interfaces, UMR CNRS 
5615, Université Claude Bernard Lyon 1, France 

10:15-10:30 (O-02) Improved correlations for viscosity of naphthenic crude oils 
Krishnaswamy Rajagopal ,Luciana L. de Pinho Rolemberg de 
Andrade 
Escola de Química / Univ. Federal do Rio de Janeiro, Brazil 

10:30-10:45 (O-03) Solid-liquid equilibrium of CuSO4-H2SO4-seawater system 
Francisca Justel, Yecid Jiménez, María Elisa Taboada 
Universidad de Antofagasta, Chile 

10:45-11:00 (O-04) Solid-solid-liquid equilibrium of lipidic ternary mixtures 
Guilherme J. Maximo1, Rafael T. Aquino2, Antonio J. A. 
Meirelles1, Mariana C. Costa2 
1School of Food Engineering, University of Campinas, Brazil 
2School of Applied Sciences, University of Campinas, Brazil 

11:00 Poster Session + Coffee Break 

Chair: Selva Pereda, PLAPIQUI, Universidad Nacional del Sur, Argentina  

11:30 Oral Presentations 
11:30-11:45 (O-05) High-pressure densities and surface tensions of binary and 

ternary system containing carbon dioxide + n-alkanes 
Constanza Cumicheo, Marcela Cartes and Andres Mejia 
Dpto. Ingeniería Química, Universidad de Concepción, Chile 



X Iberoamerican Conference on Phase Equilibria and Fluid Properties 
for Process Design 
Alicante (SPAIN) 

 
 

11:45-12:00 (O-06) Atmospheric densities and interfacial tensions for 1-alcohol 
(1-butanol to 1-octanol) + water and ether (MTBE, ETBE, 
DIPE, TAME and THP) + water demixed mixtures 
Andrés Mejía and Marcela Cartes 
Departamento de Ingeniería Química, Universidad de 
Concepción, Chile 

12:00-12:15 (O-07) The liquid-liquid equilibrium and the solubility in reacting 
quaternary system acetic acid – n-butanol – n-butyl acetate 
– water at 293.15–313.15 K 
Maria Toikka, Artemiy Samarov, Pavel Naumkin 
Saint-Petersburg State University, Russia 

12:15-12:30 (O-08) Gas hydrate phase behavior in presence of organics and 
electrolytes 
Khalik M. Sabil1, Cor J. Peters2 
1Heriot Watt University, Eindhoven University of Technology, 
The Netherlands 
2The Petroleum Institute, Abu Dhabi, UAE 

12:30-12:45 (O-9) Comments on the correlation of liquid-vapour and liquid-
liquid-vapour equilibrium data 
Antonio Marcilla, Juan Antonio Reyes-Labarta, María del Mar 
Olaya 
Chemical Engineering Department, University of Alicante, 
Spain 

12:45-13:00 (O-10) Liquid-liquid-liquid equilibria in systems with surfactant 
ionic liquids 
Iago Rodríguez-Palmeiro, Iria Rodíguez-Escontrela, Oscar 
Rodríguez, Alberto Arce and Ana Soto 
University of Santiago de Compostela, Spain 

13:00-13:15 (O-11) Theoretical pre-selection of ionic liquids for liquid-liquid 
extraction of Neodymium 
Mariusz Grabda1,2, Sylwia Oleszek1,2, Mrutyunjay Panigrahi1, 
Dmytro Kozak1, Franck Eckert3, Etsuro Shibata1 and Takashi 
Nakamura1. 
1Institute of Multidisciplinary Research for Advanced Materials 
(IMRAM) Japan 
2Institute of Environmental Engineering of the Polish Academy 
of Sciences, Poland 
3COSMOlogic GmbH & Co KG, Germany 

13:30 Lunch 
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Chair: Marcelo Castier, Texas A&M University at Qatar, Qatar 

15:00 Oral Presentations 
15:00-15:15 (O-12) Measurement of CO2 + freon phase equilibria and extension 

of the predictive E-PPR78 equation of state to freon-
containing systems 
Jean-Noël Jaubert1, Romain Privat1, Jun-Wei Qian1, Niramol 
Juntarachat1 and Christophe Coquelet2 
1ENSIC - LRGP - University of Lorrain, France 
2CTP-Mines Paristech, France  

15:15-15:30 (O-13) Extension of the Soft-SAFT thermodynamic model to 
derivative and transport properties 
Felix Llovell, Lourdes F. Vega 
MATGAS 2000 AIE, Spain 

15:30-15:45 (O-14) A usability of the semi-predictive NRTL-SAC model for 
processing and evaluation of phase equilibrium 
Karel Rehák, Jiri Velas, Pavel Morávek and Aigerim Mustafina 
University of Chemistry and Technology, Prague, The Czech 
Republic 

15:45-16:00 (O-15) Phase behaviour and interfacial properties of CO2 + n-
alkane binary mixtures: Coarse-Grained theoretical 
modelling and Molecular Simulations 
Harry Cárdenas, Andrés Mejía 
Departamento de Ingeniería Química, Universidad de 
Concepción, Chile 

16:00-16:15 (O-16) Phase stability analysis in the vicinity of singularities 
Dan Vladimir Nichita 
CNRS UMR 5150, Laboratoire des Fluides Complexes et leurs 
Reservoirs/Université de Pau et des Pays de l’Adour, France 

16:15 (PL-2) Esteban A. Brignole Award  
Presentation: Marcelo Castier, Texas A&M University at Qatar. 
Lecture: "Thermodynamics of protein solutions: from 
science to chemical engineering" 
Pedro de Alcántara Pessoa Filho, Universidade de São Paulo 
(USP), Brazil 

17:00 Poster Session + Coffee Break 
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Chair: Jean Noel Jaubert, Universite de Lorraine, Nancy, France  

17:30 Oral Presentations 
17:30-17:45 (O-17) Simultaneous multiphase flash and stability analysis 

calculations including hydrates 
Iuri Soter Viana Segtovich, Amaro Gomes Barreto Jr., 
Frederico Wanderley Tavares 
UFRJ - Universidade Federal do Rio de Janeiro, Brazil 

17:45-18:00 (O-18) Estimation of the uncertainty of predicted thermophysical 
property data 
M. Shacham1, G.St. Cholakov2, N. Brauner3, R. P. Stateva4 
1Chemical Engineering Dept./Ben-Gurion University of the 
Negev, Israel 
2University Chem.Technol. Metall., Sofia, Bulgaria 
3School of Engineering, Tel-Aviv University, Israel 
4Institute of Chemical Engineering, Bulgarian Acad. Sciences, 
Sofia, Bulgaria 

18:00-18:15 (O-19) Phase behavior of 1-alkyl-1-methylpyrrolidinium 
bis(trifluoromethylsulfonyl)imide ionic liquids and alkanes 
from a Group-Contribution Equation of State 
Emilio J. González1, Susana B. Bottini2, and Eugénia. A. 
Macedo3 

1Department of Chemical Engineering, Complutense University, 
Madrid, Spain 
2PLAPIQUI, Universidad Nacional del Sur-CONICET, Bahía 
Blanca, Argentina  
3Faculdade de Engenharia da Universidade do Porto, Portugal 

18:15-18:30 (O-20) Employing a SAFT equation of state to obtain force fields 
for use in Coarse-Grained molecular simulations 
George Jackson, Amparo Galindo, Claire S. Adjiman and Erich 
A. Müller1 
Imperial College London - Dept. Chemical Engineering, United 
Kingdom 

18:30-18:45 (O-21) Modification of ZIF-8 structures: the effect of metal atom 
exchange on structural and separation properties 
Panagiotis G. Krokidas1, Marcelo Castier1, Hae-Kwon Jeong2 
and Ioannis G. Economou1 
1Texas A&M University at Qatar, Doha, Qatar 
2Texas A&M University, Artie McFerrin Department of 
Chemical Engineering, USA 

18:45 End of work session 



X Iberoamerican Conference on Phase Equilibria and Fluid Properties 
for Process Design 
Alicante (SPAIN) 

 
 

 
21:00 

 
Gala Dinner 

24:00 
 

Fireworks from the Santa Bárbara Castle 
 

TUESDAY, 30 June 

Chair: Theo de Loos, Delft University of Technology, Netherlands 

9:00 (PL-3) Plenary Lecture: “Classical Thermodynamic Insights into 
Some Biochemical Processes” 
Stanley I. Sandler, University of Delaware, USA 

9:45 Oral Presentations 
9:45-10:00  (O-22) Thermodynamic modeling of new generation fuels 

Mariana González Prieto, Francisco A. Sánchez and Selva 
Pereda 
Planta Piloto de Ingeniería Química (PLAPIQUI - UNS - 
CONICET), Argentina 

10:00-10:15 (O-23) Chemical potentials, activity coefficients and solubility in 
aqueous NaCl solutions: prediction by polarizable force 
fields 
F. Moucka, W. R. Smith, I. Nezbeda 
J. E. Purkinje University, Canada 

10:15-10:30 (O-24) Including dispersive interations in the F-SAC model 
Guilherme Braganholo Flôres ,Paula Bettio Staudt, Rafael de 
Pelegrini Soares 
Chemical Engineering Department, Federal University of Rio 
Grande do Sul, Brazil 

10:30-10:45 (O-25) Thermodynamic properties and phase equilibria of water 
from a polarizable intermolecular potential 
I. Shvab and Richard J. Sadus 
Swinburne University of Technology, Australia 

10:45-11:00 (O-26) Predictive capability of the PC-SAFT equation of state and 
its polar extensions for liquid-liquid equilibria in systems 
containing γ-valerolactone 
Martin Klajmon, Karel Rehák, Maja Matoušová, Pavel 
Morávek 
University of Chemistry and Technology, Prague, The Czech 
Republic 

11:00 Poster Session + Coffee Break 
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Chair: Andrés Mejía, Universidad de Concepción, Chile 

11:30 Oral Presentations 
11:30-11:45 (O-27) Comparison between different materials for CO2 capture in 

a post-combustion stream 
Daniel Bahamon and Lourdes F. Vega 
MATGAS Research Center, Spain 

11:45-12:00 (O-28) Thermodynamics for energy and sustainability 
Wolfgang Arlt and Karsten Müller 
University of Erlangen-Nuremberg, Chemical Engineering 
(CBI), Germany 

12:00-12:15 (O-29) A new investigation on effect of resin to asphaltene ratio on 
asphaltene precipitation 
Taraneh Jafari Behbahani, Cyrus Ghotbi and Vahid Taghikhani 
Sharif University of Technology, Iran 

12:15-12:30 (O-30) Application of undefined mixture correlations and FTIR-
PLS method to predict thermodynamic properties of 
hydroxyl group rich Kukersite oil shale derived “synthetic 
oils” 
Zachariah S. Baird, Oliver Järvik and Vahur Oja 
Department of Chemical Engineering / Tallinn University of 
Technology, Estonia 

12:30-12:45 (O-31) Thermodynamic criteria for the selection of working 
substances in energy efficient process design 
Karsten Müller and Wolfgang Arlt 
Friedrich-Alexander-Universität Erlangen-Nürnberg, Germany 

12:45-13:00 (O-32) A new simple and efficient flash algorithm for T-V 
specifications 
Martin Cismondi1, Jorge Ourique2, PapaMatar Ndiaye3 and 
Frederico W. Tavares3,4 
1IDTQ-PLAPIQUI (Universidad Nacional de Córdoba, 
CONICET)  
2 Departamento de Engenharia Química. Universidade Federal 
Fluminense, Brazil.  
3 Escola de Química – Universidade Federal do Rio de Janeiro, 
Brazil.  
4 Programa de Engenharia Química/COPPE – Universidade 
Federal do Rio de Janeiro, Brazil 

 



X Iberoamerican Conference on Phase Equilibria and Fluid Properties 
for Process Design 
Alicante (SPAIN) 

 
 
 

13:00-13:15 (O-33) Recovery of carbohydrates from ionic liquids by 
precipitation with antisolvents 
Aristides P. Carneiro1, Oscar Rodríguez2 and Eugénia A. 
Macedo1 
1Faculdade de Engenharia, Universidade do Porto, Portugal 
2University of Santiago de Compostela, Spain 

13:15-13:30 (O-34) Recovery process of condensable by-products from 
torrefaction of lignocellulosic biomass 
M. Detcheberry, P. Destrac, J-S. Condoret and X-M. Meyer.  
Université de Toulouse ; INPT, UPS ; Laboratoire de Génie 
Chimique, France 

13:30 Lunch 

Chair: Eugenia Macedo, Universidade do Porto, Portugal 

15:00 Oral Presentations 
15:00-15:15 (O-35) Application of CAPEC Lipids Property Databases in the 

synthesis and design of biorefinery networks 
Maria-Ona Bertran, Larissa P. Cunico and Rafiqul Gani 
CAPEC-PROCESS, Department of Chemical and Biochemical 
Engineering, Technical University of Denmark, Denmark 

15:15-15:30 (O-36) Evaluation of different group contribution methods for 
simulating steam deacidification process 
Simone M Silva1, Roberta Ceriani2 and Antonio J.A.Meirelles2 
1University of Brasilia, Brazil 
2University of Campinas, Brazil 

15:30-15:45 (O-37) gSAFT: the use of advanced thermodynamic models in 
complex process modelling applications 
Thomas Lafitte, Vasileios Papaioannou, Javier Rodriguez and 
Constantinos C 
Pantelides. Process Systems Enterprise, London, United 
Kingdom 

15:45-16:00 (O-38) MPinch: a software for heat exchanger networks synthesis 
Mauro Ravagnani and Leandro Pavão 
State University of Maringá, Brazil 

16:15 (PL-4) Plenary Lecture: "Thermodynamics of mixtures of ionic 
liquids and gases" 
Joan Brennecke, University of Notre-Dame, USA 

17:00 Poster Session + Coffee Break 
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Chair: Lourdes Vega, Carburos Metálicos y MATGAS, Spain 

17:30 Oral Presentations 
17:30-17:45 (O-39) Measurement and modelling of phase equilibria for the 

simulation of a biodiesel synthesis process 
Romain Privat, Jean-Noël Jaubert, Niramol Juntarachat and 
Lucie Coniglio 
ENSIC - LRGP - University of Lorraine, France 

17:45-18:00 (O-40) Comparison of the correlative abilites of semi-empirical 
models and a cubic equation of state on dyes and 
calix[4]arenes solubilties in SCCO2 as illustrative examples 
Jose AP Coelho1, Greta P. Naydenova2, Dragomir S. Yankov2, 
and Roumiana P. Stateva2 
1Centro de Química Estrutural, Instituto Superior Técnico, 
Universidade de Lisboa and CIEQB, Instituto Superior de 
Engenharia de Lisboa, Portugal 
2Institute of Chemical Engineering, Bulgarian Academy of 
Sciences, Sofia, Bulgaria 

18:00-18:15 (O-41) Modeling of the binodal curve of ionic liquid/salt systems 
Enrique Alvarez-Guerra1, Sónia P.M. Ventura2, Manuel 
Alvarez-Guerra1, João A.P. Coutinho2 and Angel Irabien1 
1Universidad de Cantabria, Dpto. de Ingenierías Química y 
Biomolecular, Spain 
2Departamento de Química, CICECO, Universidade de Aveiro, 
Portugal 

18:15-18:30 (O-42) Melting point depression effect with CO2 in high melting 
temperature cellulose dissolving ionic liquid 
Joana M. Lopes1, Francisco A. Sánchez2, S. Belén Rodríguez 
Reartes2, Mª Dolores Bermejo1, Ángel Martín1 and Mª José 
Cocero1 
1Department of Chemical Engineering and Environmental 
Technology, Valladolid University, Spain 
2Planta Piloto de Ingeniería Química (PLAPIQUI-UNS-
CONICET), Bahía Blanca, Argentina 

18:30-18:45 (O-43) Butanol–water partitioning for three 2-
hydroxyethylamonium based ionic liquids at 293.15, 313.15 
and 333.15 K 
Isabela Sales1, Karina Amorim1, Simão P. Pinho2 and Silvana 
Mattedi1 
1Federal University of Bahia, Brazil 
2Polytechnic Institute of Bragança, Bragança, Portugal 
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18:45-19:00 (O-44) Solution of silk in ionics liquids by ultrasound irradiation to 
obtain regenerated silk fibroin nanoparticles 
M. G. Montalbán, R. Trigo, M. Collado-González, F. Guillermo 
Díaz Baños, Antonio Abel Lozano-Pérez and G. Víllora 
University of Murcia, Spain 

19:00 End of work session 
  

WEDNESDAY, 1 July 

Chair: Silvana Mattedi, Universidade Federal da Bahia, Brazil 

9:00 (PL-5) Plenary Lecture: "On fictional and Nonfictional Phase 
Equilibrium Computations". 
Marcelo Zabaloy, PLAPIQUI, Universidad Nacional del Sur, 
Argentina 

9:45 Oral Presentations 
9:45-10:00  (O-45) Playing with ammonium-based bistriflamide ionic liquids to 

understand their interactions with molecular solvents 
André Mão de Ferro1, Patrícia M. Reis1, Anabela J. L. Costa1, 
Carlos E. S. Bernardes2, Karina Shimizu2, José N. Canongia 
Lopes1,2, José M. S. S. Esperança1 and Luís Paulo N. Rebelo1 
1Instituto de Tecnologia Química e Biológica, Universidade 
Nova de Lisboa, Portugal 
2Centro de Química Estrutural, Instituto Superior Técnico, 
Universidade de Lisboa, Portugal 

10:00-10:15 (O-46) Phase equilibria and self-aggregation behaviour of 
fluorinated ionic liquids in water 
Felix Llovell1, Ana B. Pereiro2, João M. M. Araújo2, Luis Paulo 
N. Rebelo2, Manuel M. Piñeiro3 and Lourdes F. Vega1. 
1MATGAS 2000 AIE, Barcelona, Spain 
2Instituto de Tecnologia Química e Biológica, Universidade 
Nova de Lisboa, Portugal 
3Universidade de Vigo, Spain 

10:15-10:30 (O-47) Assessing gas separation of greenhouse and acid gases with 
ionic liquids 
Felix Llovell1, Mariana B. Oliveira2, João A. P. Coutinho2 and 
Lourdes F. Vega1 
1MATGAS 2000 AIE, Barcelona, Spain 
2Universidade de Aveiro, Portugal 
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10:30-10:45 (O-48) Phase behavior and optimization of the process parameters 
effect on Polystyrene recycling using natural terpenes and 
CO2 
Cristina Gutiérrez, Mª Teresa García, Eulalio Gracia, Ignacio 
Gracia, Antonio de Lucas and Juan Francisco Rodríguez 
University of Castilla-La Mancha, Spain 

10:45-11:00 (O-49) Effect of the estimated critical properties of an ionic liquid 
on the modeling with equation of states of thermophysical 
properties and CO2 solubility 
Cor J. Peters, Maaike C. Kroon and María Teresa Mota 
Martínez 
 Eindhoven University of Technology, The Netherlands 

11:00 Poster Session + Coffee Break 

Chair: Ana Soto, Universidad de Santiago de Compostela, Spain 

11:30 Oral Presentations 
11:30-11:45 (O-50) Phase equilibrium studies of electrolytes and precursors in 

carbon dioxide and hydrofluorocarbons for supercritical 
fluid electrodeposition and production of nanomaterials 
Jie Ke, Xue Han, Norhidayah Suleiman and Michael W. George  
University of Nottingahm, United Kingdom 

11:45-12:00 (O-51) High pressure vapor-liquid equilibria for binary 
methane+protic ionic liquid based on proprionate anions 
Luana M.C. Oliveira1, Fábia R.G. Ribeiro2, Dheiver F. Santos1, 
A. C. Feirhmann2, Vladimir F. Cabral2, Lúcio Cardozo-Filho2 
and S. Mattedi1 
1Federal University of Bahia, Brazil 
2State University of Maringá, Brazil 

12:00 (PL-6) Closing Lecture: "Property model-data based chemical 
product-process design" 
Rafiqul Gani, Technical University of Denmark, Denmark 

12:45 Closing Ceremony 
13:15 Lunch 
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POSTER SESSION – EQUIFASE 2015 

TOPIC 1. Measurement of Thermodynamic Properties. Phase Equilibria and 
Chemical Equilibria 
P-01 Density measurements under pressure of di-isopropyl ether + 2-butanol 

at temperatures up to 393.15 K and at pressures up to 100 MPa 
Mohamed Dakkach2, Fatima E. M. Alaoui3, Fernando Aguilar1, Eduardo 
Montero1 
1Escuela Politécnica Superior, Universidad de Burgos, Spain  
2Faculty of Sciences, Abdelmalek Essaâdi University, Morocco.  
3Ecole Nationale des Sciences Appliquées d’El Jadida, Chouaïb Doukkali 
University, Morocco 

P-02 Enzymatic reaction in two phase systems: prediction of equilibrium 
conversion at equilibrium 
Jose A. Scilipoti, Claudia Nioi, Séverine Camy, Jean-Stéphane Condoret 
Université de Toulouse, CNRS-INPT-UPS, Laboratoire de Génie Chimique, 
France 

P-03 Aqueous two-phase system of poly(ethylene glycol) 4000 and sodium 
molybdate at different temperatures 
Katherine Muñoz, Islamán Bannura, Yahaira Barrueto, Katiuska Garnica, 
Yecid P. Jiménez 
Universidad de Antofagasta, Chile 

P-04 Thermodynamic analysis of ethanol and 1-propanol dehydration via 
extractive distillation 
Jordi Pla-Franco, Estela Lladosa, Sonia Loras and Juan B. Montón 
Dpto. Ingeniería Química, Universitat de València, Spain 

P-05 Liquid-liquid equilibria for ternary mixture of [hmim+][NTf2
-]+ n-hexane 

+ an organic compound involved in the kinetic resolution of rac-2-
pentanol 
M. G. Montalbán, C. L. Bolívar, R. Trigo, M. Collado-González, F. Guillermo 
Díaz Baños and G. Víllora 
University of Murcia, Spain 

P-06 Evaluation of diethyl carbonate and methyl isobutyl ketone as entrainers 
in 1-hexene + n-hexane mixtures 
Beatriz Marrufo1, Jordi Pla-Franco2, Sonia Loras2 
1Universidad del Zulia, Maracaibo, Venezuela 
2Universitat de València, Spain 

P-07 Isobaric vapor-liquid equilibrium of binary mixtures HFE 7500 + di-
isopropyl ether 
Natalia Muñoz, Adil Srhiyer, Eduardo Montero, Fernando Aguilar 
Escuela Politécnica Superior, Universidad de Burgos, Spain 
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P-08 Excess molar Gibbs energies of heptan-2-one + 1,4-dichlorobutane or + 
1,6-dichlorohexane. Measurements and predictions 
Ouahiba Tafat-Igoudjilene, A. Ait Kaci1, J. Jose2 
1Laboratoire de Thermodynamique et de modélisation moléculaire, 
Université des Sciences et de la Technologie Houari Boumediene, Algérie 
2Laboratoire de Chimie Analytique I, Université Claude Bernard, France 

P-09 Development of an innovative process of extraction of high purity 
hydrazine : exploitation of phase equilibria 
Anne-Julie Bougrine1, Clelia Betton1, Guy Jacob2, Henri Delalu1 
1Laboratoire Hydrazines et Composés Energétiques Polyazotés Université 
Claude Bernard Lyon 1, France 
2SAFRAN-HERAKLES-Centre de Recherches du Bouchet, France 

P-10 
 

Excess molar enthalpies for binary mixtures of N and/or O-heterocyclic 
compounds with octane isomers at 308.15 K and atmospheric pressure. 
Experimental results and DISQUAC model analysis 
Farid Brahim Belaribi, Nadia Abdouche, Assia Boussebissi, Ghénima 
Boukais-Belaribi 
Université des Sciences et de la Technologie Houari Boumediene. Algérie 

P-11 Binary solid-liquid equilibrium of trimyristin + fatty acids 
Flávio Cardoso de Matos, Mariana Conceição da Costa, Eduardo Augusto 
Caldas Batista 
University of Campinas, Brazil 

P-12 Calorimetric study on the influence of branched-chain fatty alcohol 
esters as inhibitors of solid-liquid equilibrium of ethylic biodiesel 
components 
Maria Dolores Robustillo Fuentes1, Antonio Jose De Almeida Meirelles2, 
Pedro De Alcântara Pessôa Filho1 
1Universidade de São Paulo,  Brazil 
2University of Campinas, Brazil 

P-13 Phase equilibrium and properties of lithium hydroxide in water + 
methanol and different temperatures 
Teófilo Graber1, Elsa Flores2, Maria Elisa Taboada1 
1Universidad de Antofagasta, Chile 
2CICITEM, Chile 

P-14 Comparison of two indirect methods for determining liquid-liquid 
equilibria of sunflower seed oil (1) + n-hexanal or 2-nonenal (2) + 
anhydrous ethanol (3) at 293.2 K 
Perci Homrich, Roberta Ceriani 
University of Campinas, Brazil 
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P-15 Temperature and water content effect on viscosity and conductivity of 
protic ionic liquids based on N-methyl-2-hydroxyethylammonium cation 
Gala Rosales, Fabio Costa, Flora Alves, Jaime Boaventura and Silvana 
Mattedi 
Federal University of Bahia, Brazil 

P-16 Thermophysical caharaterization of peloids from Chilca (Perú) for 
therapeutics uses 
Carmen P. Gómez, Lourdes Mourelle, Cristina Fernández, Dolores 
Fernandez-Marcos, José Luis Legido 
University of Vigo, Spain 

P-17 Solid-liquid equilibrium in lysozyme precipitation with biodegradable 
salts 
José Sebastián López Vélez. Pedro de Alcântara Pessôa Filho 
Universidade de São Paulo, Brazil 

P-18 Surface tension for the ternary system dimethyl carbonate + p-xylene+ n-
octane from 288.15 K – 308.15 K 
Ana Gayol1 , Lidia Casás2, Raquel E. Martini3, Alfonsina E. Andreatta4, José 
Luis Legido1 
1Departamento de Física Aplicada, Universidad de Vigo, Spain 
2Laboratoire de Thermique, Energétique et Procédés (LaTEP), ENSGTI – 
UPPA, France 
3IDTQ – Grupo Vinculado PLAPIQUI – CONICET – FCEFyN –Universidad 
Nacional de Córdoba, Argentina 
4Universidad Tecnológica Nacional Facultad Regional San Francisco, 
Córdoba, Argentina 

P-19 Experimental and theorical study of surface tension and density of 1,2-
dimethylbenzene with alkanes at 298.15K 
Alfonsina E. Andreatta3, Raquel E. Martini2, José L. Legido1, Lidia Casás4 
1Departamento de física aplicada, Universidad de Vigo, Spain 
2IDTQ – Grupo Vinculado PLAPIQUI – CONICET – FCEFyN –Universidad 
Nacional de Córdoba, Argentina 
3Universidad Tecnológica Nacional Facultad Regional San Francisco, 
Córdoba, Argentina. 
4Laboratoire de Thermique, Energétique et Procédés (LaTEP), ENSGTI – 
UPPA, France 
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P-20 Phase equilibria of glycols and hydrocarbon: experimental 
measurements and modeling with the GCA-EoS 
Mariana González Prieto1, Mark D. Williams-Wynn2, Indra Bahadur2, 
Francisco A. Sánchez1, Selva Pereda1, Amir H. Mohammadi2, Deresh 
Ramjugernath2 
1Planta Piloto de Ingeniería Química (PLAPIQUI - UNS - CONICET), 
Argentina. 
2Thermodynamics Research Unit, School of Engineering, University of 
KwaZulu-Natal, South Africa 

P-21 The effect of propanol on the solubility of acidic copper sulfate solutions 
at 298.15K 
María Elisa Taboada2, Martha Claros1, Elsa K. Flores2, Teófilo A. Graber2, 
Silvia Bolado3 
1Departamento de Ingeniería Química, Universidad de Antofagasta, Chile 
2Centro de Investigación Científico y Tecnológico para la Minería (CICITEM 
R10C1004), Chile 
3Dpto. de Ingeniería Química y Tecnología del Medio Ambiente. Universidad 
de Valladolid, Spain 

P-22 Use of distilled crude oil fractions to describe phase behavior of crude oil 
in carbon dioxide 
Marcos A. Lucas, Rafael B. M. Nunes, Cláudio Dariva, Montserrat F. 
Heredia, Alexandre F. Santos, Elton Franceschi, Gustavo R. Borges 
Núcleo de Estudos em Sistemas Coloidais – NUESC/ITP, Programa de Pós 
Graduação em Engenharia de Processos – PEP, Universidade Tiradentes – 
UNIT, Brazil 

P-23 Synthesis and solubility measurement of 2-methyl-1,4-naphthoquinone 
(menadione) derivatives in supercritical carbon dioxide 
Adolfo L. Cabrera1, Flavia C. Zacconi2, José M. del Valle2 and Juan C. de la 
Fuente2 
1Universidad Técnica Federico Santa María, Chile 
2Pontificia Universidad Católica de Chile, Chile 

P-24 Vapor + liquid equilibria at high-pressure for ternary systems (e)-2-
hexenal or hexanal + carbon dioxide + water: measure of partition 
coefficients 
Arturo Bejarano1, Pablo López2, José M. de Valle1, and Juan C. de la Fuente3 
1Pontificia Universidad Católica de Chile, Chile 
2Universidad Técnica Federico Santa María, Chile 
3Centro regional de estudios en alimentos saludables CREAS, Chile  
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P-25 Solubility of carbon dioxide in systems containing MEG/Water/CaCO3 
Fabiane Serpa, Reginaldo Vidal, João Amaral-Filho, Jailton Nascimento, 
Camila Figueiredo, Giancarlo Salazar-Banda, Elton Franceschi, Gustavo 
Borges and Cláudio Dariva 
Universidade Tiradentes, Brazil 

P-26 Analysis of surface tension variation with temperature for n-alkane and 
1-alkanol 
M.M Mato, J. Cerqueiro, J. García, J.L. Legido 
Universidad de Vigo, Spain 

P-27 The liquid-liquid equilibrium for a ternary mixture composed of water, 
sulfolane and n-hexane at temperatures of 293.15, 303.15 and 313.15K 
Fernanda Ganem, João Paulo Santos, Luiz Mário Nelson Góis and Silvana 
Mattedi 
Federal University of Bahia, Brazil 

P-28 Study of temperature and water content effect on viscosity, density and 
speed of sound for protic ionic liquids based on bis(2-hydroxy-
ethylammonium) cation 
João Paulo Santos, Dheiver F. Santos, Fábio Costa, Alexander Zimmermann, 
Jaime Boaventura and Silvana Mattedi 
Federal University of Bahia, Brazil 

P-29 Coupled processes as the basis of biodiesel production 
Alexandra Golikova, Anna Sadaeva, Maria Toikka and Maya Trofimova 
Saint-Petersburg State University, Russia 

P-30 High pressure phase behavior of carbon dioxide, 2-propanone and 4-
nitrobenzaldehyde 
Técio Santos Bastos1, Gustavo Rodrigues Borges1, Cláudio Dariva1, Reinaldo 
Bazito2, Refael Francisco Cassaro2, Elton Franceschi1 
1Universidade Tiradentes, Brazil 
2Instituto de Química, Universidade de São Paulo, Brazil 

P-31 The salt effect on the solubility of glycylglycine and n-acetyl-glycine 
Olga Ferreira, Yoselyn S. Santos, Ana M. Marafona, Mónica P. Gonçalves 
and Simao Pinho 
Instituto Politécnico de Bragança (LSRE_IPB), Portugal 

P-32 Measurement of ibuprofen - supercritical carbon dioxide phase 
equilibrium 
Antonio Montes, Clara Pereyra and Enrique J. Martínez de la Ossa 
Department of Chemical Engineering and Food Technology, University of 
Cádiz, Spain 
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P-33 Determination of liquid-liquid-solid equilibrium data of the system water 
+ 2-propanol + 1-undecanol at different temperatures and comparison 
with the system water + ethanol + 1-undecanol 
Vicente Gomis1, Mª Dolores Saquete1, Alicia Font1, Nuria Boluda-Botella1, 
Jorge García-Cano1 and Kerry Davidson2  
1 Department of Chemical Engineering. University of Alicante, Spain 
2 Department of Chemical & Process Engineering, University of Strathclyde, 
Scotland 

P-34 The use of heavy alcohols in the ethanol dehydration: liquid-liquid-solid 
equilibrium data of the ternary system water + ethanol + 1-undecanol at 
different temperatures 
Vicente Gomis1, Mª Dolores Saquete1, Alicia Font1, Nuria Boluda-Botella1, 
Jorge García-Cano1 and Julie Crichton2  
1 Department of Chemical Engineering. University of Alicante, Spain 
2Department of Chemical & Process Engineering, University of Strathclyde, 
Scotland 

P-35 Determination of the vapor-liquid-liquid-solid equilibrium of water + 
NaCl + 1-butanol at 101.3 kPa 
Jorge García-Cano, Vicente Gomis, Juan Carlos Asensi.  
Department of Chemical Engineering. University of Alicante, Spain 

TOPIC 2. Theory and Modelling: Statistical Thermodynamic, Equations of 
State, Activity Coefficient Models, Molecular Simulation and Multiscale 
Simulation 
P-36 Evaluating ionic Gibbs energy of hydration using the Q-electrolattice 

equation of state 
André Zuber1 and Marcelo Castier2 
1State University of Maringá, Brazil 
2Texas A&M University at Qatar, Qatar 

P-37 Thermodynamic properties of C60 fullerene from an advanced 
perturbation theory 
Julio Largo and J. Ramón Solana 
Departamento de Física Aplicada. Universidad de Cantabria, Spain 

P-38 Binaries and ternaries phase diagrams for mixtures of vegetables oils, 
alcohols and co-solvents 
Kayo Santana, Sarah Arvelos,  and Lucienne L. Romanielo 
Universidade Federal de Uberlândia, Brazil 

P-39 A new approach to modelling the equilibrium conditions of TBAB semi-
clathrates formed in the presence of pure gases and gas mixtures 
Matthew Clarke and Marlon Garcia 
University of Calgary, Canada 
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P-40 Molecular dynamics simulation studies of the interactions in amino acid-
based ionic liquids 
Diana Ruivo1, Karina Shimizu2, José M.S.S. Esperança1, José N. Canongia 
Lopes1,2, Luís Paulo N. Rebelo1 
1Instituto de Tecnologia Química e Biológica, Universidade Nova de Lisboa, 
Portugal 
2Centro de Química Estrutural, Instituto Superior Técnico, Universidade de 
Lisboa, Portugal 

P-41 A modified multi-site occupancy model for heterogeneous surfaces 
Sarah Arvelos and Lucienne L. Romanielo 
Universidade Federal de Uberlândia, Brazil 

P-42 Activity coefficients of LiClO4 in ionic liquid 
Jaime W. Morales 
Escuela de Ingeniería Química/Pontificia Universidad Católica de 
Valparaíso, Chile 

P-43 Molecular dynamics simulation of Henry's constant of CO2 in ionic 
liquids using Multistate Bennett Acceptance Ratio 
Dheiver Santos1, Guilherme Carneiro2, Charlles Abreu2, Frederico W. 
Tavares2, Silvana Mattedi1 
1Federal University of Bahia, Brazil  
2Federal University of Rio de Janeiro, Rio de Janeiro, Brazil 

P-44 Development of a thermodynamic model for fluids confined in spherical 
pores 
Michelle D’Lima, Marcelo Castier 
Texas A&M University at Qatar, Qatar 

P-45 Molecular simulation of structural relaxation of asphaltene aggregates  
in presence of resin 
Toshimasa Takanohashi1, Shinya Sato1 and Ryuzo Tanaka2 
1National Institute of Advanced Industrial Science and Technology, Japan 
2Japan Petroleum Energy Center, Japan 

P-46 Characterization of the heterogeneous region of computed solid-fluid 
equilibrium isopleths 
Sabrina Belén Rodriguez-Reartes, Marcelo S. Zabaloy 
Departamento de Ingeniería Química - Universidad Nacional del Sur, 
Argentina 

P-47 A new reduction techniques for fast compositional reservoir simulation 
with cubic EoS 
Mehdi Assareh1, Cyrus Ghotbi2 Mahmoud Reza Pishvaie2 
1School of Chemical Engineering, Iran University of Science and Technology, 
Tehran, Iran 
2Department of Chemical and Petroleum Engineering, Sharif University of 
Technology, Tehran, Iran 
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P-48 Calculation of complex phase equilibrium isotherms in ternary systems 
Gerardo O. Pisoni1, Martín Cismondi2, Lucio Cardozo-Filho1, Marcelo S. 
Zabaloy3 
1Universidad Estadual de Maringá, Brazil 
2IDTQ- Grupo Vinculado PLAPIQUI – CONICET, Argentina  

3Planta Piloto de Ing. Química/ Departamento de Ingeniería Química, UNS, 
CONICET, Argentina 

P-49 A New Parameterization for Cubic EoS from Single-Phase Properties 
David Santos, Márcio Paredes and Eduardo Lima 
Universidade do Estado do Rio de Janeiro, Brazil 

P-50 Thermodynamic modeling of speed of sound and density at high 
pressures for (tetralin/n-hexadecane) system with SAFT, PHCT and PFP 
equations of state 
Fábio Nascimento, Márcio Paredes and Fernando Pessoa 
Universidade do Estado do Rio de Janeiro, Brazil 

P-51 Evaluation of COSMO-RS for VLE prediction of the system 1,8-
cineole+propan-1-ol 
José F. Martínez-López1, Pascual Pérez1, Elisa Langa2, José S. Urieta1, Ana 
M. Mainar1 
1 Aragon Institute for Engineering Research (I3A), Universidad de Zaragoza, 
Spain 
2 Facultad de Ciencias de la Salud, Universidad San Jorge, Spain 

P-52 Direct detection of double retrograde behavior for equation of state 
models 
Juan I. Ramello1, Juan M. Milanesio1, Gerardo O. Pisoni2, Martín Cismondi1, 
Marcelo S. Zabaloy2 
1IDTQ-CONICET , Universidad Nacional de Córdoba, Argentina 
2Planta Piloto de Ing. Química/ Departamento de Ingeniería Química, UNS, 
CONICET, Argentina  

P-53 Simultaneous ternary LLV and LV equilibrium correlation. modification 
of the NRTL equation for improved calculations 
Antonio Marcilla, Juan A. Reyes-Labarta and María del Mar Olaya. 
Department of Chemical Engineering. University of Alicante, Spain 

P-54 Modification of the NRTL equation for improved VLE calculations in 
ternary systems 
Antonio Marcilla, Juan A. Reyes-Labarta and María del Mar Olaya. 
Department of Chemical Engineering. University of Alicante, Spain 

P-55 Refreshing the relevance of analyzing the topology of the GM function in 
the phase equilibrium correlation data 
Antonio Marcilla, Juan A. Reyes-Labarta and María del Mar Olaya. 
Department of Chemical Engineering. University of Alicante, Spain 
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P-56 Improved VLE and VLLE calculations in Azeotropic and Non-azeotropic 
systems (II). Effect of the vapor and total pressure 
Antonio Marcilla, Juan A. Reyes-Labarta and María del Mar Olaya 
Department of Chemical Engineering. University of Alicante, Spain 

TOPIC 3. Alternative solvents. Supercritical fluids. Ionic liquids 
P-57 Study of the suitability of two ammonium based-ionic liquids for the 

extraction of benzene from its mixtures with aliphatic hydrocarbons 
Patricia F. Requejo, Elena Gómez, Noelia Calvar and Ángeles Domínguez 
University of Vigo, Spain 

P-58 Spectroscopic studies of phase behaviour in nanopores: toward 
supercritical fluid electrodeposition 
Ashley Love, Xue-Han, Kie Jie and Michael George 
University of Nottingham, United Kingdom 

P-59 Liquid-vapor equilibrium modeling of binary mixtures involving ionic 
liquids and supercritical fluids using two Gibbs Free Energy models 
Pedro Arce1, Pedro Robles2, Luis Cisternas2 
1University of São Paulo, Brazil 
2University of Antofagasta, Chile 

P-60 Liquid-liquid equilibria of water + ethanol + 1-butyl-1-
methylpyrrolidinium bis(trifluoromethanesulfonyl)imide ternary system 
Amparo Cháfer, Javier de la Torre, Estela Lladosa and Juan B. Montón 
University of Valencia, Spain 

P-61 Prediction of liquid–liquid equilibrium for binary and ternary systems 
containing 1-alkyl-3-methylimidazolium bis[(trifluoromethyl)sulfonyl] 
imide using the ASOG method 
Pedro Robles and Luis Cisternas 
University of Antofagasta, Chile 

P-62 Toxicity of environmentally-friendly ionic liquids 
Nicole S. M. Vieira, Fátima Moscoso, Patrícia M. Reis, João M. M. Araújo, 
José N. Canongia Lopes, Ana B. Pereiro, José M. S. S. Esperança, Luís Paulo 
N. Rebelo 
Instituto de Tecnologia Química e Biológica, Universidade Nova de Lisboa, 
Portugal 

P-63 Thermophysical characterization and partition properties of fluorinated 
ionic liquids 
Nicole S. M. Vieira1, Patrícia M. Reis1, João M. M. Araújo1, Karina Shimizu2, 
José N. Canongia Lopes1,2, José M. S. S. Esperança1, Ana B. Pereiro1, Luís 
Paulo N. Rebelo1 
1Inst. Tecnologia Química e Biológica, Univ. Nova de Lisboa, Portugal 
2Centro de Química Estrutural, Instituto Superior Técnico, Universidade de 
Lisboa, Portugal 
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P-64 Apparent molar volumes of ionic liquids + methanol/ethanol at 298.15 K 
Rafaela Rocha Pinto1, Silvana Mattedi2, Martin Aznar1 
1Department of Chemical Engineering, University of Campinas, Brazil 
2Department of Chemical Engineering, Federal University of Bahia, Brazil 

P-65 Aggregation behavior of [C12mim][OAc] surface active ionic liquid and 
dynamic interfacial tension in systems with crude oil and water/brine 
Iago Rodríguez-Palmeiro, Iria Rodríguez-Escontrela, Oscar Rodríguez, 
Alberto Arce, Ana Soto 
University of Santiago de Compostela, Spain 

P-66 Characterisation of mixtures of the ionic liquid 1-ethyl-3-
methylimidazolium acetate with light alkanols 
María C. Castro, Héctor Rodríguez, Alberto Arce, Ana Soto 
Department of Chemical Engineering.University of Santiago de Compostela, 
Spain 

P-67 Molecular design of carbon dioxide physical absorption solvents 
Francisco Sánchez, Selva Pereda, Esteban A. Brignole 
PLAPIQUI - UNS CONICET,Argentina 

P-68 Influence of water concentration in the viscosities and densities of 
cellulose dissolving ionic liquids 
Cristina Jiménez de la Parra, Johnny R. Zambrano, Mª Dolores Bermejo, 
Ángel Martín,, Mª José Cocero, José J. Segovia 
University of Valladolid, Spain 

P-69 Solubility of polycyclic aromatic hydrocarbons  in ionic liquids 
Anabela. J. L. Costa, José N. Canongia Lopes, José M. S. S. Esperança, Luís 
Paulo N. Rebelo 
Instituto de Tecnologia Química e Biológica, Universidade Nova de Lisboa, 
Portugal 

P-70 Ionic liquids as co-solvents for polyaromatic hydrocarbons solubilisation 
in water 
Fátima Moscoso, Ana B. Pereiro, José N. Canongia Lopes,  José M. S. S. 
Esperança, Luís Paulo N. Rebelo 
Instituto de Tecnologia Química e Biológica, Universidade Nova de Lisboa, 
Portugal 

P-71 Palladium(II) hexafluoroacetylacetonate [Pd(hfac)2] impregnation on 
silica [SiO2] using supercritical carbon dioxide [CO2] 
Alexander Junges1, Bruna de Araujo Queiroz1, Cláudio Dariva1, Sílvia Maria 
Egues Dariva1, Juliana Faccin de Conto Borges1, Gustavo Borges, Eunice 
Valduga2, Elton Franceschi1 
1Núcleo de Estudos em Sistemas Coloidais – NUESC/ITP, Programa de Pós 
Graduação em Engenharia de Processos, Universidade Tiradentes, Brazil 
2Departamento de Engenharia de Alimentos, Universidade Regional 
Integrada do Alto Uruguai e das Missões, Brazil 
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P-72 Silica (SiO2) microparticles precipitation using supercritical carbon 
dioxide (CO2) as anti solvent by SEDS technique 
Alexander Junges1, Cláudio Dariva1, Gustavo R. Borges1, Sílvia M. Egues 
Dariva1, Eunice Valduga2, Marcos Hiroiuqui Kunita3, Elton Franceschi1 
1Núcleo de Estudos em Sistemas Coloidais – NUESC/ITP, Programa de Pós 
Graduação em Engenharia de Processos, Universidade Tiradentes, Brazil 
2Departamento de Engenharia de Alimentos, Universidade Regional 
Integrada do Alto Uruguai e das Missões, Brazil 
3Departamento de Química, Universidade Estadual de Maringá, Brazil 

P-73 Developing supercritical antisolvent fractionation to obtain bioactives 
from Crocus sativus corms 
Viviana Hinojosa1, Leidy J. Jiménez-Coqueco1, A. González-Coloma2, Omar 
Santana-Méridas3, José S. Urieta1, Juan I. Pardo1, Ana M. Mainar1 
1Aragon Institute for Engineering Research (I3A, Univ. de Zaragoza, Spain 
2Biotecnología y Química de Productos Naturales / Instituto de Ciencias 
Agrarias, CSIC, Madrid, Spain  
3Departamento de Cultivos Herbáceos / Centro Agrario de Albadalejito, 
Cuenca, Spain 

P-74 Supercritical fractionation of antioxidants from algerian Opuntia ficus-
indica (L.) Mill. seeds 
Souad Khaled1, Khodir Madani1, José S. Urieta2, Ana M. Mainar1 
1Laboratory of Biomathematics, Biochemistry, biophysics and Scientometrics, 
University of Bejaia, Algeria 
2Aragon Institute for Engineering Research (I3A) / Univ. de Zaragoza, Spain 
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Modelling water in computer simulations 

Carlos Vega 

Departamento de Quimica Fisica, Facultad de Ciencias Químicas, Universidad 
Complutense, 28040 Madrid  SPAIN 

 

In 1969, the first paper dealing with computer simulations of water was published and since 

then thousands of simulation studies have been performed. Typically, water is described by 

simple models using partial charges and Lennard Jones centers. In the early days, computer 

simulations focused mostly in obtaining the properties of water in the liquid phase. The 

parameters of the potential were obtained to reproduce the radial distribution function, densities 

and vaporization enthalpies. 

Studies about phase equilibria started in the late 80's. Firstly the vapor-liquid equilibria were 

determined using new developed methodologies. In the last 15 years the interest in the fluid-

solid equilibria has increased considerably. In 2004 we obtained the phase diagram for two 

water models:  

SPC/E and TIP4P. TIP4P was better, and there was room for improvement so that in 2005 we 

proposed a modified version denoted as TIP4P/2005. Since then we have calculated a number of 

properties for this model and proposed a test to evaluate the performance of water models. The 

model obtained a score of 7 out of 10 points. The model probably represents the limit of what 

can be done with a simple non-polarizable potential. TIP4P/2005 has been quite useful in 

providing some hints on different problems of water and several examples will be discussed in 

this talk: the origin of the re-entrant behavior in the melting curve, the existence of a quasi-

liquid layer on the surface of ice, the possibility of plastic crystal phases at high temperatures 

and of empty hydrates at negative pressures, the impact of an electric field on phase transitions, 

the behavior of super-cooled water and an overall consistent picture of the nucleation rate for 

the formation of ice. However the model has some limitations and the key question now is how 

to go beyond that. We shall discuss several possibilities, including polarizability and electronic 

structure calculations. Finally we shall discuss some results for mixtures and the kind of 

problems we face in computer simulation of mixtures by presenting some results for two simple 

systems: salt solutions and hydrates. 
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Introduction 
 
Biomolecules have long been a subject of research in Chemical Engineering Thermodynamics. 
However, many helpful methods used in other research areas, as Biophysics, are not commonly 
applied in Chemical Engineering Thermodynamics. This lecture, intended to pay homage to Prof. 
Esteban A. Brignole, presents the results of two approaches borrowed from Physics into Chemical 
Engineering. 
 
The lecture is divided in two different, and seemingly independent, parts. 
 
In the first part, the use of Small Angle X-Ray Scattering to obtain information on the intermolecular 
potential of proteins in solution is presented. The fundamentals of the experimental technique are 
briefly explored, showing how the scattering pattern of concentrated protein solutions can be used to 
obtain information on the structure factor, which can be related to the radial distribution function. An 
analytical expression for the structure factor considering an intermolecular potential comprising a 
hard-sphere term, an attractive term and a screened columbic term is presented. The obtained 
expression is used to successfully correlate experimental data on the scattering of X-ray in solutions of 
bovine serum albumin at several conditions (different salts, pH’s and protein concentrations). 
 
In the second part, the influence of the ionization state of protein molecules on the own ionization 
equilibrium of these molecules is studied. In this case, the protein is treated as a polyelectrolyte with 
different ionizable groups. The titration curve of ionizable groups is modeled using the Hill equation, 
which is an empirical modification of the commonly applied Henderson-Hasselbalch equation. A 
population balance is carried out, allowing the development of general equations that can be applied to 
any property related to specific ionization states of the protein molecule or of parts thereof. The 
enzymatic activity as a function of pH is presented as a case study of the developed methodology.   
 
Results and Discussion 
 
The study of X-ray scattering showed that, while rather simple models for the interaction potential can 
be successfully used to correlate experimental data on the scattering intensity (and hence on the 
structure factor), the results of this application often lead to unexpected and apparently contradictory 
conclusions. While this application has also its own simplifications, which must be accounted for 
when interpreting the data, it sheds light into otherwise neglected aspects of the modeling of protein 
solutions [1]. 
 
The study of enzymatic activity showed that, while general equations can be developed for protein 
properties accounting for deviations of the Henderson-Hasselabalch equation, no methodology to 
calculate protein ionization states is reliable for all situations. 
 



 

 

 
Conclusions 
 
The general conclusion of this work is that, even though we try to use of Occam’s razor and keep the 
methods in Chemical Engineering as simple as possible, the inherent complexity of protein solutions 
may require that particular methods are applied at singular circumstances, and that general methods 
have restrict use. 
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Classical thermodynamics can provide insight into some biochemical processes. In this talk the 
following examples will be discussed: the thermal denaturation of proteins; the charge on amino 
acids and proteins, and the relation to their solubility; the aggregation and crystallization of 
proteins and the relation to the osmotic virial coefficient; and, if time permits, the second law 
analysis of fermentation processes. 
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Introduction 
 

Ionic liquids (ILs) present intriguing possibilities for a variety of important gas 
separations, including removal of carbon dioxide from post-combustion flue gas, pre-
combustion gases, air, and raw natural gas streams.  An important advantage of ILs is their 
low volatility, which prevents evaporation or loss of the IL to the gas stream.  Even by 
physical absorption, many ILs provide sufficient selectivity of CO2 over N2, O2, CH4 and 
other gases to be used for separations.  Here we will focus on the solubility of CO2, H2S and 
N2 in ILs with imidazolium, ammonium and phosphonium cations paired with a wide variety 
of different anions. 
 
Results and Discussion 
 

The solubilities of H2S and N2 are measured with a magnetic suspension balance 
manufactured by Rubotherm GmbH. Briefly, the magnetic suspension balance is a 
microbalance magnetically coupled to the sample chamber from which it is isolated, allowing 
samples to be measured at high pressure (up to several hundred bar) and with corrosive gases. 
Pressure in the sample chamber is measured using a rubotherm pressure gauge with a 
precision of 0.01 bar. A Pfeiffer Vacuum TSH091 station is used to attain vacuums of 
approximately 10-8 bar.  The CO2 solubilities are measured with a Hiden IGA gravimetric 
microbalance that operates on a similar principle but has a much smaller pressure range.   

We will explore the relative contributions to the solubility from both enthalpic and 
entropic effects, using densitometry and calorimetry to complement the information available 
from the temperature-dependent solubility isotherms.  In addition, we will demonstrate how 
CO2 capacity (and, subsequently, selectivity over other gases) can be dramatically enhanced 
by incorporation of chemical functionality into the IL that can chemically react with CO2.  
Increasing CO2 capacity is particularly important when CO2 partial pressures are low, as is the 
case in post-combustion flue gas separation.  The thermodynamics of the chemical reaction 
between the IL and CO2 are discerned both from the equilibrium solubilities and calorimetry.   
 
Conclusions 
 

The solubility of N2 in ILs is primarily entropically driven.  By contrast, CO2 and H2S 
have much higher physical solubility in the ILs, with partial molar enthalpies in the range of -
12 to -25 kJ/mol.  The enthalpy of reaction between CO2 and amine functionalized ILs can be 
adjusted up to values as large as -80 kJ/mol.  Overall, the key outcome of this research is the 
tremendous tunability made available by the ionic liquid platform that make them attractive 
for a wide range of gas separations. 
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A significant variety of phase behaviors are known to occur for complex mixtures, over wide 

ranges of temperture, pressure, composition, and molecular nature of the components of the 

system. Such phase equilibria are mathematically described by using models, with variable 

degrees of complexity, for the fluid and solid state. Computations based on models known to 

have a poor quantitative performance might be considered fictional. The same nature could be 

ascribed to the results of calculations carried out at conditons well beyond those of the 

experimental data used to fit the model parameters. In the present lecture, the value that might 

be ascribed to at first sight fictional phase equilibrium calculations will be discussed. The 

presentation will be conducted with the help of computed diagrams involving ternary fluid 

phase equilibria and binary fluid-fluid and solid-fluid equilibria. 
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Chemical product engineering consists of finding the identity of the candidate chemical 
product, designing the process that can manufacture it and verifying the performance of 
the product during application. The chemical product tree is potentially very large; as one 
goes up the product tree, the amount produced decreases while the price of the chemical 
product increases together with the complexity of its molecular structure. The design and 
development of chemicals based products at the highest levels (such as in the life 
sciences, pharmaceutical, food and related industries), as opposed to the lower levels 
(such as in the oil and petrochemical industries), is principally dependent on experiment-
based trial and error approaches. Also, unlike the oil and petrochemical industries, in the 
life sciences, pharmaceutical, food and related industries, problems associated with 
product-process design and development involve several distinct features: Multi-scale 
(important data related to the chemicals come from different sources, at different scales 
of size and time); Multidiscipline (knowledge/data regarding the conversion of the 
biomaterial and/or intermediate chemicals from different disciplines); Computer-aided 
techniques (lack of models to predict the behaviour of the chemicals at different scales, of 
enzymes during organic synthesis, of reaction kinetics, etc., means that appropriate 
model-based techniques have not been developed). Considering also the demand for 
improved chemicals based products that are to be made from more sustainable raw 
material resources, and, employing more efficient processes to make them, it can be 
noted that methods and tools for current and future product-process design and 
development need to manage complex problems requiring efficient handling of models-
data-knowledge from different sources and at different time and size scales. Use of a 
systems approach that can efficiently manage this complexity therefore becomes desirable. 
The principal idea here is to decompose a complex problem into a set of sub-problems 
that are easier to solve and to identify those that can be solved through model-based 
solution approaches. Solving these sub-problems according to a pre-determined sequence 
helps to reduce the search space through each subsequent sub-problem solution, until a 
sub-problem cannot be solved with models anymore. At this point, the experiment-based 
trial and error approach takes over to determine the final solution. The advantage of this 
combined hybrid (systems approach) is that during the early stages, where enough data 
and models are available (or could be easily generated), the search space is rapidly 
reduced while the resources for experiments are used for final selection of the product. 



In this presentation, the properties of the involved chemical systems that play various 
roles in the design-analysis of the chemical product will be highlighted together with 
illustrative examples and a discussion on the related property modelling issues. 
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Introduction 
 

Acid treatment is used by AREVA for the processing of uranium ore in different types of mines. 
However, during this treatment, temporary phenomena of solid phases’ precipitation may be observed, 
eventually resulting in an over-consumption of reactants, or even leading to stop operation because of 
clogging of various industrial equipments. These solid phases which are often amorphous or poorly 
crystallized are generally absent from current thermodynamic databases and need to be better defined. 
For this purpose it was necessary to study liquid – solid equilibria in a complex system.  
First analysis showed that aluminium, calcium and sulphates composed the most part of precipitates, 
as calcium sulphate and aluminium hydroxisulphate. Moreover alunite and natroalunite (potassium 
and sodium hydroxisulphates) were expected to precipitate [1, 2]. A huge number of aluminium 
hydroxisulphate, which are the potential precipitates causing clogging, were found [2-7]. However 
most of them are amorphous or poorly crystallized and hence complex to characterise. As precipitation 
occurred during acidification, solubility of aluminium hydroxide and/or sulphate depending on pH 
needed to be studied. As aluminium hydroxide is not soluble in water, basification of an aluminium 
sulphate solutions was preferred to study precipitation. Since hydroxide cannot be added alone, cations 
present in the ore were choosen : sodium, magnesium, potassium and calcium in a first time. 
 
Experimental method 
 

Several sample series of saturated solutions of aluminium sulphate were prepared. In each sample of a 
series, a known quantity of hydroxide was added (as sodium, magnesium, potassium or calcium 
hydroxide) and samples were stirred and thermostated at 25 °C. When equilibrium was reached, 
mixtures were centrifuged and liquid and solid phases were characterised.  
 

The determination of the solid phases is performed by means of powder X-ray diffraction (XRD) or 
single-crystal X-ray diffraction, according to the nature of the solid. Determination of some samples 
have also been done using Energy-dispersive X-ray spectroscopy (EDS), either to confirm XRD or to 
obtain an elementary analysis when comparison with ICDD database led to more than one possibility. 
Complexometric and thermometric titrations are chosen to analyse liquid phase. Complexometric 
titration is based on the formation of coloured complex between a cation and a chelating agent like 
EDTA or/and between a cation and a coloured indicator. Sulphate ions are determined by a 
thermometric titration. Barium chloride solution is added to the mixture to lead to the precipitation of 
barium sulphate. When the reaction takes place, the temperature of the solution increases and this 
change is monitored according to the volume of reactant added. When titration cannot be easily done, 
inductively coupled plasma atomic emission spectroscopy (ICP-AES) is used, to determine cations 
concentrations in solutions, especially for sodium and potassium.  
 

A geochemical reaction modelling software, CHESS (standing for CHemical Equilibrium with Species 
and Surfaces), developed by the École des Mines of Paris [8], was used to implement theoretical 
representation based on experimental data and to adjust or evaluate solubility constants. 



Results and Discussion 
 

Concerning precipitation of aluminium hydroxisulphate, series with sodium, magnesium (and calcium) 
had the same behaviour, as shown in Figure 1. For small amounts of hydroxide, the first solid phase 
observed was jurbanite (AlSO4OH.5H2O). Then, a more basic aluminium hydroxisulphate, which was 
tentatively identified as Al10(SO4)6(OH)18.31H2O, was found. Besides, sulphate of alkaline earth 
metals precipitated: epsomite (MgSO4.7H2O) and gypsum (CaSO4.2H2O). Mixtures with alkali metals 
formed aluminium alkali sulphate: sodium alum (NaAl(SO4)2.12H2O) and potassium alum 
(KAl(SO4)2.12H2O). However concerning potassium solutions, neither jurbanite, nor another 
aluminium hydroxisulphate was observed, but alunite (KAl3(SO4)2(OH)6) was identified instead. 
 

Most of the solubility constants of the solid phases observed were neither present in the default 
database of CHESS (EQ3/6 version 8 # release 6) nor in other commonly available thermodynamic 
databases, or were not found to have reliable values published in the scientific literature. As a 
consequence we used the CHESS software to model the different titration experiments and to adjust 
solubility constant values to fit experimental data. Experimental data investigating the Al2O3–SO3–
H2O ternary diagram were also used to evaluate independently appropriate solubility constants of 
aluminium hydroxisulphates. Some parameters like solution density, pH and mass of solid phases 
could also be determined thanks to geochemical reaction modelling, and compared to experimental 
data when it was possible. Furthermore, contrary to experimental study, where data could be collected 
only on prepared samples, modelling allowed the virtual continuous monitoring of solid phases 
appearance and ions solubility depending on the quantity of hydroxide added. 

Figure 1. Solid phase formation depending on added hydroxide for series with sodium and magnesium. 
 
Conclusions 
 

Original experimental data on the precipitation of Al-hydroxisulphates have been obtained. These data 
enable to evaluate the solubility constants of the various precipitates using geochemical modelling. In 
a further step, these values will allow to describe the behaviour of other and more complex solutions, 
as those observed during the industrial acid processing of aluminosilicate ores. 
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Introduction 
 
The strategy of separation of live crude oil from reservoir fluids and its transportation and storage 
depend on its PVT properties including viscosity. Viscosity is an important PVT property used in 
reservoir engineering for planning oil recovery processes, calculating the fluid flow through reservoir 
rocks and designing of production equipments and pipelines. The viscosities of dead oil (gas free oil), 
saturated oil, and subsaturated oil (oils with dissolved gas) should be measured preferably in 
laboratory and correlated for accurate estimation at different pressures around the process or reservoir 
temperatures. Most oil produced in off-shore fields of Brazil is naphthenic or naphthenic-paraffinic in 
nature and there is a lack of experimental data in the litterature to evaluate the published correlations. 
In this study, we obtain experimental data of fluid properties from the PVT analysis of more than 60 
primary separator samples of naphethnic live crude oil from off-shore platforms and identify the 
correlations found in the literature best suited for representing  the data obtained experimentally for 
dead oil viscosity, and subsaturated oil viscosity. The dead oil viscosity correlations use reservoir 
temperature and API gravity as input parameter. The undersaturated oil viscosity correlations use the 
pressure above bubble point and bubble point pressure (differential pressure or ratio pressure) and the 
saturated oil viscosity as input parameters, while API gravity or dead oil viscosity also are used for 
some authors. We evaluate the frequently used correlations of  Beal, Beggs and Bobinson, Glaso, Ng e 
Egbogah, Al-Khafaji et al., Kartoatmodjo and Schmidt, Labedi, Petrosky and Farshad, Bennison, 
Elsharkawy and Alikhan, Elsharkawy and Gharbi, Dindoruk and Christman, Naseri et al., Hossain et 
al., Sattarin et al. and Alomair et al. for dead oil viscosity, and Beal, Vazquez and Beggs, Khan et al., 
Al-Khafaji et al., Kartoatmodjo and Schmidt, Labedi, Petrosky and Farshad, Almehaideb, Elsharkawy 
and Alikhan, Elsharkawy and Gharbi, Dindoruk and Christman, Naseri et al., Hossain et al., Isehunwa 
et al. and Abedini et al. for subsaturated oil viscosity. New correlations are proposed to effectively 
represent our experimental data.  
 
Experimental Method 
 
The samples of live oil were taken from the primary separator of the oil wells. The temperature and 
pressure of separator were measured in the off-shore platforms when the live oil samples were taken. 
The separator samples are received in the laboratory in high pressure sampling cylinders equipped 
with floating pistons. The viscosity of each live sample was measured at several pressures and 
temperatures by the experimental methodology described in [1] using a VISCOlab PVT high pressure 
viscometer of Cambridge Viscosity. The measurements of viscosities were repeated automatically, 
until the repeatability of the experiments is in the range (0.1 to 1.0) %. In order to chacterize the fluid, 
the fluid was flashed and the gas-oil ratio was measured. The density, viscosity,  molecular weight, 
composition of the dead oil and composition of the liberated gas were measured at standard 
conditions, using Anton-Paar densimeter, Cambridge Viscosimeter, Cryette Cryoscope and gas 
chromatographs. 
  



   
 
 
Results and Discussion 
 
All the samples were identified as naphthenic or naphthenic-paraffinic crudes from the PNA analysis 
of the experimental data. Using the experimental data for 25 dead oil samples and 37 subsaturated oil 
samples, we evaluated the frequently used correlations of Beal, Beggs and Bobinson, Glaso, Ng e 
Egbogah, Al-Khafaji et al., Kartoatmodjo and Schmidt, Labedi, Petrosky and Farshad, Bennison, 
Elsharkawy and Alikhan, Elsharkawy and Gharbi, Dindoruk and Christman, Naseri et al., Hossain et 
al., Sattarin et al. and Alomair et al. for dead oil viscosity, and Beal, Vazquez and Beggs, Khan et al., 
Al-Khafaji et al., Kartoatmodjo and Schmidt, Labedi, Petrosky and Farshad, Almehaideb, Elsharkawy 
and Alikhan, Elsharkawy and Gharbi, Dindoruk and Christman, Naseri et al., Hossain et al., Isehunwa 
et al. and Abedini for subsaturated oil viscosity.  For calculating of dead oil viscosity, the density of 
dead oil is obtained at standard conditions for calculating oil API gravity and oil specific gravity. For 
calculating of subsaturated oil viscosities, the bubble point pressures for the oils evaluated were 
calculated from Kartoatmodjo and Schmidt correlation for bubble point pressure [2] and the saturated 
oil viscosities are obtained graphically from data of subsaturated oil viscosities and differential 
pressures. Kartoatmodjo and Schmidt developed correlations for calculation of fluid properties using 
measured field surface data such as: gravity of separator gas, separator temperature and pressure, and 
API gravity of stock tank oil [2]. The twelve of the tested correlations  have average absolute percent 
relative errors, AARE ranging from 28.4 to 52.4 % for dead oil and ten of the correlations have AARE 
ranging from 1.6 to 54.8 % for subsaturated oil. The other correlations have even higher errors and are 
inadequate to represent the measured data of naphthenic and naphthenic-paraffinic crude oils with 
experimental error of 0.63 %. We propose new correlations to estimate the properties with acceptable 
deviations from the measured values of dead oil viscosity and subsaturated oil viscosity. The proposed 
correlations were developed through minimization of the root mean square deviation (RMSD) using all 
experimental values of PVT properties and have AARE of 13.5 % for dead oil and 1.3 % for 
subsaturated oils 
 
Conclusions 
 
We measured the PVT properties of live crude oils from high pressure separators of several Brazilian 
off shore oil wells and evaluated the frequently used literature correlations. These correlations do not 
describe the behavior of crudes. These correlations based on limited ranges of temperature, density 
and viscosity and cannot be used for oils and for ranges of temperature and pressure for which they 
have not been carefully evaluated. The experimental methodology is eficient  in making rapid PVT 
measurements. The proposed method for estimating live oil viscosity  depends on easily measured 
variables: temperature, pressure,  API gravity of dead oil,  specific gravity  of liberated gas and 
solution gas-oil ratio. The method was found to be effective in correlating high pressure viscosity data 
of live crude naphthenic and naphthenic-paraffinic oils. 
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Introduction 
 
Mining, is the most important economic activity in Chile, where there is a worldwide shortage of 
available fresh water. Mining industries are developing new methods to optimize water use [1], where 
certain mining companies are using raw seawater in their production processes [2]. The study of the 
copper sulfate crystallization using seawater would be of great importance due to the large number of 
industrial applications of this salt [3]. In this research, we are focused in the CuSO4 - H2SO4 - seawater 
system, with the objective of representing the physical properties (density and viscosity), and the 
solid-liquid equilibrium of this system in a wide temperature range (from 293.15 to 333.15 K), and 
subsequently use this information to estimate the composition of sulfuric acid to provide the highest 
yield of the process.  
 
Experimental procedure 
 
Working solutions (CuSO4·5H2O + H2SO4 + seawater), were prepared at ten different acid 
concentrations. Physical properties (density and viscosity) were measured in triplicate for each 
solution, and the copper concentration was obtained experimentally by atomic absorption. The 
physical properties, were adjusted by empirical equations. On the other hand, the Pitzer model and the 
Born-type empirical equation were used to correlate the solubility data.  
 
According to Kan et al. [4] and Jiménez et al. [5], the solubility product (Ksp) for the CuSO4-H2SO4-
H2O is determinded by the following expression: 

𝐾!" = 𝑚! 𝛾!"#!!
!×𝛾!!!!!

!                                                                                                           (1) 
                                                  
The activity coefficients due to the salt effect 𝛾±!"#!!are determined by the Pitzer model with the 
following expression [6]: 
    ln 𝛾 = 4𝑓! +𝑚𝐵!!" +   𝑚!𝐶!!"                                                                                  (2)   
 
The activity coefficient due to the cosolvent effect 𝛾  !"#!!

!± , is represented by an empirical equation, 
similar to the Born expression, of the type [4,5]: 

𝛾  !"#!!
!± = 10 !! !

!(!)!!"   !!"#"$%&'(!!!
!
!"#"$%&'(                                               (3)             

     
where a, b, c, and d are adjustment parameters. 
From the Eq. (1), the copper sulfate saturation molality in the ternary system (𝑚!), is obtained by: 

                                                  𝑚! =   
!!"!!"!! !

!
  !"#!!
!± !

×  !
  !"#!!
!± !

!

!
!

                                                                          (4)        

 
 
 



Results and Discussion 
 
Figures 1 a) and b) show the density and viscosity, respectively, of saturated solutions of copper 
sulfate in acid seawater at six different temperatures and at ten different acid concentrations. The 
results were adjusted by the following equations:  

          𝜌 = 𝑒𝑥𝑝 𝐴 + 𝐵×𝑤!!.! 𝑙𝑛𝑤! + 𝐶×𝑤!!.! + 𝐷×𝑤!  !.!                                  5                        
 

    𝜂 = 𝑒𝑥𝑝 𝐴 + 𝐵×𝑤! + 𝐶×  𝑤!!.! + 𝐷×  𝑤!!.!×  𝑤!!.!                                  6                      
 
were w1: mass fraction of copper sulfate, w2: mass fraction of sulfuric acid, and A, B, C, and D: 
adjustment parameters. 

                
Figure 1. a) Density of saturated solutions, b) Viscosity of saturated solutions. ■, 20°C; ♦, 

25°C; ▲, 35°C; ●, 45°C; x, 50°C; +, 60°C;  ─, correlated data with Eq. (5) and (6), respectively. 
 
Figure 2 shows the good fit between the experimental and calculated data, obtaining a AAD < 0.5%. 

  
Figure 2: Solubility of saturated solutions. �, 20°C; �, 25°C; �, 35°C; �, 45°C; x, 50°C; +, 60°C; − 

correlated data. 
 
Conclusions 
 
A simple methodology has been applied to represent the solid-liquid equilibrium of aqueous systems 
containing an electrolyte and a cosolvent. 
Important information has been obtained  for the drowning-out crystallization process design. 
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Introduction 
 
In the past decade, literature have been strongly dedicated to the comprehension of the SLE behavior 
of mixtures composed of fatty molecules, inspired in the importance of the oilchemistry in the 
pharmaceutical, food and bioenergy industries. However, modeling the phase equilibrium of such 
mixtures is a huge chalenge due to the frequent occurence of some complex phenomena, such as 
polymorphism, peritectic or methatectic transitions and formation of organic alloys, also known as 
solid solutions [1-3]. In fact, the difficulty of the modeling procedure increases with the increasing of 
the number of compounds. Knowing that phase diagrams of multicomponent systems represents a 
large lacuna in literature, this work aimed at modeling ternary systems composed of fatty acids present 
in vegetable oils based on the calculation of the activity coefficients of the compounds in the mixture. 
Because, in this work, the phase equilibrium includes more than one solid phase, due to the formation 
of organic alloys, we decided to addopt the term “Solid-solid-liquid equilibrium” or simply SSLE. 
 
Phase diagram description 
 
Solid-liquid equilibrium data for the binary and ternary mixtures were obtained from literature or 
experimentally determined by differencial scanning calorimetry using a DSC8500 calorimeter 
(PerkinElmer, Waltham) through addapted methodology from literature [3] based on heating-colling 
cicles at 1 K min-1. Formation of organic alloys, peritetic or methatetic transitions were additionally 
investigated by optical microscopy using a DM2500 Microscope (Leica Microsystems, Wetzlar) 
equiped with a temperature-controller apparatus LTS420 (Linkam Scientific Instruments Ltd., 
Tadworth). The solid-liquid equilibrium was evaluated by Equation 1 
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where xi and zi are the molar fraction of the compound i in the liquid and solid phases, i are the 
activity coefficients of the compounds in the liquid L and solid S phases, Tfus, Ttr, fusH and trH are the 
temperatures and enthalpies of the melting (fus) or polimorphic transitions (tr) of the compound i, T is 
the melting temperature of the  mixture and Cp are the difference between heat capacities of the 
compound i in the solid and liquid phases. The Margules 2 or 3-suffix equations [4] were used for the 
calculation of i of the compounds in case binary or ternary systems. The binary interaction parameters 
Aij of the equation for both liquid and solid phases were obtained by modeling the experimental data of 
the binaries systems using the Crystal-T algorithm [5]. This algorithm was specially developed to take 
into account the presence of solid solutions, i.e, zii

S  1. The SSLE ternary phase diagram could then 
be predicted with the adjusted Aij parameters. 
 
Results and Discussion 
 
Figura 1 shows modeled melting temperature T of a mixture composed of tetradecanoic (1), 
octadecanoic (2) and 9,12-octadecanoic acid (3). Figure 1A shows the SSLE phase diagram of the 



binary mixture composed of tetradecanoic and octadecanoic. This binary shows one peritetic, one 
methatetic transition and solid solutions (organic alloys) at a region close to pure octadecanoic acid 
composition. For this binary zii

S  1 and Margules 3-suffix equation was the best model to fit the non-
ideality of both phases. Despite the fact that peritectic transitions was neglected in the modeling 
procedure, melting temperatures could be well described. For the other binaries zii

S  1 due to the 
great difference between melting temperatures of 9,12-octadecanoic acid and the other fatty acids. In 
these cases, Margules 2-suffix equation was enough to represent the liquid phase non-ideality. Figure 
1B shows the phase diagram of the ternary and Figure 1C and 1D the contour plots of experimental 
and modeled melting temperature data. The SSLE of the ternary system could be well predicted with a 
relative deviation from experimental data lower than 2.0 %. 

0.00
0.25

0.50
0.75

1.00

1.00

0.70

0.50

0.25

0.00

xC14

Te
m

pe
ra

tu
re

(K
)

xC18:2

315

325

335

345

0.0 0.2 0.4 0.6 0.8 1.0

Te
m

pe
ra

tu
re

  (
K)

x C18

C18 (1) + C14 (2)

0.00 1.00

0.00

0.00

1.00

1.00

xC14

xC18:2

xC18

1.00

0.00

0.00

1.00

1.00

xC18

0.00

xC14

xC18:2

270

295

314

343

(A) (B)

(C) (D)  
Figure 1. Modeling of a ternary mixture composed of tetradecanoic acid (C14), octadecanoic acid 
(C18) and 9,12-octadecanoic acid (C18:2). (A) SSLE phase diagram for octadecanoic acid (1) and 

tetradecanoic acid (2). Solid lines are modeled liquidus and solidus lines and dashed lines are guide for 
the eyes. Binary interaction parameters of Margules 3-suffix equation are [A12, B12] = [12.0, 10.0] kJ 
mol-1 for the solid phase and [A12, B12] = [-2.0, 1.5] kJ mol-1 for the liquid phase. (B) Modeled phase 

diagram for the ternary mixture. (C) Coutour plots for experimental and (D) modeled data.  
 

Conclusions 
 
SSLE phase diagrams of ternary mixtures of lipidic mixtures could be well predicted with the 
modeling of the binary mixtures by using Margules equations for the calculation of the non-ideality of 
the phases. In case of these systems, some melting phenomena such as formation of solid solution, 
peritectic transitions and polimorphism should be added in the procedure in order to obtain the best 
description of the melting behavior.  
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Introduction 
 
The world is facing a rising of dangerous gases, called greenhouse gases, due to human activity. Due to 
carbon dioxide is most abundant greenhouse gas; several efforts have been explored to reduce its 
concentration, where the Enhanced Oil Recovery (EOR) and Carbon Capture and Storage (CCS) 
technologies represent mitigation alternatives. In EOR and CCS, it is known that the interfacial behavior 
between carbon dioxide, hydrocarbons and water are key properties for the understanding and possible 
improvement of the oil extraction, especially in the third stage. Indeed, a controlled reduction of the 
surface tension value between the injected fluid and oil in the reservoir improves the efficiency of the 
displacement and reduces oil saturation in EOR operations [1]. Moreover, this magnitude affects the 
gravity-drainage, where a reduction of 0.5 mNm-1 may increase the drainage recovery process from 14 
to 41% [2].  Consequently, the main objective of this work is to characterize the surface tension and the 
respective bulk density phases of hydrocarbons with carbon dioxide at the reservoir conditions: high 
temperature and pressure. The binary mixtures involved in this experimental research are: 
CO2+tetradecane, CO2+tridecane, CO2+dodecane, CO2+toluene, CO2+benzene, CO2+heptane, and the 
ternary mixture CO2+heptane+toluene at 344.15K and over a pressure range of 0.1-15MPa.  
 
Experimental Method  
 
Density. The mass density of the mixture (ρ) in the liquid and vapor phases was measured at the 
experimental temperature (T) and pressure (p) using a DMA HP densimeter (Anton Paar GmbH, 
Austria) with an accuracy of 5·10−3 kg·m−3. The mass density determination is based on measuring the 
period of oscillation of a vibrating U-shaped tube filled with the fluid mixture sample. During the 
operation, the temperature is maintained constant to within ±0.01 K, and the pressure is maintained 
constant to within ±0.001 kPa by means of the high-pressure syringe pump (Teledyne Isco Pump, 
100DM, USA). The  Experimental procedure has been described in our previous works. [3,4] 
 
Surface Tension. A pendant drop tensiometer model IFT-10 (Temco, USA) was used in surface tension 
(γ) measurements, with an accuracy of 0.1 mNm-1. The pendant drop cell is a stainless steel cylindrical 
chamber with two injection orifices. On the top orifice a stainless steel needle (1.4 mm i.d and 2.45 mm 
o.d) is placed for generating pendant drops. The needle is connected to a positive displacement ELDEX 
HP pump, which is used to pump the n-alkane. The bottom orifice is connected to the high-pressure 
Teledyne syringe pump, which is used to compress CO2 from a commercial ultra-high-purity CO2. The 
chamber is equipped with appropriately sealed borosilicate glass windows, which allow visualization of 
the inner space during operation. The tensiometer, the light source and the camera are mounted on a 
vibration-free table in order to mechanically isolate it. Surface tension measurements are made by 
analyzing images of n-alkane liquid pendant drops generated at the tip of an injection needle, which is 
surrounded by CO2, by using the Ramé−Hart DROPimage Advanced software. Specific technical details 
and experimental procedure has been described in our previous works. [3,4]  
 



Results and Discussion 
 
Figures 1 and 2 display some experimental data of p-ρ and γ-p for binary CO2 + n-alkane mixtures at 
344.15 K. From Fig. 1 it is possible to observe that γ increases as the molecular chain of hydrocarbon 
increases. For each binary mixture, γ decreases and ρ increases as p increases.  

 
Figure 1. Surface tension for CO2 + hydrocarbons 
mixtures at 344.15 K. �: CO2 + C12H26; ¡: CO2 
+ C13H28; ¢: CO2 + C14H30 

 
Figure 2. Pressure – density for CO2 + 
hydrocarbons mixtures at 344.15 K. �: CO2 + 
C12H26; ¡: CO2 + C13H28; ¢: CO2 + C14H30 

Figures 3 and 4 display the experimental data of p-ρ and γ-p for ternary CO2 + heptane + toluene 
mixture as a function of p at two different initial liquid composition at 344.15 K.  

 
Figure 3. Surface tension for ternary CO2 + C7H16 
+ C7H8 mixtures at 344.15 K. �: 25 % C7H8; ¡: 
50 % C7H8 

 
Figure 4. Pressure – density for ternary CO2 + 
C7H16 + C7H8 mixtures at 344.15 K. �: 25 % 
C7H8; ¡: 50 % C7H8 

Conclusions 
 

Isothermal γ for CO2 + hydrocarbon decreases as the p or the n-alkane molecular chain length increases. 
In ternary systems the composition of liquid phase plays a key role. Preliminary calculations based on 
SAFT EoS and square gradient theory display good agreement to the experimental data.  
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Introduction 
 
Interfacial properties (i.e. interfacial concentration, interfacial thickness, surface activity, interfacial 
tension, etc) of liquid – liquid systems govern the efficiency and efficacy of several processes in 
chemical, petroleum and environmental engineering. Additionally, the temperature dependence of 
interfacial tension in liquid – liquid systems plays an important role in fundamental interfacial 
phenomena such as thermocapillary (or Marangoni) convection between bulk phases and the 
superficial entropy and enthalpy behavior. Despite their importance and broad range of applications, a 
systematic research concerning the characterization of interfacial properties of liquid – liquid systems 
is very limited compared to the extensive work that has been carried out in liquid – vapor systems. In 
order to contribute to the understanding of interfacial properties for liquid – liquid systems, this work 
is focused on the experimental determinations and theoretical calculation of the interfacial properties 
of two binary demixed aqueous families involve in chemical, petroleum and environmental 
engineering fields. Specifically, binary demixed aqueous – organic mixtures, where the organic 
compound is 1-alcohol (1-butanol to 1- octanol), or branched ethers (2-methoxy-2-methylpropane or 
MTBE, ethyl 1,1-dimethylethyl ether or ETBE, 2-methoxy-2-methylbutane or TAME, 2,2’-oxy-
bis[propane] or DIPE) or cyclic ether (e.g. tetrahydropyran or THP) have been studied. 
 
Experimental Method  
 
Density. Densities of the organic phase (ρo) and aqueous phase (ρw) in the mixtures were measured by 
using a DMA 5000 densimeter (Anton Paar, Austria) with an accuracy of 5 × 10-6 gcm-3. The density 
determination is based on measuring the period of oscillation of a vibrating U-shaped tube filled with 
the liquid sample. During the operation, the temperature of the apparatus was maintained constant to 
within ± 0.01 K. 
 
Interfacial tension. A spinning drop tensiometer model SITE 100 (Krüss, Germany) was used in 
interfacial tension measurements of demixed mixtures. The temperature of the cell maintained 
constant to within ± 0.01 K. In this tensiometer, the IFT is calculated from the Vonnegut’s law, which 
uses the ellipsoid drop shape, and the experimental ρo and ρw. This tensiometer is able to measure IFT 
within ± 0.01 mN m-1. Additional details concerning to the spinning drop technique have been 
extensively described by Evans [1] 
 
Theoretical Method  
 
Theoretical calculations are based on a simplified version of the Square Gradient Theory (SSGT) [2] 
which provides a route to apply an activity coefficient model rather than an equation of state. In this 
contribution, SSGT is applied to the Non-Random Two Liquids (NRTL) activity coefficient model 
[3]. The NRTL paramters have been fitted from experimental liquid-liquid equilibria (LLE) data [4-6] 



Results and Discussion 
 
Figures 1 and 2 display the experimental data and theorerical calculations of the IFT in LLE for two 
binary demixed aqueous families as a function of temperature at atmospheric pressure. 

 
Figure 1. σ - T for 1-alcohol + water at atmospheric 
pressure. Experimental data: (�) 1-butanol + water;  (p) 
1-pentanol + water; (¢) 1-hexanol + water; (q) 1-
heptanol + water; (¿) 1-octanol + water. (―) calculated 
from SSGT + NRTL 

 
Figure 2. σ - T for ether + water at atmospheric 
pressure. Experimental data: (�) MTBE + water;  
(p) TAME + water; (¢) ETBE + water; (q) 
DIPE + water; (¿) THP + water. (―) calculated 
from SSGT + NRTL. 

According to the results, IFT of alcohol + water mixtures shows a parabolic behavior with T. 
Specifically, IFT increases with the T and reaches a maximum value, which is related to the maximum 
tie line in the LLE. For higher temperatures, IFT starts to decrease with T. For the case of ether + 
water mixtures IFT increases as the T increases without reach a maximum in the experimental 
temperature range. From Figs. 1 and 2, it is possible to conclude that SSGT combined to NRTL 
activity coefficient model is able to fit the experimental data. These good fits of IFT data provide a 
route to explore the interfacial concentration profiles of these mixtures. According to prelimiary 
results, it is possible to conclude that the concentration profiles become broader as the T increases and 
that components (1-alcohol, ether, water) exhibits no surface activity along the interfacial region. 
 
Conclusions 
 
Spinning drop tensiometry combines to densimetry provides an adequate experimental technique to 
measurement the IFT of binary demixed aqueous families. The SSGT + NRTL approach was found to 
be suitable for correlating the IFT of the mixtures and to provide a route to explore other interfacial 
properties, such as interfacial profiles. Based on the calculated interfacial profiles, the components (1-
alcohols, ethers, and water) along the interfacial region do not exhibit surface activity nor adsorption 
activity and the interfacial width decreases with temperature as it is expected  
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Introduction 
 
Development trends of modern technologies in recent years involve the use of "clean" energy from 
renewable sources. One representative of this type of energy is biodiesel. This product has several 
advantages over fossil energy sources: manufactured from renewable raw materials, non-toxic, 
biodegradable, its composition no containes sulfur, and this fuel has better lubricating properties [1], 
[2]. A recent and comprehensive review of the achievements in the field of production and application 
of biofuels is presented in a review article [3]. 
The composition of vegetable oils, the main component in the preparation of biodiesel, is rather 
complicated, so the object of the study is to provide a fundamental model system. As a model, we 
have chosen the reaction mixture of butanol and acetic acid. 
 
Experimental 
 
At the moment, biodiesel fuel is actively develops in the light of the problems associated with the 
search for alternative energy sources. As a consequence, the relevance of this topic is an incentive for 
the creation of a large number of scientific papers on the subject. It is important to note that most of 
these works is a purely practical character. On the other hand, on this subject there is a small amount 
of theoretical work, due to both the complexity of the experiment and analysis of the problems of the 
studied compounds. 
The experimental study of solubility and LLE was carried out at 293.15 – 313.15 K by gas 
chromatographic (GC) analysis (Cristal 5000, Chromatec, Russia) with the internal calibration 
standard detection method. We also used the data that had been obtained in our recent work [3]. 
 
Results and Discussion 
 
On the base of our results the complete topological structure of the liquid phase diagram of acetic acid 
– n-butanol – n-butyl acetate – water system had been obtained (Figure 1).   
 



 
 

Figure 1. The binodal surfave of acetic acid – n-butanol - n-butyl acetate – water system at 308.15 K. 
 
Conclusions 
 
LLE data were obtained for the quaternary system acetic acid–n-butanol–n-butyl acetate–water at 
293.15 – 313.15 K and atmospheric pressure. These set of new experimental data enable to present the 
binodal surface in composition tetrahedron. The compositions of critical states of LLE were 
determined. The comparison of LLE data with the values calculated from NRTL model indicates that 
the experimental and calculated data are in sufficient agreement. 
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Introduction 
 
In this contribution, the effects of electrolytes on the phase behaviour of carbon dioxide hydrate 
forming systems are presented. The phase behaviour of the simple carbon dioxide hydrate system, the 
mixed carbon dioxide - tetrahydrofuran (THF) hydrate system, and, finally, the effect on the phase 
behaviour of different overall concentrations of sodium chloride will be elucidated. In addition, the 
competing effects between THF and an electrolyte of the metal halide series and their impacts on the 
phase behaviour of the hydrate forming systems will be discussed. The strength of hydrate inhibition 
by metal halides is compared and, a quantitative analyses between the effect of anions and cations is 
made in order to gain some understanding on the mechanism of electrolyte inhibition on hydrate 
formation. 
 
Results and Discussion 
 
It is well established that electrolytes inhibit clathrate hydrate formation. The inhibition of hydrate 
formation by electrolytes is due to the lowering of the activity of water in the coexisting liquid phase, 
causing hydrates to form at lower temperatures and higher pressures compared to their formation in 
pure water [1]. Many phase equilibrium data especially on H-LW-V equilibrium line have been 
reported for carbon dioxide in the presence of electrolytes. A compilation of these data can be found in 
Sloan [2].  In contrast, cyclic organics such as tetrahydrofuran reduce the pressure requirement for 
hydrate formation at a specified temperature when presents in small quantity in aqueous solutions up 
to about 5 – 7 mol%. The usage of such organics at low concentration may provide an alternative 
solution to overcome the inhibiting effects of electrolytes. Unfortunately, no available reported data 
for hydrate equilibria of mixed carbon dioxide and tetrahydrofuran hydrates in aqueous solution have 
been found in literature. Realizing the potential benefits of such data for the development of hydrate-
based processes, an attempt has been made to measure the hydrate equilibrium data for such a system. 
For consistency, tetrahydrofuran is chosen as a representative of hydrate promoter in the present work. 
In this study, phase behaviours of mixed carbon dioxide and tetrahydrofuran hydrates in sodium 
chloride (NaCl) solutions are presented. Sodium chloride is chosen to represent electrolytes that are 
present in naturally occurring waters. The measurement of hydrate equilibrium conditions for mixed 
carbon dioxide and tetrahydrofuran hydrates are extended to another six electrolytes from the metal 
halides series. Besides NaCl, the electrolytes used in this work are calcium chloride (CaCl2), 
magnesium chloride (MgCl2), potassium bromide (KBr), sodium fluoride (NaF) and sodium bromide 
(NaBr) and potassium chloride (KCl). Based on measured data, a comparison is made to quantitatively 
evaluate the effect of different salts inhibition on hydrate formation. 
 
Conclusions 
 
In the quaternary system studied, the presence of electrolyte in the system enhanced the liquid-liquid 
phase split creating two distinct liquid phases of liquid water and liquid organics (tetrahydrofruan + 
carbon dioxide). This behaviour is attributed to the salting-out effect that taking place in the system 



due to the presence of ions. In general, it is found that the hydrate promoting effect of tetrahydrofuran 
suppresses the inhibiting effect of an electrolyte when both are present in a hydrate forming system. 
The strength of hydrate inhibition effect among the electrolytes was compared. The results shows the 
hydrate inhibiting effect of the metal halides is increasing in the order NaF < KBr < NaCl < NaBr < 
CaCl2 < MgCl2. Among the cations studied, the strength of hydrate inhibition increases in the 
following order: K-< Na- <Ca2+ < Mg2+. Meanwhile, the strength of hydrate inhibition among the 
halogen anion studied decreases in the following order: Br- > Cl- > F-. Based on the results, it is 
suggested that the probability of formation and the strength of ionic-hydrogen bond between an ion 
and water molecule and the effects of this bond on the ambient water network are the major factors 
that contribute to hydrate inhibition by electrolytes.  
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Introduction 

Correlation of phase equilibrium data is a very important issue with relevant applications in chemical 
engineering problems and separation equipment design. Thermodynamic models have been used for decades 
to formulate the activity coefficients of the components of the liquid mixtures in phase equilibria 
calculations. Different approaches have been used to develop the mathematical functions for the dependence 
of such coefficients with composition and temperature. In recent papers [1-3] we have discussed several 
aspects regarding the limitations of thermodynamic models, of the type of NRTL, to represent different 
liquid-liquid equilibrium systems and we suggested a way of modifying the GE models in order to provide 
them with an improved flexibility to be compatible with the behaviour of the system. To deal with all these 
problems the analysis of the GM surface proved to be very usefull. Most researchers would have no problem 
in agreeing with the importance of such analysis, but also with the fact that it is very often forgotten and 
simply not applied. 

The Perry’s Handbook of Chemical Engineering [4] presents 125 possible theoretical types of ternary 
systems regarding the distillation boundaries for systems involving up to three binary azeotropes and one 
ternary azeotrope. In the page 58 of chapter 13 of the seventh edition it is stated that: “Residue curves can be 
constructed from experimental data or can be calculated analytically if equation-of-state or activity-
coefficients expressions are available (e.g., Wilson, binary interaction parameters, UNIFAC groups)….” 
Nevertheless, an analysis of these maps reveals that there are many of these theoretical behaviours that 
equations as Wilson or NRTL can not predict. The objective of the present work is to show these limitations, 
analyse their causes and suggest possible solutions. 

 

Impossibility for representing certain type of ternary azeotropy 

Classical thermodynamics of liquid vapour equilibrium calculations involves solving the equations 
derived from equalling the fugacities of all the components in the two phases. The phase stability analysis 
involves the calculation of the minimum common tangent plane to the gM/RT surfaces corresponding to both 
phases in equilibrium. In an azeotropic point, two equations must be fulfilled, i.e.: the equality for the same 
composition of the gM/RT functions corresponding to the liquid and the vapour phase and the equality of the 
gM/RT gradients respect to the composition. 
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where zi is the composition of the liquid or the vapor phase in the azeotropic point. To prove that NRTL 
type equations cannot represent certain type of ternary azeotropy is a difficult task, nevertheless, for a ternary 
system of the #47 type of the Perrry’s classification, involving a ternary and a binary minimum boiling point 
azeotrope, the prove may be easy if we consider ideal behaviour of the two binaries showing no azeotropy. 
Easier than handling the equations (1) and (2), it would be considering that the topological analysis of the 
gE/RT functions leads to the conclusion that this function for the liquid should be positive and have a 
maximum in a ternary composition. Equations (3) and (4) present the excess function for the liquid phase in 



 

 

the binary and the ternary region (where we have used the prime variables). 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+

+
+

=
2112

1212

2211

2121
21 ·

·
·

···
xxG

G
xGx

Gxx
RT
g EL ττ

        (3) 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
++

+
++

=
32112

1212

32211

2121
21 '''·

·
''·'

··'·'
xxxG

G
xxGx

Gxx
RT
g EL ττ

       (4) 

Considering that the system presents an azeotrope, the parameters τ12 and τ21 must be positive and then 
G12 and G21 are lower than 1. The excess energy in the binary is always higher than that in the ternary region 
for a fixed component 1 composition. Consequently, the required condition is never fulfilled. A numerical 
and systematic analysis of the excess function leads to the conclusion that NRTL type equations cannot 
correlate 36 type of ternary azeotropic systems and has many limitations to represent another 17 types. 

 

Suggested modification 

A very simple modification consisting in adding a ternary term to NRTL equation of the type: 
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provides the equation the capability and flexibility to represent all ternary types of azeotropy and 
improves the quality of the correlation of any system as compared to the NRTL equation even for the 
simultaneous correlation of liquid-liquid-vapour equilibrium. Figure 1 shows as an example, the correlation 
of a ternary liquid-liquid-vapor equilibrium [5], showing the remarkable improvement obtained with respect 
to NRTL. 

                                      
Figure 1. Correlation of the system water (1) ethanol (2)-heptane (3): a) NRTL, b) according to equation (5). 
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Introduction 
 
The knowledge of phase diagrams for systems where three liquid phases are in equilibrum is crucial 
for the understanding of some separation processes. Among them, (water + oil + surfactant) systems 
are of great interest due to their application in enhanced oil recovery. The Winsor classification is 
generally used for this kind of systems [1]. A Winsor Type III system comprises a three-phase region 
(excess oil, excess water and a bicontinuous microemulsion) surrounded by three biphasic regions. 
This phase diagram is associated with a deep minimum in the interfacial tension between the aqueous 
and oil phases [2], which is required for enhanced oil recovery by surfactant or microemulsion 
flooding. In this work, phase equilibria of (water + n-dodecane + surfactant) systems are studied, being 
the surfactant an ionic liquid (ionic surfactants that are liquid at, or close to, room temperature). The 
study comprises Treybal type I, II or III systems, according to the miscibility of the ionic liquid with 
the other compounds of the ternary system [3], and ionic liquids based on phosphonium and 
imidazolium cations with different anions.  
 
Materials and Methods 
 
Phase diagrams have been obtained experimentally by means of the well known analysis method. A 
known composition of the components within the biphasic or triphasic regions was filled in a jacketed 
equilibrium cell for temperature control. The content of the cell was vigorously mixed for two hours, 
keeping the temperature constant. The cells were then left to settle down for 48 hours ensuring that a 
complete separation of the phases was achieved. A sample of each phase was withdrawn to measure 
the composition by gas chromatography.  
 
Results and Discussion. 
 
Phase equilibria of (water + n-dodecane + surfactant ionic liquid) systems were obtained for ionic 
liquids based on tetraalkylphosphonium and alkylmethylimidazolium cations, combined with chloride, 
bis(trifluoromethanesulfonyl)imide, dicyanamide or bis(2,4,4-trimethylpentyl)-phosphinate anions, 
among others. The measurements were carried out at 298.15 K, but in some cases other temperatures 
were also tested. The results obtained for most of these systems are Winsor type III, with two LLE 
(two liquid equilibrium phases) and one (large, in most cases) LLLE (three liquid equilibrium phases) 
regions. In few cases, a third LLE region appears (below the LLLE region, that is, aqueous and 
hydrocarbon phases). The effect of the different anions, cations and alkyl chain lengths in the phase 
diagram will be discused. Cryogenic Transmission Electron Microscopy (cryo-TEM) was used to 
investigate the formation of aggregates at nanoscale level (microemulsion). 
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Figure 1. Phase equilibria (compositions in mass fraction) for (water + n-dodecane + surfactant ionic 
liquid) ternary systems at different temperatures and atmospheric pressure.  
 
Conclusions 
 
Phase diagrams for (water + n-dodecane + surfactant ionic liquid) ternary systems were studied. Three 
liquid phases in equilibrium (LLLE) appeared. Regardless of miscibility of selected ionic liquid with 
the other compounds of the mixture, the obtained diagrams can be classified as Winsor Type III. The 
existence of the microemulsion was showed by means of cryo-TEM. Some advantages on the use of 
surfactant ionic liquids versus traditional surfactants for Enhanced Oil Recovery can be named: i) 
Easier handling due to its liquid state at room temperature (room temperature ionic liquids); ii) 
Capability, in a wide range of temperature and in presence of salt, to form a tri-phasic system 
associated with low interfacial tension without the need of a co-surfactant; iii) Their viscous character 
may avoid the formation of digitations in the well. 
 
References 
 
[1] P. A. Winsor, Solvent Properties of Amphiphilic Compounds. Butherworth: London, 1954. 
[2] J. L. Salager, L. Manchego, L. Márquez, J. Bullón and A. Forgiarini, J. Surfactants Deterg. 17 
(2014) 199–213. 
[3] R. E. Treybal, Liquid extraction, 2nd ed. McGraw-Hill: New York, 1963. 
 
Acknowledgments 
 
The authors acknowledge the Ministry of Economy and Competitiveness of Spain for financial 
support through the project CQT2012-33359 (including European Regional Development Fund 
advanced funding) and networking support by the COST Action CM1206. OR acknowledges financial 
support from Ministerio de Economia y Competitividad, Spain (Ref RYC-2012-10378). 



Theoretical pre-selection of ionic liquids for liquid-liquid extraction of 
Neodymium 

 

Mariusz Grabda1,2*, Sylwia Oleszek1,2, Mrutyunjay Panigrahi1, Dmytro Kozak1, 
Franck Eckert3,  Etsuro Shibata1, Takashi Nakamura1 

1Institute of Multidisciplinary Research for Advanced Materials (IMRAM), Tohoku 
University,  Japan, mariusz@mail.tagen.tohoku.ac.jp 

2Institute of Environmental Engineering of the Polish Academy of Sciences, Poland 
3COSMOlogic GmbH & Co KG, Germany 

 
 
Scientific topic: Alternative solvents. Supercritical fluids. Ionic liquids.  
 
Keywords: ionic liquids, extraction solvents, rare earth elements, COSMO-RS  
 
Introduction 
 
The use of ionic liquids (ILs) could constitute an interesting support, or even alternative, to present 
technologies of recovery of rare earth elemenst (REEs) from industrial scraps. Unique 
physicochemical and electrochemical properties of ILs can be tailored by the selection of an 
appropriate cation-anion combination. Presently, more than 1,000 different ILs are commercially 
available; however, thousands more combinations of cations and anions are possible. These 
possibilities can offer an optimal solvent for a specific purpose. A judicious prescreening of the 
various possible solvents is required to select the proper IL, as the experimental realization of such 
studies would be significantly time consuming and cost intensive.  
COSMO-RS, or ‘Conductor-like Screening Model for Real Solvents’, is suitable method for the 
prediction of ionic liquids systems. It has a small and general set of parameters that do not need to be 
adjusted to ILs, and therefore can be predicatively applied to the full range of possible ILs, including 
virtual not-yet-synthesized species [1]. 
 
Computational details 
 
The program package COSMOtherm was used to perform all COSMO-RS computations. All 
computational details are provided in Ref. [2] and Ref. [3].  
The calculation set covered 30 types of hydrophobic cations, and 30 anions with lowest affinity to 
water [2,3]. Therefore, the calculation covered 900 possible combinations of cation-anion pairs. The 
infinite dilution chemical potentials of NdCl3[2] and NdF3 [3] were computed in all 900 IL systems. 
The calculated solute-solvent systems were reminiscent of liquid-liquid extractions of the lanthanide 
salt from aqueous solution to the IL phase. Therefore, the salts salts were considered to be present in 
the dissociated forms, likewise those reported for NdCl3 [4,5]: (A) bare ion of Nd3+ with 3Cl(F)1-; (B) 
hydrated cation with eight molecules of water, Nd(H2O)8

3+ with 3Cl(F)1-; (C) partially dissociated 
cation with seven molecules of water, NdCl(F)(H2O)7 

2+ with 2Cl(F)1-. 
No systems based on chemical reactions between organic and inorganic ions (reactive dissolution) 
were taken into account, because of the lack of precise data on the mechanisms of such extractions and 
the molecular structures of possible metal-organic complexes.  
The COSMO files of the lanthanide salt used in this work were generated following a procedure 
similar to the one we used for molecules of ionic liquids.  
Additionally, the KOW of 30 isolated cations and 30 isolated anions were computed to determine the 
order of their hydrophobicity [2]. 



Viscosities of ILs were estimated [2] via a QSPR approach and approximated from the descriptors 
developed by Eiden et al. [6], using the “Ionic Liquid Properties” panel of COSMOthermX. 
 
Results and Discussion 
 
Sample results of calculated infinitive dilution chemical potentials of neodymium salts in the 900 ILs 
are presented in Figure 1. For all cases (totally or partially dissociated, considered degree of 
hydrataion of the cation), a significant drop in their chemical potentials, that is, an increase in their 
solubilities, is clearly visible for systems with ILs containing one specific cation of dodecyl-dimethyl-
3-sulfoethylammonium [C19] and three specific anions of bis(2,4,4-trimethylpentyl)phosphinate [A6], 
decanoate [A18], and benzoate [A28].  
Additionally to the above, a few more ILs-anions generate visible drop in the chemical potentials of 
both salts. These are the anions of: bis(trifluoromethyl)imide [A12], bis(pentafluoroethyl)phosphinate 
[A15], bissalicylatoborate [A16], heptafluorobutanoate [A21], dibutylphosphate [A23], salicylate [A26] 
and trifluoroacetate [30] (Figure 1).  
Therefore, all the mentioned ions can generate ILs having strong affinity to both salts of our interest.  
 

A)                                                                       B) 
 
 
 
 
 
 
 
 
 

Figure 1. Calculated infinitive dilution chemical potentials of [Nd3+][3Cl1-] (A), and 
[NdF(H2O)7

2+][2F1-] (B), in selected hydrophobic ILs. 
 
Taking into account both the predicted chemical potentials of the salts in ionic liquids [2,3] together 
with the predicted physicochemical properties of the latter [2], the 11 ILs were suggested for 
experimental tests. High extraction efficiency of NdCl3 by a few of the preselected ionic liquids was 
confirmed experimentally (own study, manuscript in preparation). Experimental tests with NdF3 will 
be performed in future.  
 
Conclusions 
 
The COSMO-RS approach can be applied for fast prescreening of the extraction affinity of REEs for a 
large number of IL systems prior to extensive experimental tests, even if only physical dissolution of 
the salts is considered. 
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Abstract 
Chlorofluorocarbons (CFCs) and hydrochlorofluorocarbons (HCFCs) have a high ozone depletion 
potential (ODP) and hydrofluorocarbons (HFCs) are high global warming potential (GWP) 
refrigerants. Consequently, refrigeration and airconditioning industries carry out extensive researches 
to find highly efficient alternative refrigerants with zero ODP and GWP lower than 150. 
The search for next-generation refrigerants requires the preselection of good candidate likely to exhibit 
low environmental impact and leading to high thermodynamic cycle efficiency. 
To do so, disposing of powerful predictive thermodynamic models is a necessary prerequisite. In this 
work, the well established E-PPR78 predictive equation of state was extended to systems containing 
freons. Therefore, 6 different groups were added to the 21 already-existing groups: group 22: CF3-CF3 
(R116), group 23: -CF3, group 24: -CF2, group 25: =CF2 / =CF-, group 26: CHF2-CH3 (R152a), group 
27: CF3-CH2F (R134a). All the experimental data available in the open literature were then selected to 
estimate the various group interaction parameters between the 6 new groups and the 21 previously 
defined. 
To complete the study, vapor-liquid equilibrium and critical data for the CO2 + R1234yf and CO2 + 
R1234ze(E) systems – deemed as promising alternative refrigerant mixtures – were measured and 
correlated. 
The E-PPR78 equation of state finally shows a good ability to model the large variety of phase 
behaviors encountered in this class of fluids (criticality, azeotropy, liquid-liquid equilibria, vapor-
liquid-liquid equilibria etc.) and consequently. 
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The optimization of current industrial processes requires investigation on new compounds and 
mixtures because of the new restrictive environmental policies. Consequently, detailed knowledge of 
the thermophysical properties of fluids is a relevant need for practical industrial applications. For this 
purpose, a wide variety of methodologies including multiple correlations, equations of state, molecular 
simulations, and even quantum chemistry calculations, have been used to evaluate the experimental 
data. However, most of these efforts have been devoted to phase equilibria and solubility properties, 
while the description of derivative and transport properties has been often forgotten. The use of 
integrated equations able to provide accurate values of a group of thermophysical properties for 
practical applications is still at an early stage. It is of high interest to find a link between the different 
methodologies/correlations available for each particular property (heat capacity, speed of sound, 
viscosity, thermal conductivity) in order to have a common framework, avoiding data inconsistencies. 
 
The goal of this work is to present an extended version of the well-known soft-SAFT equation of state 
[1] including, apart from the description of phase equilibrium, additional thermophysical properties of 
key interest for process design, such as derivative and transport properties. In particular, the Free-
Volume Theory (FVT) formulism [2] is coupled into the equation for the description of the viscosity 
of fluids. The approach includes 3 additional parameters related to the viscosity, normally fitted to 
viscosity data of the pure fluid at several isotherms or isobars [3]. The effect of these parameters is 
investigated in order to identify trends with the molecular weight and the number of carbons of the 
compound. The extension to mixtures can be given by simple mixing rules, with a high degree of 
predictability [4]. In addition, the Bridgmann equation [5] is also included in the same framework to 
estimate the thermal conductivity of a series of compounds of interest. The accuracy of this equation is 
dependent on the ability of soft-SAFT to predict accurate values for the derivative properties. Hence, 
apart from the classical parameters optimization method, where only density and vapor pressure data 
are used, a new method for determining the soft-SAFT compound molecular parameters, including 
derivative properties data, is investigated and developed.  With this integrated approach, all the data is 
consistent and there is no need to use additional independent correlations. Several examples including 
n-alkanes, hydrofluorocarbons, fatty acid esters, 1-alkanols, gases, water and ionic liquids in a wide 
range of temperature and pressure are highlighted [4,6-8]. 
 
References 
 
[1]. F. J. Blas, L. F. Vega, Mol. Phys. 92 (1997) 135-150. 
[2].  A. Allal, C. Boned, A. Baylaucq, Phys. Rev. E, 64 (2001) 011203.  
[3]. F. Llovell, R.M. Marcos, L.F. Vega, J. Phys. Chem. B, 117 (2013) 8159−8171. 
[4]. F. Llovell, R.M. Marcos, L.F. Vega, J. Phys. Chem. B, 117 (2013) 5195−5205. 
[5].        J. D. DeSain, B.B. Brady, J. Thermophys. Heat Transfer, 23 (2009) 828-835. 
[6]. F. Llovell, O. Vilaseca, N. Jung, L.F. Vega, Fluid Phase Equilib., 360 (2013) 367–378. 



[7]. M.B. Oliveira, S.V.D. Freitas, F. Llovell, L. F. Vega, J.A.P. Coutinho, Chem. Eng. Res. Des., 
92 (2014) 1898–1911. 
[8].  F. Llovell, L.F. Vega, J. Chem. Eng. Data, 59 (2014) 3220−3231. 
 
Acknowledgments 
 
Acknowledgements: F. Llovell acknowledges a TALENT fellowship from the Generalitat de 
Catalunya. This work has been partially financed by the Catalan government (2014SGR-1582) and the 
Air Products Group. 



A usability of the semi-predictive NRTL-SAC model for processing and 
evaluation of phase equilibrium  

 
Karel Řehák, Jiři Velas*, Pavel Morávek and Aigerim Mustafina  

Department of physical chemistry, University of chemistry and technology, Prague, 
The Czech Republic, *jirka.velas@brezove-hory.cz  

 
Scientific topic: Theory and Modelling: Statistical Thermodynamic, Equations of State, 
Activity Coefficient Models, Molecular Simulation and Multiscale Simulation 
 
Keywords: NRTL-SAC, activity coefficient model, phase equilibrium model, prediction, 
correlation 
 
Introduction 
 
Processing and evaluation of VLE, LLE and SLE data is one of the main tasks for applied 
thermodynamics. Experimental determination of these data is not always possible. Reasons for that are 
(i) insufficient amounts of substances for equilibrium measurements (e. g. early stage of drug 
development); (ii) need to perform time consuming screenings; (iii) interest in multicomponent 
equilibria (e. g. crude oil processing, natural systems etc.). Thus, perspective is the use of predictive or 
semi-predictive thermodynamic models. Within this work we have studied a usability 
of the semi-predictive NRTL-SAC model [1], which operates with activity coefficients. 
The NRTL-SAC model characterizes molecules in terms of four pre-defined conceptual 
segments – hydrophobic X, polar attractive Y+, polar repulsive Y- and hydrophilic Z. Interactions of 
these segments represent interactions of molecules in a mixture (see Figure 1). Conceptual segment 
values (parameters) for each molecule have to be evaluated from phase equilibrium data. The values 
for 63 common liquids have been calculated by the authors of the model [1], [2]. Parameters for other 
substances (mostly the API) can be found in literature. Our focus was placed on (i) correlation of 
NRTL-SAC model parameters on measured SLE data in order to obtain segments values for 
non-parametrized compounds; (ii) and on back-calculations and predictions of numerous SLE and 
LLE. The main goal is to show and discuss a possible collapse of basic physical idea 
of the NRTL-SAC model. The collapse is manifested by negative parameters, which were obtained by 
our optimization procedures in many cases. Parameters represent the relative size of the area of each 
conceptual segment, so they shouldn´t be negative. 
 
Experimental method 
 
In this study, mostly the solubility data for SLE were necessary. Some of them were taken from 
literature and missing ones were experimentally determined. In order to evaluate values of conceptual 
segments, the following solubilities were measured: (i) solid API fluoren and dibenzofuran in several 
parameterized solvents; (ii) and parameterized solutes in non-parametrized solvents (cyclopentyl 
methyl ether and 2-methyltetrahydrofuran). Furthermore, solubility determinations were performed for 
extended systems that weren´t mentioned above – same solutes, but different pure and mixed solvents. 
Solubilities were determined by the direct analytical method based on analyses of liquid phases by GC 
or UV-Vis techniques.  
 
Calculations 
 
The obtained solubility data were used for evaluation of unknown conceptual segments. For this 
purpose, optimization procedures utilizing the simplex or direct search method was used. The 

objective function 𝐹!"#. = 1 𝑁 𝑙𝑛𝑥!
!"# − 𝑙𝑛𝑥!!"#! !

! ! !
 was employed as a tool solving the correlation 



tasks. Correlated parameters of solutes and solvents were used for computation of solubilities and for 
determination of LLE stability. 
 
Results and Discussion 
 
Experimental method 
Various data for SLE were obtained from determination of solubilities in pure and mixed solvents.  
Relative average deviation was lower than 1 % and agreement of solubilities with available literature 
data was high (relative deviations were less than 5 %). 
 
Calculation 
It was found that the resulting parameter sets often comprised negative values of conceptual segments. 
This finding is however against their physical meaning because they suppose to be positive. If the 
computational procedures were forced to compute only positive parameters, the fit of the experimental 
data was significantly worst (see Table 1). Obtained molecular parameters were used for calculation of 
estimated solubilities of fluoren and dibenzofuran in 63 + 2 pure solvents and in over 1000 
homogenous binary solvent mixtures. A usability of the NRTL-SAC model was also tested by 
calculation of thermodynamic stability of binary solvent mixtures. 
 

 

Figure 1. Graphical representation of SLE from 
the perspective of NRTL-SAC model 

 
 

 
 Solute rX rY- rY+ rZ Fobj. N 
Dibenz., (f) 0,175 0,000 0,775 –0,108 0,120 5 
Dibenz., (n) 0,713 0,000 1,034 0,000 0,179 5 
Fluoren, (f) 0,363 0,000 0,950 –0,231 0,163 6 
Fluoren, (n) 1,178 0,000 1,509 0,000 0,706 6 
Table 1. Values of conceptual segments (ri) for 
fluoren and dibenzofuran. (f) correlation forced 
to positive parameters; (n) non-regulated 
correlation;  Fobj. objective correlation function  
([1]; 0 value means absolute agreement of 
experimental and correlated data; logarithmic 
meaning); N number of systems used for 
correlation

Conclusions 
 
A usability of the NRTL-SAC model was studied in this work. In the work, we demonstrated an 
applicability of the NRTL-SAC model as a powerful tool for predictions of various kinds of 
solid-liquid and liquid-liquid equilibria. On the basis of our experimental and literature data, we have 
tried to extend the existing list of parameterized solvents by new substances qualified as green solvents 
(2MTHF, CPME) and to extend list of parameterized solid solutes by fluoren and dibenzofuran. 
Negative values of the model parameters, which we have obtained, made us to deal with deeper model 
testing. The obtained results revealed some possible errors or weakness in solvent parameters. Reason 
for this could be caused by a possible misinterpretation of physical meaning of parameters. 
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Introduction
The continuous accumulation of greenhouse gases in the atmosphere, specially the carbon dioxide, has 
been considering as a high priority environmental issue. In order to reduce its concentration, several 
alternatives have been proposed, but none of them are massive to generate a real impact in their 
reduction. Some mitigation solutions are the large-scale geological carbon capture and sequestration 
(CCS) and the use of carbon dioxide (CO2) in petroleum extraction process [1]. In the latter 
application, the CO2 is used as displacer or injected gas for the ternary oil recovery. For an efficacy 
and efficiency enhanced oil recovery (EOR), an adequate thermophysical characterization, specially 
the phase equilibrium and interfacial properties, of CO2 + hydrocarbons mixtures is needed. However, 
the appropriate characterization of these thermophysical properties is a not easy task. Indeed, it needs a 
crafty combination of experimental determinations, theoretical predictions and molecular simulations,
as we demonstrated for some binary mixtures in previous works [2,3].
In this work, we illustrate the application of this three-party approach for the case of several binary 
CO2 + hydrocarbon mixtures. Specifically, we employ a coarse-grained force field for both theoretical 
predictions and molecular simulation of the bulk phase equilibrium and interfacial properties of 
different binary systems: CO2 + n-butane, n-heptane, n-decane, n-dodecane, n-tridecane, n-tetradecane
and n-eicosane.

Theoretical Modelling and Molecular Simulations.
Theoretical predictions are based on the van der Waals Square Gradient Theory (SGT) [5], where the 
homogeneous contribution of the Helmholtz energy density is described by the Statistical Associated 
Fluid Theory (SAFT– γ) equation of state (EoS) [4]. This combination provides a unique route for 
simultaneous predictions of bulk phase equilibrium and interfacial properties in multicomponent 
systems. In fact, the need parameters can be found from the pure components [8] and binary 
interactions. In addition, the SAFT-γ formulation allows the use of the same intermolecular force field 
(Mie potential) in both theoretical predictions and molecular simulations.
Molecular Dynamics (MD) simulations were performed in the canonical ensemble (NVT) using a 
coarse-grained (CG) model [6,7] where molecules are represented by a “super”-united-atoms model. 
Within this CG approach, CO2 is represented by one single sphere without electrostatic interactions, n-
butane and n-heptane is described by using two tangent spheres, n-decane, n-dodecane and n-tridecane
are modelled as three tangent spheres, whereas n-eicosane is modelled as six tangent spheres. This 
simplified model allows the efficient exploration of longer computational times, larger length scales, 
and bigger molecular systems in comparison to the more commonly used all-atom or united-atom 
schemes. 

Results and Discussion
The selection of the different binary systems to evaluate the performance of this cooperative and 
predictive approach is based on the available experimental data of bulk phase equilibrium densities 
and interfacial tension for pure fluids and binary systems.



Figures 1 and 2 show the predictions for bulk phase equilibrium and interfacial tensions for four (of 
seven) binary mixtures at 344.3 K. These Figures include the available experimental data, the 
theoretical calculations and the MD results. From these results, it is possible to observe a very good 
agreement each other for the binary mixtures. Comparing the theoretical results to previous works, it is 
possible to conclude that SGT+ SAFT– γ EoS not only display similar results than cubic EoS but also 
provide molecular level predictions.
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Fig. 1. Vapour–liquid equilibrium for: (black) CO2 (1) + butane 
(2), (green) CO2 (1) + heptane (2),  (red) CO2 (1) + decane (2) and
(blue) CO2 (1) + tetradecane (2) mixture at 344.3 K. (�,�)
Experimental data, (—) SAFT–EoS; (�) MD results. 
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Fig. 2. Interfacial tension for: (black) CO2 (1) + butane (2), (green)
CO2 (1) + heptane (2),  (red) CO2 (1) + decane (2) and (blue) CO2

(1) + tetradecane (2) mixture at 344.3 K. (�,�) Experimental data, 
(—) SAFT–EoS; (�) MD results.

Conclusions
Results on phase equilibrium and interfacial tension in vapour – liquid equilibrium for all the binary
mixtures show a very good agreement between theory, experiments and molecular simulations. It is 
important to remark that the results for phase equilibrium and interfacial tensions in the binary 
mixtures are fully predictive results due to these are based on pure fluids parameters and binary 
interaction parameter, which are fitted from phase equilibrium data. In complement to the displayed 
integral properties, theory and MD are capability to describe other microscopic interfacial properties, 
such as concentration profiles along the interfacial region, surface activities, and relative Gibbs 
adsorption isotherms at the interfaces. Preliminary results show a quantitative agreement between 
SGT+ SAFT– γ predictions and MD calculations. 
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Introduction 
 
The phase equilibrium modeling for multi-component systems is essential in process systems 
engineering and petroleum reservoir engineering. The phase stability analysis problem is highly 
important in phase equilibrium calculations; it assess the thermodynamically stable state of a system, 
and, if a phase split is indicated, it provides high quality initial estimates for flash calculations. The 
phase stability problem is solved by an unconstrained minimization of the tangent-plane distance 
(TPD) function [1]; a phase is stable if the function is non-negative at all its stationary points, while a 
negative value indicates an unstable phase. The TPD surface is non-convex and (may be highly) 
nonlinear, phase stability calculations at certain conditions being extremely difficult. The stability test 
limit locus (STLL) [1,2] is an important underlying property of multi-component system phase 
diagrams. In the pressure-temperature plane, the STLL delimitate the domain where the phase stability 
problem has non-trivial solutions. Outside the STLL, the TPD function has only a trivial solution; 
between STLL and the phase boundary, there is a nontrivial positive solution. The STLL is very 
important because in its vicinity the number of iterations for phase stability testing dramatically 
increases and divergence may occur [3-5]. 
 
The proposed method 
 
The cause of convergence problems in phase stability calculations, as well as of the existence of a 
discontinuity of the TPD function in the single-phase state, is the topology of the TPD surface [2]. At 
the STLL, the stationary point of the TPD function is a saddle point (the Hessian is indefinite), and for 
pressures just above the STLL the Hessian matrix is ill-conditioned in a domain of the hyperspace that 
must be “crossed” by iterates starting from one of the two-sided Michelsen’s initial guesses. This 
makes stability testing in the vicinity of the STLL really challenging, and any algorithm will 
experience difficulties in this (fortunately tiny in most cases) region [3-5]. It is shown that a change of 
variables would not eliminate this problem, since the TPD function in the new hyperspace inherits 
certain properties from the original one. In this work we propose a modified objective function which 
exhibits multiple global minima corresponding to the stationary points of the original (TPD) function. 
The highly desirable feature of the modified objective functions is that the nature of the singularity is 
changed and the Hessian matrix is positive definite in the vicinity of the STLL. One additional 
derivative level is required for minimizing the new objective functions, but a normal termination of the 
iterative sequence in a reasonable number of iterations worth this effort. The minimization is 
performed by the quasi-Newton BFGS method with line search, using a suitable change of variables 
which avoids bad scaling as well as by Newton iterations. Powerful switching criteria are proposed to 
switch from the original TPD formulation to the new one, since the use of the more complex 
formulation is justified only near the STLL. 
 
Results and Discussion 
 
Fig 1 plots the surface of the TPD function for a binary C1-nC10 mixture at the STLL, showing a saddle 
point. The modified objective function (F) surface is plotted in Fig. 2 at the same conditions, showing 
a minimum at the STLL (implying a positive definite Hessian matrix in its vicinity). The proposed 



method is tested on a variety of synthetic and naturally occuring mixtures. Selected results (number of 
iterations and of function evaluations) are given in Fig. 3 (for the quasi-Newton BFGS method) and in 
Fig 4 (for the second-order Newton method), clearly showing the superiority of the proposed method.  
 

 
 

Figure 1. TPD function for a binary C1-nC10 
mixture at the STLL. 

 
 

 
Figure 2. Modified objective function for a 

binary C1-nC10 mixture at the STLL. 

 
Figure 3. Stability calculations above the 

STLL for a 20-component oil using BFGS 
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Figure 4. Stability calculations above the 

STLL for a 27-component gas-condensate 
using Newton iterations 

 
 
Conclusions 
 
A new modified objective function and an appropriate change of variables are proposed for phase 
stability testing using Newton and quasi-Newton iterations, as well as a suitable switching procedure. 
Results show how application of the proposed method for a number of typical extremely difficult 
situations ensure convergence within tenth of iterations, while all iterative methods for minimizing the 
TPD function are extremely slow (hundreds of iterations are usualy required), unstable and even 
divergent in many cases. 
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Introduction 
 
Natural gas hydrates are solid phases which occur in oil and gas lines containing water at high pressure 
and low temperature, presenting obstruction hazard. Hydrates formation can be studied from the 
thermodynamics point of view using flash calculations. In this context, stability analysis is an auxiliary 
tool to allow handling of scenarios in which it is not possible to safely assume the number and/or 
physical state of the present phases. In this work, thermodynamic models for component fugacities in 
fluid phases, ice and hydrate solid phases, and a simultaneous multiphase flash and stability analysis 
algorithm have been implemented and combined to generate phase equilibrium diagrams for different 
system composition scenarios involving different number and physical condition of present phases. 
 
Methodology 
 
Fluid phases –i.e. vapor (V), water rich liquid (Lw) and hydrate forming components rich liquid 
(Lhf)– were modeled using cubic equations of state (ceos) for the calculation of component fugacities. 
Fluid mixtures were modeled using van der Waals one fluid mixing rule. For pure nonpolar 
components, Peng-Robinson ceos expression was used [1]. While for water, a modified ceos 
expression based on works from thermodynamics literature [2], and a co-volume parameter 
modification for low temperature proposed in this work was used by means of vapor pressure and 
liquid molar volume data supported parameter estimation. Ice (I) was modeled as a pure water solid 
phase, fugacity of water in this phase was obtained from a classical thermodynamics expression using 
experimental sublimation pressure and molar volume correlations [3]. Hydrates in sI (HsI) and sII 
(HsII) crystalline structures were modeled as solid solutions according to van der Waals and Platteeuw 
(vdW-P) statistical theory [4]. This theory provides a relation between the guest components fugacities 
and molar fractions in the hydrate phase, and also an expression ( H-EL

wµΔ ) for the water chemical 
potential in the hydrate (H) in relation to an unoccupied lattice theoretical condition (EL). This 
expression is combined with a classical thermodynamics expression for condensed phases transitions 
( EL-PW

wµΔ ) and with fluid phases or ice models for pure water (PW) fugacities ( PW
wf ), allowing the 

expression of water fugacity in the hydrate phases ( H
wf ). Parameters required in expressions H-EL

wµΔ  and 
EL-PW
wµΔ  were obtained from hydrate literature [5]. 

A simultaneous multiphase flash and stability analysis algorithm have been implemented, based on 
previous works from phase equilibria literature [6,7]. The algorithm allows the determination of 
isothermal-isobaric flash calculations, phase envelope boundary lines and intersections. The algorithm 
involves solution of mass balance and thermodynamic stability equations, derived from stationary 
point determination of Gibbs energy restricted to non-negative phase amounts. Multivariable Newton-
Raphson and successive substitution numerical methods are used in the iterative scheme. 
  



Results and Discussion 
 
Phase equilibrium diagrams for different scenarios were generated, including hydrate formation in 
systems with a single or two hydrate forming components, systems in the presence of thermodynamic 
hydrate formation inhibitor, and systems under different water content scenarios: presenting 1 to 2 
phase equilibrium transition (V/H+V), and presenting 2 to 3 phase equilibrium transition (V+Lw/V+
Lw+H/H+V) or (V+Lw/V+Lw+H/Lw+H). Coexistence of up to five phases, including both hydrate 
structures was predicted among the diagram calculations. 
Figure 1 presents phase equilibrium P.T diagrams for the water/ethane/propane system having molar 
composition of 0.4/0.3/0.3. Under low water global content, in relation to hydrate phases composition, 
the consumption of Lw or I phases yield equilibrium regions involving V and/or Lhf and sI and/or sII 
phases. This phase diagram shows an univariant line of sI and sII structures coexistence and a 5 phase 
coexistence invariant point (HsII+HsI+Lw+Lhf+V). 
Figure 2 present a phase equilibrium P.z(methane) diagram for the water/methane/ethane system. The 
diagram was calculated for fixed temperature at 292 K, and fixed water molar fraction of 0.99. 
Horizontal axis shows variation of methane molar fraction from 0.00 to 0.01. Under high water 
content, in relation to hydrate phases composition, hydrate phase formation consumes hydrate forming 
components rich phases, yielding equilibrium regions involving Lw, HsI and/or HsII phases. The 
diagram presents three points of azeotropic behavior. In the local minimum in the phase envelope near 
0.003 methane molar fraction, HsI, V and Lw coexist, and guest components proportion in the HsI and 
vapor phases are equal. In the local minimum in the phase envelope near 0.007 methane molar 
fraction, HsII, V and Lw phases coexist, and guest components proportion in the HsII and vapor 
phases are equal. In the maximum in the phase envelope, HsI, HsII and Lw phases coexist, and guest 
components proportion in the HsI and HsII phases are equal. 
 

 
Figure 1. Phase equilibrium P.T diagrams for 

water/ethane/propane (z=0.4/0.3/0.3). 

 
Figure 2. Phase equilibrium P.z(methane) 

diagram for water/methane/ethane (292 K). 
 
Conclusions 
 
Stability analysis is an important tool to support multiphase flash algorithms, the application of 
simultaneous multiphase flash and stability analysis calculations in systems presenting hydrate phases 
was effective, allowing the description of phase equilibrium P.T diagrams for different composition 
scenarios showing regions with different number and physical conditions of present phases. 
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Introduction 
 

Thermophysical property databases (such as DIPPR [1] and DDBSP, http://www.ddbst.com/) 
include a significant amount of property values, based solely on predictions. The reason might be that 
there is no published experimental property value yet available, that it cannot be measured since the 
compound decomposes and/or polymerizes before the required conditions are reached (e.g., critical 
properties), or simply - because nobody has been interested in the particular compound and it is not 
even included in the database. 

The assesment of the uncertainty of a predicted property value is a major challenge. It is usually 
estimated by the values of statistical parameters (average errors, standard deviation, maximal errors, 
Fischer’s and other criteria, etc.) characterizing the used prediction method [2]. However, these are 
derived only from data for compounds, which have both experimental and predicted values available, 
but the chemical structures of the latter may differ significantly from the structure of the compound of 
interest. Moreover, most often the chemical engineer is looking only for the predicted constants of 
several compounds, so uncertainties averaged from data for several hundred compounds, become even 
less informative. 

The predicted values presently included in chemical engineering databases have been calculated, 
mostly, by different versions of the “group contribution” (GC) method. In DIPPR, for example, there 
are predicted values, calculated with the classical methods of Lydersen [3] (from 1955) and Joback [4] 
(originally from 1984), while for the recently added compounds more up to date versions of the group 
contribution method are used - e.g. of Nannoolal et al. [5]. The uncertainties of the predicted values 
provided in these databases were obtained by the methods discussed above.  

Our goal is to develop reliable property prediction techniques/models, which are based on the 
molecular structure. Reliable prediction means that in addition to a predicted property value of a target 
compound, a realistic estimate for the prediction error can be also provided. The predicted value is 
considered satisfactory when it is within the experimental uncertainty pertaining to the property data 
available for similar compounds. To this aim, we have developed the Reference Series (RS) method 
[6] and the single descriptor version of the Targeted QSPR (TQSPR) method [7]. Our apporach is 
demonstrated by predciting the critical temperature (Tc) and pressure (Pc) for two groups of 
compounds of current industrial interest: methyl myristate, methyl palmitate, methyl stearate and 
methyl oleate (biodiesel components), and acenaphthene, fluorene, anthracene, phenanthrene and 
pyrene (cancerogeneous arenes). Only recently, experimental data for these compounds have been 
published [8, 9], which enables validation of the uncertainty values obtained by our methods.  

Predicting Tc and Pc of Methyl Ester Biodiesel Compounds Using the RS Method [6]  

 Methyl myristate (No. of C atoms, nC = 15), palmitate (nC = 17) and stearate (nC = 18) belong to 
the methyl ester homologeous series. Based on the Tc and Pc data available for that series we have 
selected the RS method to predict the critical properties of the three compounds. Shacham et al. [6] 
have recently shown that properties of compounds in two families (such as homologous series) of 



structurally similar compounds can be represented by a linear QPPR (Quantitative Property-Property 
Relationship):  

rt yy 10 Β+Β=                                                           (1) 
where yr is the property value of a compound in the reference series, yt is the property of a compound 
(with the same number of carbon atoms, nC) in the target series and Β0 and Β1 are parameters obtained 
by regression of the experimental data.  

For Tc the n-alcanoic acid series was used as reference. For Pc the n-alcanoic acid series was used 
as reference.  

Predicting Tc and Pc of Cancerogeneous Arenes Using the Targeted QSPR Method [7] 

 Prediction of a target property of a target compound is carried out in two stages. The first stage 
involves identification of a similarity group, which is structurally related to the target compound. The 
first p (usually 10) compounds for which the target property data are available are selected as training 
set. For development of a TQSPR (the single dominant descriptor vesion) for the target property of the 
target compound, a linear structure-property relation is assumed for the training set-data of the form:  

110 ζy ββ +=                                                      (2) 

where y is a p-dimensional vector of the respective property values, ζ1, is a p-dimensional vector of a 
predictive molecular descriptor with the highest correlation with the training set data (to be selected 
via a stepwise regression algorithm) and 10 ββ and are the corresponding model parameters to be 
estimated. Upon obtaining the model parameters, the property value for the target compound can be 
obtained by introducing the descriptor value of the target compound into the right hand side of Eq. 2.  
 Shacham et al. [7] proposed several indicators for estimatiion of the prediction error. Comparison 
of the various indicators was carried out by Paster[10]. These are being used to to obtain a roubust 
estimate of the predction error.   

Results and Conclusions  

 The Tc and Pc values were predicted for three compounds using the RS method and for five 
additional compounds using the targeted QSPR method. The predicted values were compared with the 
the experimental data of [8] and [9], which only recently have become avilable, as to enable the 
evaluation of the prediction error. Comparing the prediction error for the target compound with the 
Training Set Average Error (TSAE) has shown that in most cases (for all Tc and some Pc predictions) 
the former are smaller than the TSAE values. In a few cases additional considerations had to be used 
to obtain robust error estimates. These considerations will be discussed in more detail in the 
presentation.  
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Introduction 
 
Ionic liquids (ILs) are salts with a melting point below 100 ºC, which are composed entirely of ions. 
Due to their advantageous properties, among which is their almost negligible vapor pressure and the 
possibility of synthesizing new ILs simply by changing the ions, they have been studied in several 
fields of science, and presently, their use at industrial level is becoming a real outcome [1,2]. 
In recent years, several approaches have been adopted to provide successful modeling of experimental 
data [3]. Among them, those based on Equations of States (EoS) are powerful tools, which can be used 
to describe the properties of pure ILs or their mixtures, as well as to model phase behavior of systems 
containing this kind of compounds [4]. The Group-Contribution equation of state (GC-EoS), based on 
the model proposed by Skjold-Jørgensen [5] is a very interesting approach, as intermolecular 
interactions are replaced by group interactions.  
In this work, the GC-EoS was used to model the phase behavior of mixtures of alkanes with different 
members of the homologous family 1-alkyl-1-methylpyrrolidinium bis(trifluoromethylsulfonyl)imide, 
[x-Mpyr][NTf2] ionic liquids. Pure group parameters for the ionic liquid functional group (MpyrNTf2) 
and interaction parameters between this group and the paraffin main group (sub-groups CH3 and CH2) 
were obtained from activity coefficients at infinite dilution found in literature for binary mixtures 
{alkane+ [x-Mpyr][NTf2] ionic liquid}.  
The GC-EoS was applied to predict the phase behavior  of binary mixtures {alkane+ [x-Mpyr][NTf2]}, 
with successful results.  
 
Thermodynamic Modeling 
 
In this study, pure group parameters for the ionic liquid functional group (MpyrNTf2) and interaction 
parameters between this group and the paraffin group were obtained from density data of the pure ILs 
and activity coefficients at infinite dilution in binary mixtures {alkane+ [x-Mpyr][NTf2]} found in 
literature [6-8]. Then, the GC-EoS extended with the obtained parameters was applied to predict the 
experimental liquid-liquid equilibria (LLE) for binary mixtures {hexane, or heptane, or octane, or 
nonane, or decane + 1-butyl-1-methylpyrrolidinium bis(trifluoromethylsulfonul)imide, 
[BMpyr][NTf2]}, and vapor-liquid equilibria (VLE) for binary mixtures {hexane, or octane, or decane 
(1) + 1-hexyl-1-methylpyrrolidinium bis(trifluoromethylsulfonul)imide, [HMpyr][NTf2] (2)} and 
{hexane, or octane (1) + 1-octyl-1-methylpyrrolidinium bis(trifluoromethylsulfonul)imide, 
[OMpyr][NTf2] (2)}, for which data can be found in the literature [7]. 
 



Results and Discussion 
 
Experimental activity coefficients at infinite dilution were used to estimate the GC-EoS energy 
parameters of the pure group and the binary interaction parameters of (MpyrNTf2) with the paraffin 
functional groups CH3 and CH2. The correlation results are vey satisfactory. In order to confirm the 
ability of this model to describe the phase behavior of systems  containing hydrocarbons and ILs, the 
GC-EoS equation was applied to predict the phase equilibria (LLE and VLE) for the binary mixtures 
{alkane (1) + [x-Mpyr][NTf2] (2)}. Experimental and predicted data for these systems are in good 
agreement, as can be observed in Figure 1 where calculated and experimental VLE data are plotted as 
example.  
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Figure 1. (a) VLE of the binary system {alkane (1) + [HMpyr][NTf2] (2)} at 363.15 K, and b) 
VLE of the binary system {alkane (1) + [OMpyr][NTf2] (2)} at 363.15 K. Dash lines show GC-
EoS prediction and symbols are experimental data taken from literature [8]: (�) hexane; (�) 
octane; and (¡) decane.  

Conclusions 
 

The GC-EoS extended with these parameters was satisfactorily applied to predict the VLE 
for binary mixtures {alkane + 1,1-dialkyl-pyrrolidinium bis(trifluoromethylsulfonyl)imide}. 
From a qualitative point of view, this model is also able to predict the LLE of the alkanes in 
the [BMpyr][NTf2], showing a smaller solubility for those alkanes with a longer size. 
Moreover, this equation of state also predicts that an increase of the ionic liquid alkyl chain 
leads to an increase of the solubility of hexane in the studied ILs. 
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Introduction 
 
The description of fluid systems by either direct molecular simulation or by algebraic equations of 
state (EoS) is a common practice in chemical engineering, however the two methodologies are rarely 
used in a coupled fashion. The key for an integrated representation is to employ a well-defined force 
field and Hamiltonian at the molecular level in both approaches [1]. In developing coarse grained 
intermolecular potential functions for the fluid state one typically starts with a detailed quantum 
mechanical or atomic level description and then, in a bottom-up fashion, integrates out the unwanted 
degrees of freedom using a variety of techniques; an iterative heuristic simulation procedure is then 
used to refine the parameters of the model. We present here a distinct paradigm; a top-down technique 
where we use a formulation of the statistical associating fluid theory (SAFT) [2] to estimate the 
parameters of the Mie force field which can then be used with confidence in direct molecular 
simulationsThis section should introduce the background to the work that has been carried out. It 
should contain citations to the key literature and set the objectives of the work. References must be 
added in the text in order of appearance with this format: [1]. 
 
 
Results and Discussion 
 
The SAFT-γ force field parameters estimated from experimental data using the EoS provide 
an excellent description of the vapor−liquid equilibria without the need for further adjustment 
[3]. Predictions of the entire fluid-phase diagram, including properties which are not 
considered in the parameter estimation procedure, are represented well with our simple CG 
models.  Furthermore, the direct molecular simulation of the SAFT-γ force field provides a 
reliable route to properties that are not accessible from the equation of state such as the 
structure (radial distribution functions), the self-assembly into mesophases ( Fig 1) , the 
interfacial tension, the adsorption on surfaces and transport properties. The group-contribution 
nature [4] of the methodology allows for the description of the behaviour of a wide range of 
complex fluids in a consistent and quantitative way. The one-to-one correspondence of the 
force fields to the equation of state provides a unique avenue to the multi-scale modelling of 
complex fluids.   
 



 
Figure 1  Phase diagram of water – C10E4 surfactant [5] and snapshots of equilibrium configurations of 
a coarse-grained water-surfactant system at 25 °C. (Left) a weight fraction w = 0.05 showing a 
micellar structure and (Right) a weight fraction w = 0.74, depicting structured bilayers. Water 
molecules are omitted from the figures, cyan beads are [-(CH2)3-], pink beads are [ -CH2-O-CH2- ] 
groups and red pairs correspond to the end group [ -CH2-O-CH2-CH2-OH ]. 

 
 
Conclusions 
 
We have described the development of novel SAFT-γ CG force fields based on the potential, using the 
SAFT-γ Mie EoS as a platform to estimate the parameters of the interaction from macroscopic fluid-
phase equilibrium and single-phase thermodynamic data. The accuracy of the theory allows one to 
develop molecular models that are appropriate not only for simple rigid and polar/quadrupolar or 
associating molecules, such as carbon dioxide or water, but also for long-chain fluids and polymers, 
heteronuclear molecules such as surfactants, and mixtures of these components. A brief overview of 
the parameter-fitting procedure is given and the application of the technique is exemplified for by 
describing a) the high pressure interfacial tension of carbon dioxide-water mixtures, b) the micelle 
formation process of a non-ionic surfactant and c) the phase equilibria of alkanes and 
perfluoroalkanes. 
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Introduction 
 
There is substantial research activities on porous materials such as Zeolitic Imidazolate Frameworks 
(ZIF), a subfamily of metal-organic frameworks (MOFs), with structure similar to this of zeolites. 
These materials exhibit chemical and thermal stability [1], which is desirable among porous materials 
for separation purposes. ZIF-8, in particular, has a sodalite topology, with a pore system comprised of 
large cavities and narrow openings. It exhibits flexibility, which allows for molecules bigger than the 
mean aperture of the pores to be adsorbed and diffuse [2-4]. In this work, we study the structure of 
ZIF-8 with respect to thermal and mechanical properties using Molecular Dynamics (MD) simulations. 
Moreover, modification of the structure by substitution of different metals in the sequence Metal-
Linkage-Metal is under study. In the context of this modification, we study ZIF-67, a ZIF-8 type 
structure in which Zn atoms have been replaced by Co. Although interesting work has been carried out 
in simulating the diffusion of guest molecules [5-8], to our knowledge, nothing has been reported so 
far regarding molecular simulations in modified ZIF-8 or on the diffusion of larger alkanes, such as 
propane and propylene.  
 
Molecular Simulation Details 
 
The structure of ZIF-8 and its modified version, ZIF-67, were built in the computer. MD simulations 
were implemented, in conjunction with a modified AMBER force-field for the description of 
interactions of ZIF atoms [6]. Simulations at the NPT ensemble were performed, so that a direct 
comparison between experimental data and simulations is possible.  Furthermore, the bulk modulus 
and thermal expansion coefficient were calculated for both structures. The diffusion of light 
hydrocarbons was simulated. The interactions between the diffusing molecules and the ZIF structure 
were described with the use of TraPPE force-field [9].  
 
Results and Discussion 
 
Simulation of structure at experimental conditions 
A comparison of structural values (bond lengths and angles) between the simulated ZIF-8 structure 
and this reported by the experiments of Park et al. [1], shows that the model can predict the structure 
with satisfying accuracy (see Figure 1). 
 



 
Figure 1. (a) Comparison between experimental data [1] and MD simulations of structural 
characteristics as can be seen in (b). 
 
Calculation of bulk modulus 
Calculations of the bulk modulus (9.5 K-1) are in good agreement with the wide range of literature 
measurements ranging from 6.52 to 9.23 K-1 [10-12]. 
 
Diffusion of light-hydrocarons in ZIF-8 and ZIF-67 
Simulations of diffusivity of light hydrocarbons, such as ethane, propane and propylene pinpoint the 
effect of the replacement of Zn atom with Co. Structural changes on pore and aperture size and 
different response on the presence of diffusing molecules render this difference as a very interesting 
and promising modification of the material for the separation process. 
 
Conclusions 
 
The agreement of the MD simulations with experimental data of the structure and the bulk modulus of 
ZIF-8 shows that the  model can reproduce its flexibility accurately. The differences in diffusion of 
light hydrocarbons in ZIF-8, and a modified version, ZIF-67 indicate that a substitution of the metal 
atoms connecting the linkages of the structure can affect significantly the selectivity performance of 
the material. This is a very interesting outcome towards the optimization of materials through 
modification of the framework. 
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Introduction 

Pressure intensified technologies have a great potential in the context of biomass refining. A thermo-
dynamic model able to predict phase behavior of typical mixtures found in biomass processing tech-
nologies, containing for instance hydrocarbons, organo-oxygenated compounds and water, is required 
for the development of a biorefinery process simulator. Moreover, the design of particular fuel/biofuel 
blends also requires the support of a thermodynamic model to predict the properties of the final prod-
ucts. These types of mixtures are highly non-ideal due to the presence of association and solvation ef-
fects. It has already been proved that the Group Contribution with Association Equation of State 
(GCA-EoS) [1] is able to predict the complex phase behavior of mixtures containing natural products 
and biofuels [2–5]. In the last few years, several contributions agree that 2,5-dimethylfuran (2,5-DMF) 
has a great potential as a sugar-derived fuel additive [6,7]. In this work, we extend the GCA-EoS to 
represent the phase equilibria of furan derivatives with hydrocarbons and alcohols. In addition, we 
show that the GCA-EoS is able to predict, based on the performed parameterization, high pressure da-
ta of 5-hydroxymethylfurfural (5-HMF) solubility in CO2 and ethanol as co-solvent. 

The Group Contribution with Association Equation of State 

The Group Contribution (GC) with Association Equation of State (GCA-EoS) is the first EoS of the 
SAFT family [8] that uses a GC approach of the Wertheim model [9,10]. The GCA-EoS is an exten-
sion to associating systems of the original GC-EoS [11], which is based on based on the Generalized 
van der Waals theory. There are three contributions to the residual Helmholtz energy in the GCA-EoS 
model: free volume, attraction and association.  

assocattfvR A+A+A=A  (1) 
The free volume and attractive contributions are based on Mansoori et al. [12] and Non Random Two 
Liquids (NRTL) [13] models, respectively, and keep the same formulation as in the original GC-EoS 
proposed by Skjold-Jørgensen.  

Thermodynamic modeling 

New aromatic ether-group family has been defined in order to model the furan derived compounds. 
These groups are a(CHOCH), a(CHOC) and a(COC), needed to model not only furan but also its sub-
stituted derivatives. The three groups share the same pure group surface energy (gii) and the interaction 
parameters (kij, αij) with other groups evaluated in this work. The only difference between them is their 
number of surface segments (qi), which is a geometric parameter. The parameterization of this new 
groups include vapor pressure of pure furanic derivatives, and binary vapor-liquid equilibria of these 
compounds with hydrocarbons and alcohols. Figure 1 shows de correlation (dashed lines) and predic-
tions (solid lines) of the VLE of the 2,5-DMF + ethanol binary system. Based on the group interac-
tions presented in this work, Figure 2 shows the prediction of the solubility enhancement of 5-HMF in 
CO2, with the addition of ethanol. Parameters for the binary group interactions between CO2 with ar-



omatics, alcohols and aldehydes were taken from [14–16]. As can be seen, the model follows well the 
behavior of the 5-HMF against pressure and ethanol composition in a predictive manner.  
 

 
Figure 1. Vapor liquid equilibria of the binary systems 2,5-
DMF(1) +: (a) ethanol(2) at (£) 0.5 bar , (�) 0.75 bar and 
(r) 0.94 bar.[17] 

 
Figure 2. 2,5-hydroximethyl furfural solubility in CO2 at 314 
K, and its enhancement by co-solvent addition (ethanol) 
Symbols experimental data[96]: (¯) yethanol = 0; (£) yethanol = 
0.025; (r) yethanol = 0.05 Solid lines: GCA-EoS predictions. 

Conclusions 

In this work, we extend the GCA-EoS to deal with mixtures containing furanic compounds. The model 
is able to correlate and predict well the phase behavior of all the relevant binary mixtures. Finally, the 
predictive capability of the model was tested with high pressure data of 5-HMF solubility in super-
critical carbon dioxide. It is also shown that GCA-EoS predicts quantitatively well the solubility en-
hancement due to the addition of ethanol as co-solvent. 
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Introduction 
 
Methodologies for chemical potential calculations of electrolytes include a number of different more 
or less sophisticated methodologies. Nonetheless, published solubility results from different research 
groups for two simple non--polarizable NaCl force fields (FF) compatible with the SPC/E water FF 
exhibit significant disagreement. With this disagreements in mind and to explore our calculation 
procedure more deeply, we recently independently calculated both water and salt chemical potentials 
and verified their mutual consistency with respect to the Gibbs-Duhem equation. To our knowledge, 
this was the first such use of this procedure in conjunction with simulations, and it provided support 
for the correctness of our calculation procedures. 
 
Moreover, it is becoming increasingly recognized that FFs based on the assumption of pairwise 
additivity are inadequate, both for pure water and its solutions, and that many--body effects must be 
incorporated. One possibility in this direction is to add polarizability to the interaction model, which 
mimics some of the effects of multi-body molecular interactions. 
 
Using advanced simulation technique, Osmotic Ensemble (OEMC) in combination with the Multi-
Particle-Move Monte Carlo, we report results of the study of the predictions of the recently developed 
polarizable force fields AH/BK3 of Kiss and Baranyai [J. Chem. Phys. 138,(2013), 138] and 
AH/SWM4--DP of Lamoureux and Roux [J. Phys. Chem. B. 110 (2006), 110] in the case of aqueous 
NaCl solutions at ambient conditions. We compute the concentration dependence of the molar mean 
ionic electrolyte and water chemical potentials and of the electrolyte activity coefficient, in addition to 
their predictions for the crystalline solid chemical potential and the electrolyte solubility. Our results 
are compared with those of the non-polarizable force field tailored to SPC/E water of Joung and 
Cheatham (J. Phys. Chem. B 112 (2008), 112) and with experiment.   
 
 
Results and Discussion 
 
We find the AH/SWM4--DP overall performance to be inferior to that of the AH/BK3 force field in all 
respects. The predicted AH/BK3 electrolyte chemical potential, µel, lies slightly below the 
experimental curve, differing from it by an almost concentration independent value; consequently, its 
concentration derivative is very similar to that of the experimental curve. When combined with the use 
of the Gibbs--Duhem equation and its predicted pure water chemical potential, excellent agreement 
with experiment of the concentration dependence of the water chemical potential is obtained. The 
electrolyte activity coefficient is extremely sensitive to the value of the standard state chemical 
potential in the Henry Law convention on the molality concentration scale, µ†; however, when an 
appropriate value of µ† is used, the AH/BK3 activity coefficient gives excellent agreement with 
experiment.  The AH/BK3 solubility is very low compared with experiment, due primarily to its low 
prediction of the pure salt chemical potential. Although the quality of agreement with experiment of 



the Joung--Cheatham µel, prediction is similar to that of the AH/BK3 force field, its predicted water 
chemical potential values lie considerably lower than the experimental curve. Its electrolyte solid 
chemical potential and solubility predictions are superior to those of both polarizable force fields, but 
the latter remains well below the experimental result. Finally, our AH/BK3 results suggest potential 
routes to modifying the AH/BK3 FF to bring its predictions into closer agreement with experiment. 
 
 
Conclusions 
 
we have demonstrated the use of a computationally efficient algorithm for calculations of a number of 
importnat thermodynamic properties We have used this approach to compute the predictions at 
ambient conditions for aqueous NaCl solutions of the polarizable AH/BK3 FF of  Kiss and 
Baranyaiand the AH/SWM4--DP FF of Lamoureux and Roux for the concentration dependence of the 
electrolyte and solvent chemical potentials, and for the electrolyte activity coefficient, in addition to 
the solid chemical potential and the solubility. We calculated the chemical potential of pure water at 
ambient conditions for each polarizable FF and we have also calculated the concentration dependence 
of the solution specific volume, and compared all results with those of the non--polarizable FF of 
Joung and Cheatham\cite compatible with SPC/E water (JC) and with the experimental quantities. 
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Introduction 
Chemical equilibria between different phases, control almost all biological and industrial chemistry. 
Therefore, understanding and, even more importantly, predicting such equilibria is of tremendous 
importance for the control and optimization of chemical products and processes.[1,2] 
When activity coefficient models are used for vapor-liquid equilibrium (VLE) or liquid-liquid 
equilibrium (LLE) calculations for complex mixtures, it is common practice to predict the excess 
Gibbs energy through a group contribution method, like UNIFAC and its variants [3]. A more recent 
alternative is the F-SAC model [4–6]. In these methods, the activity coefficient of component 𝑖 is 
assumed to be the sum of two contributions: 

 ln 𝛾! = ln 𝛾!!"# + ln 𝛾!!"#$ (1) 
the combinatorial part (ln 𝛾!!"#$) is determined by the difference in size and sometimes shape between 
the molecules. The residual part (ln 𝛾!!"#), is essentially due to energetic interactions. In this work we 
propose a modification of the F-SAC residual term to include dispersive effects. 
The dispersive interaction is the most general attractive inter-molecular interaction in the condensed 
phase. It is caused by spontaneous temporary polarities in individual molecules that polarize their 
neighbors. The net effect of dispersive interactions is a short-range and weak attraction (compared 
with other molecular interactions e.g. permanent dipole and hydrogen bond) which, however, 
dominates in nonpolar liquids. 
In the proposed modification, hereinafter reffered as F-SAC+D, a new parameter for each subgroup 
was introduced, accounting for the dispersion interactions. The proposed modification also enables the 
calculation of heats of vaporization with the F-SAC model for nonpolar substances, which would be 
zero without the modification. 
Parameter Optimization 
The objective function used in this work for optimizing the model parameters has tree contributions: 
Vapor-Liquid Equilibria (VLE); Infinite Dilution Activity Coefficient (IDAC); and Heat of 
vaporization of pure compounds: 

 𝑂𝐹 = 10 ∗ 𝐴𝐴𝑅𝐷!"# + 𝐴𝐴𝐷!"#$ + 20 ∗ 𝐴𝐴𝐷!!"# (2) 
where AARD and AAD are the absolute average relative deviation and absolute average deviation, 
respectively. 
A total of 9 parameters were used to represent the behavor of four diferents functional groups to 
represent 36 athermal compounds. The parameters were optimized to minimize the 𝑂𝐹 using a Nedel-
Mead method. All collected experimental data were considered in the parameter optimization. The 
final value of objective function was 0.5786 using 213 experimental points of IDAC, 511 experimental 
points of VLE and 27 experimental points of heat vaporization 
Results 
The cubic equation of state of Soave [7] with the contribution of Mathias and Copeman [8] was used 
with the SCMR (Self Consistent Mixing Rule) [9]combining this F-SAC (F-SAC+D), the F-SAC 
model calibrated in a previous work without the dispersion contibution [6] and the UNIFAC(Do) [10] 
to represent the VLE experiments. The PSRK [11] model was also considered in the comparisons.The 
SCMR was chosen because of its ability to work with low and high pressures with minimum distortion 
and can be used with any excess Gibbs energy model. 
The results of liquid vapor equilibrium agree well with the experimental data in a wide range of 



pressure, as show at Figure 1. This wide range of pressure is one of the greatest advantages of the 
SRK(MC)-SCMR(F-SAC+D) model, unlike the UNIFAC based models, which uses different tables of 
parameters for different pressure ranges such as PSRK and UNIFAC (Do) 

   
(a) propane(1) n-eicosane(2) (b) propane(1) n-nonane(2) (c) propane (1) n-pentane(2) 

Figure 1 Vapor Liquid Equilibrium diagrams for mixtures containing propane 
 

The Table 1 show the different costs and the coefficient of determination of each portion of the 
objective function used at this work and the comparasion with different models already citted. The 
IDAC experiments also has a good agreement with athermal mixtures when it’s compared with the 
UNIFAC(Do) which use a parameters table twice bigger and can’t provide the calculus of heat of 
vaporization. 
 

Table 1 Final cost and coefficient of determination of each portion of the objective function in the 
optimization. 

Model 𝐼𝐷𝐴𝐶 𝑉𝐿𝐸 𝐻!"# 
𝐴𝐴𝐷 𝑅! 𝐴𝐴𝑅𝐷 𝑅! 𝐴𝐴𝐷 𝑅! 

F-SAC+D 0.0263 0.9245 0.5414 0.9942 0.0109 0.9987 
F-SAC [6] 0.0339 0.8714 0.2602 0.9986 -- -- 
UNIFAC (Do) [10] 0.0254 0.9280 0.3261 0.9983 -- -- 
PSRK [11] 0.2161 -0.1469 1.3477 0.9688 -- -- 

 
Conclusions 

A new contribution to account for dispersive interactions was added to the F-SAC model. This 
enables the model to predict heat vaporization for athermal components and improves it’s accuracy. 
The model was calibrated with VLE, IDAC and heat vaporization data using a Nedel-Mead search 
method. The results agree well with all types of experimental data used at this work. 
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Introduction 

Water is arguably the most important molecule on Earth, with a near ubiquitous role in biological, 
chemical and industrial processes. Despite its molecular simplicity, accurately predicting its 
properties, which involves many known examples of anomalous behavior, has been surprisingly 
difficult. Historically, attempts to predict its behaviour were confined largely to either empirical 
correlations or equation of state modelling [1], [2]. Molecular simulation [3] has become the method 
of choice because of the nexus between underlying intermolecular interactions and observable 
macroscopic properties. An accurate intermolecular potential for the evaluation of inter-particle forces 
or energies is the key to reliable predictions. Many alternative intermolecular potentials for water [4] 
have been proposed, although the basis of the underlying model is often largely semi-empirical. The 
most widely used models are rigid and variants of either the four-site transferable interaction potential 
(TIP4P) or the three-site simple point charge (SPC, SPC/E) models. These types of potentials are 
computationally easy to implement and they have provided worthwhile predictions.  

Polarization is a very important contribution to the intermolecular interactions in water that has been 
largely missing from many potentials. Studies [5], using an ab initio based potential (MCYna) indicate 
that including polarization greatly improves the accuracy of predictions. In this work, we report 
molecular dynamics (MD) results for phase equilibria, and thermodynamic properties for both water 
and aqueous mixtures using the MCYna potential and compare the results from the TIP4P/2005, SPC 
and SPC/E potentials.  

Simulation Methods 

We performed MD simulations in the NVEPG ensemble [6] to determine the thermal pressure 
coefficient (αp), isothermal compressibility (βT), isobaric (Cp), and isochoric (CV) heat capacities, 
Joule-Thomson coefficient (µJT) and speed of sound (w0). The NVEPG ensemble maintains constant 
number of particles (N), volume (V), total energy (E), linear momentum (P) and an additional quantity 
(G) that is related to the initial position of the centre of mass. In contrast to conventional approaches, it 
can be used to obtain all thermodynamic properties from a single simulation. 

Molecular simulations for the phase behaviour of both pure water and aqueous mixtures were 
performed with a recently developed “knick-point” MD algorithm [7].  The method closely mirrors the 
synthetic experimental procedure [8] for phase equilibria. The constant volume autoclave at a given 
temperature and fixed composition is equivalent to a canonical (NVT) ensemble where V, temperature 
(T) and N are held constant.  
 
Results and Discussion 

Molecular simulations were performed to determine αp, βT, CV, Cp, µJT and w0 of  both pure water and 
aqueous mixtures containing a hydrocarbon using the MCYna potential [5]. In addition, matching 
simulations were performed for common non-polarizable intermolecular potentials such as 



TIP4P/2005, SPC and SPC/E.  A feature of all the calculations is that no attempt was made to optimize 
agreement of theory with experiment. The addition of polarization results in almost an exact 
agreement between theory and experiment for many thermodynamic properties, which is superior to 
conventional intermolecular potentials.  An example is given in Figure 1 for CV. 

 
 
Figure 1. CV as a function of T predicted by the SPC/E (blue n), TIP4P/2005 (red �) and MCYna 
potential (circles ○) and compared to experimental data for water (��).  
 
Comparison with experimental vapour-liquid equilibria data indicates that the MCYna potentials 
yields improved results. The p-T behaviour is accurately reproduced even at near critical temperatures.    
  
Conclusions 

The comparison with experimental data covers a wide range of temperatures and pressures. It is 
demonstrated that, in many cases, including polarization in the MCYna potential results in almost 
perfect agreement with experiment and as such it is more accurate than can be obtained from 
conventional approaches. Importantly, the improvement gained in accuracy was achieved without 
resorting to fitting theory to experiment and as such the calculations represent genuine a priori 
predictions. This highlights the important contribution of polarization to both the thermodynamic 
properties and phase equilibria of water. 
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Introduction 
 
The development of general predictive models for phase equilibria can be found as one of the main 
challenges of contemporary thermodynamics. One very promising model which seems to be able to 
cover most of the requirements for a desired predictive model is the PC-SAFT equation of state [1] 
and its extensions for polar and polarizable fluids, PCP-SAFT [2] and PCIP-SAFT [3], respectively. 
These recent models based on statistical mechanics have became very popular for their performance in 
the last decade. 
 
As it is known, predictions of liquid-liquid equilibrium (LLE) by thermodynamic models are usually 
quite unsafe even when studying simple systems with no special interactions. The aim of this work 
was to investigate predictive capabilities of the above equations of state for LLE of systems exhibiting 
a strong nonideality due to the presence of highly polar γ-valerolactone (GVL) with its dipole moment 
of 4.71 D [4] and of polarizable molecules (hydrocarbons). In our group, liquid-liquid equilibrium data 
of GVL/hydrocarbon binary systems are systematically measured. Here, these experimental data are 
used for comparison of predictive performance of each model from the trio PC-SAFT, PCP-SAFT and 
PCIP-SAFT.  
 
Theoretical Background 
 
Description of the PC-SAFT equation of state and its polar extensions 
 
According to the theory of the PC-SAFT (Perturbed-Chain SAFT) equation of state, molecules are 
considered to be chains of spherical segments (see Figure 1) whose properties are determined by three 
molecular parameters. These parameters are fitted on pure compound liquid densities and vapour 
pressures simultaneously. The model provides an expression for residual Helmholtz free energy, ares, 
as a sum of various contributions regarding real physical interactions. The PC-SAFT equation was 
proposed originally for nonassociating substances. To take into account the effects of polar 
interactions, the PCP-SAFT (PC Polar-SAFT) equation of state was designed by Gross and 
Vrabec [2]. This extension employs a polar contribution to ares describing dipole-dipole interactions. 
The only additional parameter used in the PCP-SAFT is the dipole moment of molecule. To make the 
model more sustainable for predictions, dipole moments from literature or from quantum calculation 
are used. The PCIP-SAFT (PC Induced Polar-SAFT) takes into account also the polarizability of 
molecules. Since this work deals with strong polar GVL in mixtures with highly polarizable 
hydrocarbons, one can expect a visible improvement of LLE prediction in such systems using the 
aforementioned physical models. An adjustable binary interaction parameter, kij, is implemented in all 
considered models. Since the objective of this work is to predict LLE using pure component data only, 
binary interaction parameter is omitted as possible (i.e. kij = 0). 



Results and Discussion 
 
Each of the three equations of state was applied for calculation of LLE binodal curves of five systems 
GVL/hydrocarbon, namely n-heptane, n-decane, n-dodecane, cyclohexane and 2,4,4-timethyl-1-
pentene. The calculations were primarly carried out with no binary interaction parameters. These 
calculations can be considered as pure predictions because only pure compound data are used to obtain 
phase behavior of mixture. The results can be seen in Figure 2 on the system GVL/n-Heptane. It was 
found that these predicted binodal curves differ significantly when comparing the original PC-SAFT 
and its advanced polar extensions, PCP-SAFT and PCIP-SAFT, even when the binary interaction 
parameter of the PC-SAFT is adjusted. The same data predicted by the PCP-SAFT model were found 
to be in significantly better agreement with the experiment. The PCIP-SAFT provides slightly better 
predictions when compared with the PCP-SAFT. Because of the strong nonclassical behaviour in the 
vicinity of the upper critical temperature (Tuc), one can say that the better prediction of Tuc, the worst 
description at lower temperatures. This is the reason why the PCIP-SAFT overestimates the region 
near Tuc while the rest of the binodal curve agree with the experimental points.    
 

 
 

 

 
 
Figure 1. Structure of γ-valerolactone 
substituted by hard spheres according 
to the framework of PC-SAFT. The 
arrows represent the dipole moment 
stretching over two segments. 

 
Figure 2. Predicted binodal curves of the system 
GVL/n-Heptane obtained by the PC-SAFT, PCP-
SAFT and PCIP-SAFT equations of state. 

 
Conclusions 
 
Predictive capabilities of the PC-SAFT, PCP-SAFT and PCIP-SAFT equations of state were studied 
against the experimental LLE data on GVL/hydrocarbon binary systems. It has been shown that the 
original PC-SAFT model is not capable to predict these data at all. On the other hand, the polar PC-
SAFT and PCIP-SAFT provide significantly better predictions due to their feature to take into account 
the dipole-dipole and dipole-induced dipole interactions between molecules. It was shown that the 
description of these interactions should not be neglected when dealing with the phase behavior of the 
GVL-containing systems. Prediction by the PCP-SAFT and PCIP-SAFT models based only on pure 
compound data can be therefore classified as unusually successful.         
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Introduction 
 

For post-combustion CO2 capture, the technology of separation with amines is the usual 
process used at industrial scale. Nevertheless, although this process allows high selectivities, 
the use of these aqueous absorbent carries an energy penalty of about 30% [1], which 
reinforces the search for more efficient processes, both in economic and environmental terms. 
This is why alternative adsorption processes (like PSA and TSA) advance, in order to achieve 
a more dynamic production, but require very efficient sorbent materials to be practical [2]. An 
ideal adsorbent should exhibit a high selectivity, but also high gravimetric and volumetric 
adsorption capacities, minimal energy penalty for regeneration and long-term stability under 
the operating conditions, to name the key ones. Above all, regeneration strategies must be 
designed to minimize the total cost of capturing CO2, and as such, there will be an exchange 
between maximizing the working capacity and minimizing the energy required. 
Traditional industrial sorbents, such as zeolites and porous carbons, have been extensively 
studied due to their specific properties of surface areas and pore volumes. In addition, Metal–
Organic Frameworks (MOFs) have recently appeared as a new class of crystalline nanoporous 
materials with sufficient synthetic versatility to enable a “materials by design” approach [3]. 
Regarding the characterization of materials for separation, molecular simulation of gas 
sorption and transport properties has become an essential tool. In general, Grand Canonical 
Monte Carlo (GCMC) simulations can be used as a screening method for adsorption 
properties. Its value in this field has been previously proven through the intense interest in 
MOFs for storage of hydrogen, methane, and carbon dioxide [4],[5]. 
Here, we present a systematic comparison of several promising MOFs vs. typically zeolites 
and materials used in industry for gas storage and CO2 purification. GCMC simulations are 
used to identify features of these structures. The main objective is to find the most suitable 
adsorbent for a typical TSA process. 
 
Simulation Methods 
 

All frameworks were taken from published single-crystal X-ray diffraction and were treated 
as rigid structures. The Lennard-Jones parameters for the material atoms were taken from the 
DREIDING force field [6], and CO2 and N2 molecules were modeled using the TraPPE force 
field [7]. The commercial software Materials Studio® was used for the calculations. 
Adsorption isotherms, isosteric heats of adsorption, predicted selectivities and breakthrough 
curves were evaluated. 
 
Results and Discussion 
 

Figure 1 shows the simulated pure gas sorption isotherms at a typical working temperature in 
a TSA process (i.e. 318K). The adsorption is given in volumetric units, taking into account 



that the truly exchange between materials should not affect the dimensions of the adsorption 
unit. It can be seen than zeolite 13X (NaX) has the highest carbon dioxide adsorption for this 
low  pressure range, followed closely by Mg-MOF-74. Specifically, for Mg-MOF-74 it was 
noted that CO2 uptake capacity is about two times higher than any other MOF material. 
 

Breakthrough calculations for TSA adsorber: The performance of an adsorbent in a Swing 
Adsorption Unit is governed by both, selectivity and capacity factors. The proper combination 
of both of these factors is obtained by using breakthrough calculations [8], where the molar 
concentrations of the gas phase (CO2 is adsorbed and nitrogen pass though the packed bed) is 
shown exiting the adsorber. Figure 2 shows that Mg-MOF-74 presents τbreak higher than other 
MOFs (for its combination of high selectivity and capacity), and it is comparable with the best 
zeolite, although in an economic point of view, is more expensive to regenerate due to a 
higher isosteric heat of adsorption. Additionally, a more visual comparison of the evaluated 
materials for the TSA CO2/N2 separation is presented, where the τbreak (before saturation) is 
related to the adsorption capacity of the adsorbents, being the sphere diameter the selectivity 
of the material. 
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Figure 1. Comparison of simulated 
adsorption isotherms for CO2 in 
selected materials (T = 318 K). 

Figure 2. (a) Breakthrough calculations for TSA adsorber (14/86 
CO2/N2). (b) Plot of the volumetric CO2 uptake against the 

breakthrough time (T=318 K). 

 
After considering operating conditions, zeolite 13X (NaX) and Mg-MOF-74 appeared as the 
best materials for a TSA process. Although Mg-MOF-74 has great potential to become a 
material to be used in such processes; at the moment, the zeolite 13X remains as the more 
suitable candidate, given the limited applicability of Mg-MOF-74 to large scale today. 
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Introduction 
 
The sea change of German energy policy provokes a lot of research in systems, based on renewable 
energy. In the German state of Bavaria, a new center for research (Nuremberg Energy Campus) and 
several initiatives (like Bavarian Hydrogen center) were started to make possible the phase-out of 
nuclear energy in the year 2022. 
 
The main problem is to make renewable energy like photovoltaics (PV) or wind able to replace the 
base load of electricity supply as it was done by nuclear power stations. This leads to energy storage. 
The author is convinced that medium to long term storage of large amounts of electrical energy is only 
possible by chemical storage.  
Hydrogen is suited but not in its pure state. One option is to use Liquid Organic Hydrogen Carrier 
(LOHC’s), chemical compounds that exist in an energy-lean state (not hydrogenated) and in an 
energy-rich state (hydrogenated). To find such a pair of chemicals is a challenge for thermodynamics 
and chemistry. 
Further, there are reversible chemical reaction allowing for a storage at any temperature. 
Thermodynamics are well suited to determine the change of the reaction equilibrium constant. 
 
Results and Discussion 
 
The lecture will show basic thermodynamical rules to find a suitable pair of LOHC. Further it will 
focus on the transformation of the abundant low-temperature heat to a higher level, by absorption heat 
pumps or chemical heat pumps. 
 
Conclusions 
 
The future of our electrical network is not alone in the hand of electricians. The design of a new 
energy system is in the hand of thermodynamcis.  
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Introduction 
 
Asphaltenes and resins are the polar fractions of crude oil that can be separated by addition of low 
molecular weight n-alkanes. Due to the complexity of asphaltene precipitation phenomena during 
production, very little experimental results currently exists on asphaltene precipitation under high 
pressure conditions using bottom hole live oil. The asphaltene precipitation is governed by various 
parameters such as resin to asphaltene ratio of bottom hole live oil. The existing models of asphaltene 
precipitation models are either thermodynamic or scaling models. The first thermodynamic model 
treating asphaltenes as solvated in a liquid medium was the Hirschberg model[1] for polymer 
solutions. Victorov [2] developed a micellization model. Associating EOS like SAFT are the most 
advanced EOS [3]. The scaling model is another method for modeling of asphaltene precipitation. 
Scaling models were proposed in 1996, similarly to the ones used in aggregation and gelation 
phenomena [4]. Moradi [5] presented a new scaling model to account the asphaltene precipitation due 
to gas injection at reservoir conditions. Soltani [6] developed a simple new scaling model for modeling 
the asphaltene precipitation at different pressure and temperature conditions. Kord [7] developed a 
new scaling model for live oil and applied to predict a new real data set. These models involve only 
density, molecular weight of asphaltene and solvent to oil ratio in the isothermal condition whereas 
there are many other parameters in oil production processes such as resin to asphaltene ratio. For 
instance, the Venezuelan Boscan crude with 17.2 wt% asphaltene was produced with nearly no 
troubles whereas Hassi-Messaoud in Algeria has numerous production problems with only 0.15 wt% 
asphaltene. In Hassi- Messaud reservoir the resin-to-asphaltene ratio is very low which results in high 
asphaltene precipitation and deposition. Contrary to the Hassi- Messaud reservoir, the Boscan 
reservoir has high asphaltene content, but its resin-to-asphaltene ratio is also high which results in 
considerably low asphaltene precipitation and deposition . Hence, resin to asphaltene ratio is an 
important parameter in asphaltene precipitation which should be included in the asphaltene 
precipitation model. In this work, a new study on asphaltene precipitation under reservoir conditions 
based on PVT properties of bottom hole live oil including resin to asphaltene ratio has been done.In 
order to investigation on effect of resine to asphaltene ratio on asphaltene precipitation, a series 
experiments using high pressure high temperature equilibrium cell was performed and also a new 
model has been proposed and was verified using experimental data obtained in this work and also 
those found in the literature. Also the performance of the proposed scaling model in comparison to 
other scaling was studied.  
 
Theoritical and Experimental section  
 
In this work bottom hole live oil sample from Iranian reservoirs on the Southeast region of Iran which 
is close to the reservoir conditions was used. The asphaltene content of the bottom hole live oils was 
measured using the SARA analyses. To determine the PVT and phase behavior of the studied crude 
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oil, various experiments were conducted using DBR and VINCI PVT Cell. This setup consists mainly 
of a mercury-free, visual JEFRI equilibrium cell (high pressure\high temperature). In all the previous 
scaling models the asphaltene precipitation calculation was according to the Rassamdana works[3] for 
dead oils which is based on only titration method using normal alkane solvents which is different from 
asphaltene precipitation mechanism during oil production due to pressure depletion or gas injection in 
the reservoir. Therefore, the asphaltene precipitation modeling should be performed according to PVT 
parameters such as resin to asphaltene ratio. Hence, according to experimental results obtained in this 
work, a modified scaling equation based on resin to asphaltene ratio, gas to oil ratio (GOR), bubble 
point, asphaltene content and onset pressure parameters, has been proposed. 
 
Results and Discussion 
 
The results show that asphaltene precipitation decreases by increasing resin to asphaltene ratio in 
bottom hole live oil as shown in Figure 1. It can be found that resin to asphaltene ratio is an important 
term in asphaltene precipitation which should be included in the asphaltene precipitation model. Table 
1 shows the relative deviation of the correlated asphaltene precipitation weight percent from the 
experimental data obtained in this work and those given in due to pressure depletion and gas injection 
using the studied models. The results show that the proposed scaling model, specially at high 
pressures, can correlate more accurately the experimental data due to pressure depletion in comparison 
to the other scaling models with deviation between 0.06 to 0.51%. One of the main advantages of the 
proposed scaling equation is correlating the asphaltene precipitation experimental data under pressure 
depletion without involving asphaltene properties such as molecular weight and density. The proposed 
scaling model only needs the PVT data like resin to asphaltene ratio. The results show that the 
proposed scaling model based on PVT properties of bottom hole live oil can correlate more accurately 
the experimental data due to CO2 and methane injection in comparison to the other scaling models 
with deviations between 0.08 to 0.26% and 0.65 to 0.86%, respectively. By sensitivity analysis, it has 
been concluded that the property of resin/ asphaltene ratio of bottom hole live oil plays a more 
important role in the asphaltene precipitation process. Lowering the property of resin/ asphaltene ratio 
of bottom hole live oil will decrease the stability of the asphaltene in oil phase and the model shows 
much more asphaltene precipitation at lower resin/ asphaltene ratio. Also sensitivity analysis shows 
that the asphaltene precipitation would decrease at lower gas oil ratio.  

 
 
Table 1. Deviation of the correlated asphaltene 

precipitation weight percent from their 
experimental results  

 

Figure 1. Comparison of the performance of 
the proposed scaling model with other studied 

Thermodynamic models  

 
Conclusions 
 
1. The results show that resin to asphaltene ratio is an important parameter in asphaltene 
precipitation which should be included in the asphaltene precipitation model. 
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Introduction 
 
The current presentation is focused on predicting physical properties of hydroxyl group rich oil narrow 
boiling point fractions, from kukersite oil shale based “synthetic crude oil”. Two different predictive 
means of empirical nature, but easily useable in industry, are viewed simultaneously: (1) one is undefined 
mixture correlations and (2) the other one is correlations derived from multivariate data analysis of the 
infrared spectra of oil fractions. The current presentation is a part of a general project aimed to investigate 
physical, thermodynamic and transport properties of phenolic compound rich kukersite oil shale oils. An 
emphasis of this presentation is on temperature independent physical properties. 
 
What is oil shale based „synthetic crude oil“? 
 
Oil shale based synthetic crude oils are produced from oil shale (solid fossil fuel) by pyrolytic heating up 
to about 500 oC under inert environment. This process is known as retorting. With a very rough 
generalization, a whole synthetic crude oil from ex-situ industrial retorts could be viewed, based on API 
gravity, as something varying from a medium to heavy crude oil. Depending on the heteroatom 
composition of the parent oil shale, the shale oils produced can be rich in a specific heteroatom. In terms 
of chemical composition, these synthetic crude oils situate somewhere between conventional crudes and 
coal liquids. The characteristics of the actual oil depend on the composition of the parent oil shale and the 
retorting technology applied. Therefore a large variety of oil shale based “synthetic crude oils” could be 
potentially available, if oil shale resources will become under commercial utilization.  
The shale oil from kukersite oil shale is specific by its high phenolic content, up to about 30% and 
therefore bridging convential crudes to biomass based oils, resulting in interesting means to test simple 
correlative prediction techniques in the area of polar oils. 
 
Results and Discussion  
 
Experimental data on kukersite shale oils 

 
Performed literature review inicated that publicly available data on thermodynamic and transport 
properties of kukersite oil shale oils were limited. Thus first, an extensive experimental research was 
performed to from a systematic database containing characteristics of more than 100 narrow boiling point 
cuts with average atmospheric boiling points from about 100 to 450 oC. In the course of the project the 
cuts were characterized both by temperature independent physical properties, chemical characteristics, 
temperature dependent thermodynamic properties.  



 
Predictive means 

 
Based on the database, the presentation brings some illustrative and comparable samples that describe 
capabilities of two selected approaches of empirical nature, when applied on kukersite shale oil. From one 
side, an undefined mixture approach, where simple correlative models based on easily measurable bulk 
properties were applied to estimate physical, thermodynamic and transport properties. For this destilled 
narrow boiling point cuts were considered as single pseudocomponents. In this part various methods 
(property correlations), original conventional oil methods used in industry or methods with slight 
modifications to improve the prediction for the kukersite oil shale oils, were applied. These methods or 
empirical correlations are in the form of conveniently publishable and usable by industry and scientific 
community. As alternatively approach, Fourier transform infrared spectra analysis with partial least 
squares regression or FTIR-PLS method was used. In this approach PLS analysis were performed on 
spectra of oil cuts for which the physical, thermodynamic and transport properties have been measured.  
 
Outcomes 
 
Preliminary versions of both approaches show comparable predictive abilities. However, keeping mind 
longer goals and sensitivity of oil composition and therefore of physical, thermodynamic and transport 
properties on retorting conditions (and type of retort used), the development FTIR-PLS method could 
favor over the conventional undefined mixture approach for specific oil shale deposit and could be of 
future interest. It is important to note that in both cases the major contribution is to develop suitable 
experimental data based database. 
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Introduction 
 
Energy efficiency of technical processes is influenced by different factors. Besides the apparatuses, 
overall efficiency is mainly depending on the thermophysical properties, especially the phase 
behavior, of the substances involved. However, in most cases the performance is not determiend by a 
single, isolated property, but by the interplay of different properties. The individual properties usually 
have different weights and their effects are sometimes counterintuitive. To account for the effect of 
substance properties and phase behavior, an appropriate modeling of the process is crucial. To find the 
best working substances for a process, it is required to evaluate a huge base of potential substances. 
Due to limited availability of experimental data, such screenings rely on a-priori prections of 
thermodynamic properties. Existing thermodynamic models like COSMO-RS can help in this task, but 
sometimes it is necessary (or at least meaningful) to develop estimation models specifically for the 
task under consideration. 
 
Results and Discussion 
 
To determine, weights for the influence of different properties, process simulation using variable 
parameters allows for performing a Parato analysis. Therein, the parameters are varied within the 
physically reasonable range. By doing so it is important to take into account that properties can often 
not be varied independently. For exampe, changing heat of vaporization leads to a changed 
temperature dependence of vapor pressure. Hence, these properties cannot be varied independently.  
A comprehensive analysis of processes considering all relevant thermodynamic properties (like 
solubilities, heat capacities or enthalpies of reaction) enables deriving the so called tornado diagrams 
(see e.g. [1]). Based on them, it is possible to identify risks as well as means of efficiency 
improvement. This is the basis for the identificantion of best working substances in energy and other 
applications. 
 
Conclusions 
 
Process design is depending on different thermophysical characteristics. Their effect on energy 
efficiency is different in strength and sometimes even counterintuitive. Modeling of the 
thermodynamic behavior of the substances involved in the context of the process, along with an 
appropriate parameter study, can help to improve energetic optimzation. In this contribution the effects 
of of thermodynamic properties on the working substance selection is demonstrated on the examples 
of absorbtion heat pumps and LOHC based hydrogen storage. 
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Flash calculations play a major role in the application of chemical engineering thermodynamics, 
both in the upstream and downstream industries. In the early 80’s, Michelsen proposed an efficient 
successive-substitution algorithm for the temperature and pressure specification (T-P), which is the 
most common and routinely applied in practice. At present, such type of algorithm is implemented 
probably in most commercial simulators, as well as in a diversity of codes developed in academia, 
involving flash calculations. 

The specification of volume instead of pressure, along with temperature (T-v), for a fluid of known 
composition, can also be very important in many applications. These applications can be as diverse 
as storage tanks and simulation of flow in a reservoir, when considering the latter as an 
interconnected net of cavities with fixed volumes. Michelsen’s practical recommendation, for this 
as well as for other alternative specifications, has been to run the well-known and well-behaved T-P 
flash on an inner loop, while adjusting the pressure on an outer loop, until matching the 
specification. Other authors have recently proposed and implemented new specific and more 
sophisticated methods, based on minimizing the Helmholtz free energy at specified T-v conditions, 
through complex modern optimization approaches. 

In this work, we propose a new algorithm for T-v flash calculations, which is based on results from 
adapting the classic successive substitution method for T-P flash, with equivalent simplicity, and 
therefore making it very attractive for engineering calculations, especially when speed may be 
important. Complementary aspects like initialization of variables and stability analysis are also 
discussed, providing recommendations. Results are presented for different multicomponent fluids, 
including the analysis of a synthetic gas condensate behavior, the effect of temperature on storage 
tanks and the search of convenient conditions for separating the condensable fraction from a natural 
gas. 
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Introduction 
 
The use of ionic liquids (ILs) as solvents in biomass processing has been a hot topic in recent years 
[1]. Their physico-chemical properties [2] have raised awareness of the scientific community 
(specially the negligible volatility and the remarkable thermal stability). These properties can be tuned 
according to specific needs of the biomass processing. ILs can can be used in two important 
applications in such processes: biomass dissolution has gained most attention, but swelling of 
polysaccharides (cellulose, hemicellulose and lignin) to obtain amorphous materials accelerates their 
hydrolysis (either acidic or enzymatic) [3].  
The separation of carbohydrates and ILs, together with further IL-recycling, is critical for feasibility of 
the process in biorefineries using ILs. IL-recycling is indeed of prime interest to keep economical 
viability because of the high prices of ILs. Small carbohydrates like sugars, and derivatives like xylitol 
and sorbitol, must be efficiently separated from the ILs when used as solvents. This separation is 
difficult due to the complexity of interactions and few alternatives have been carried out for such 
separation.  
An interesting method for that is the use of antisolvents - "solventing-out". In this approach, all 
variables affecting solubility (temperature, antisolvent load, interactions between compounds, etc.) 
must be tested to evaluate separation performance. Liu et al. [4] successfully applied antisolvents to 
separate glucose from ILs, obtaining solubility data at different conditions in mixtures with glucose, 
ILs and antisolvents. They studied the effect of temperature, antisolvent, different ILs, equilibration 
time and water content. Later, Hassan et al. [5] carried out antisolvent precipitation in (glucose + 
imidazolium-based ILs) mixtures using ILs with chloride, thiocyanate and methyl phosphate anions. 
The authors addressed the effect of temperature, antisolvent/IL ratio, water content and equilibration 
time used in the separation process.  
In this work, the separation of carbohydrates or sugar alcohols from ILs was also performed by 
precipitation using antisolvents. Disaccharides were also evaluated among other sugars and and sugar 
alcohols. Type of antisolvent, antisolvent/IL ratio and temperature were the process variables 
considered. The effect on carbohydrate removal, %CR, and IL-recovery, %ILR, was measured 
experimentally. This allows an evaluation of the overall separation process including the recovery of 
the IL solvent for recycling to ensure the economics of the process. A conceptual scheme of the 
separation process is presented in Figure 1. 
 
Results and Discussion 
 
Acetone, acetonitrile, dichloromethane, ethanol and 1-propanol were tested as antisolvents. The results 
obtained prove that acetonitrile (ACN) and dichloromethane (DCM) are better antisolvents than 
ethanol and acetone, providing similar IL-recoveries but better carbohydrate removals. The 
antisolvent/IL ratio, R, has an important effect on the separation performance. A ratio 25≥R≥10 can be 



recommended as a balance between antisolvent consumption and separation efficiency. Regarding the 
effect of temperature, results show that room temperature is also an adequate compromise. 
Mixtures involving ILs with acetate anions (fluorinated or not), [emim][CF3CO2] and 
[emim][CH3CO2], were more difficult to separate using these antisolvents. Stronger IL-carbohydrate 
interactions produced splitting into two phases, with poorer IL-recovery. 1-Propanol was chosen as an 
alternative antisolvent for mixtures with [emim][CH3CO2], obtaining adequate results for samples 
with sugar alcohols (CR > 83 % and ILR > 86 %).  
 Overall, more than 80% of the studied systems [6] were separated satisfactorily (%CR > 83 % 
and %ILR > 86 %) as shown in Figure 2. 
 

 
Figure 1. Conceptual scheme of the separation 
process, including carbohydrate and IL 
recovery and antisolvent recycling. 

 
Figure 2. Results for optimized conditions for 
(IL+carbohydrate) mixtures at 298 K and 
R=20. Black bars: carbohydrate removal; grey 
bars: IL-recovery. 

Conclusions 
 
Separation of different types of carbohydrates (monosaccharides, disaccharides, sugar alcohols) from 
ILs by precipitation with antisolvents was tested. Adequate process conditions could be found to 
obtain a good carbohydrate removal and IL recovery (%CR > 83 % and %ILR > 86 %) for more than 
80% of the studied mixtures. 
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Introduction 
Torrefaction is a thermal process carried out at temperatures below 300°C, under inert atmosphere, at 
atmospheric pressure, and with solid residence times from few minutes to several hours [1], [2]. 
Currently, torrefied wood is the main product of interest to be further transform into valuable energetic 
gases [3]. It constitutes more than 70% of the initial mass and exhibits properties close to coal. The 
30% remaining part are gaseous by-products called volatile matter. This volatile matter is composed of 
about one third of non-condensable gases – carbon monoxide and carbon dioxide – and two third of 
condensable species [1] with water as the main component. 
At present time gaseous by-products are considered as a waste [4] or are burnt to provide energy to the 
process [5]. The goal of the INVERTO project (ANR-12-BIME-0008-04) is to develop a recovery 
process for condensable species of the gaseous effluent in order to valorize them as bio-sourced 
chemicals. A representative mixture of the gaseous mixture and its thermodynamic behaviour model 
were selected in order to propose and assess different strategies of recovery and purification. 
 
Theoretical and experimental background 
Selection of a representative mixture 
The condensate phase is a complex mixture of a great number of oxygenated species belonging to 
different chemical classes: water, alcohols, acids, aldehydes ketones, furans, phenolic, gaïacols and 
sugar. The main component is water. Minor components, present in varying proportions according to 
the biomass [6], are diluted in water which makes their separation a hard task. 
A representative mixture was chosen to model the condensates using experimental data obtained by 
our partners (CIRAD of Montpellier, and CEA of Grenoble). Components of the representative 
mixture are: water, methanol, formaldehyde, methylene glycol, hemiformal, polyoxymethylene 
glycols, polyoxymethylene hemiformals, glycolaldehyde, acetol, acetic acid, formic acid, propionic 
acid, furfural, furfuryl alcohol, eugenol and levoglucosan. All of them are present in significative 
amounts (several g/L) except eugenol which indeed is a diluted component but with a high potential of 
valorization. 
 
Description of phase equilibria for reactive mixtures 
To describe the thermodynamic behavior of the reactive water-formaldehyde-methanol mixtures, a 
combined physical and chemical model was used as proposed by Maurer [7]. The UNIFAC model was 
used to estimate the activity coefficients in the liquid phase and the vapor phase was considered to 
behave as a perfect gas. The chemical equilibrium of carboxylic acids in the vapor phase and the 
polymerization of formaldehyde in the liquid phase were taken into account in the thermodynamic 
description: 

- dimerization of acetic acid:  

- dimerization of formic acid:  

- dimerization of propionic acid:  



- formation of methylene glycol:  
- formation of poly(oxymethylene) glycols: 

 

- formation of hemiformal:  
- formation of poly(oxymethylene) hemiformals: 

 
 
Results and discussions 
Strategy for the recovery process 
The objective is to recover acetic acid, glycolaldehyde, furfural and eugenol as bio-based chemicals. 
To respect this constraint, a recovery process involving liquid extraction using green solvents and 
thermal processes like condensation or distillation are considered in this work as shown on figure 1. 
The first step of the process is a two stage condensation at the outlet of the torrefaction process. The 
first condensation step allows recovering specifically heavy components such as sugars (levoglucosan) 
while the second step provides an aqueous solution containing all organic compounds. Formaldehyde, 
a very volatile compound, is likeky to be insufficiently recovered in this second step and a final 
absorption by water must be implemented. 

 
Figure 1. Schematic representation of the recovery process. 

 
Conclusion 
A modeling of the thermodynamic behaviour of a representative mixture of torrefaction gaseous 
effluent including the coupling of physical and chemical equilibria was developed. This made it 
possible to consider different strategies to recover bio-based chemicals from torrefaction gaseous 
effluents. As far as possible, attention was paid to preferably use bio-solvents in the separation 
scheme. 
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Introduction 
 
Petroleum is currently the primary raw material for the production of fuels and chemicals. 
Consequently, our society is highly dependent on fossil non-renewable resources. However, renewable 
raw materials are recently receiving increasing interest for the production of chemicals and fuels, so a 
new industrial system based on biomass, an inexpensive, abundant and renewable raw material, is 
being established with sustainability as the main driving force [1]. The processing facilities for the 
production of multiple products (including biofuels and chemicals) from biomass are referred as 
biorefineries [2]. 
 
The wide variety and complex nature of components in biorefineries poses a challenge with respect to 
the synthesis and design of these types of processes. Whereas physical and thermodynamic property 
data or models for petroleum-based processes are widely available, most data and models for bio-
based processes are not. Lipids are present in biorefinery processes: they represent feedstock 
(vegetable oil, waste cooking oil, microalgal oil), intermediate products (fatty acids, glycerol) and final 
products in biorefineries, thus the prediction of their properties is of relevance for the synthesis and 
design of biorefinery networks. 
  
The objective of this work is to show the application of databases of physical and thermodynamic 
properties of lipid components to the synthesis and design of biorefinery networks. 
  
Problem definition and solution approach 
 
The optimal synthesis of biorefinery networks problem is defined as: given a set of biomass derived 
feedstock and a set of desired final products and specifications, determine a flexible, sustainable and 
innovative processing network with the targets of minimum cost and sustainable development taking 
into account the available technologies, geographical location, future technological developments and 
global market changes. 
 
The problem of optimal design of biorefinery networks is solved in this work through three different 
stages: (i) synthesis stage, (ii) design stage, and (iii) innovation stage. At the synthesis stage, the 
considered alternatives are represented in a superstructure of alternatives, from which a mixed-integer 
linear or nonlinear programming (MILP or MINLP) problem is derived and solved in order to find the 
optimal processing network. Next, at the design stage, the selected processing network is simulated 
and analyzed and targets for improvement are identified. Finally, a more sustainable design is 
achieved at the innovation stage by generating innovative solutions that satisfy the targets from the 
design stage. Detailed process models are required in the second stage, the design stage. As part of 
these process models, property data input or property prediction models (for pure component and 
mixture properties) are needed. 
 
 



 

 

Databases 
 
The databases used in this work contain both experimental data and model parameters obtained from 
regression; they were presented by Cunico et al. [3]: CAPEC_Lipids_Database (pure component 
properties) and CAPEC_Lipids_Mixture_Database (mixture properties). For mixtures, the parameters 
stored in the database correspond to phase equilibria GE models (NRTL, UNIQUAC, and original 
UNIFAC). 
 
Conclusions 
 
The knowledge of physical and thermodynamic data is relevant at the design stage of biorefinery 
networks since the modelling of processes requires the availability of physical and thermodynamic 
property data and property prediction models for both pure components and mixtures. 
 
Databases (CAPEC_Lipids_Database and CAPEC_Lipids_Mixture_Database) are used in this work at 
the design stage of biorefinery processes involving lipids for industrially relevant case studies. 
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Introduction 
 
Steam deacidification is a separation process in which free fatty acids are removed from a edible oil by 
volatilization. It is carried out at low absolute pressure (below 5 mmHg) and high temperature (about 
200 °C). This process had been extensevily studied by computer simulation [1, 2]. The most suitable 
approach calculates flash distillation equations using group contribution methods for describing the 
physical properties [3]. Recently, more accurate group contribution methods were developed due to 
the increase of experimental data available on the literature. In this context, this work aims to evaluate 
different group contribution methods for prediciting critical properties [4], vapor pressure and heat of 
vaporization [5] and its application on steam deacidification of edible oils. 
 
Methodology 
 
Calculations were done for compounds present in coconut oil: 36 triacilglycerols (TAG), 18 
diacilglycerols (DAG), 9 monoacylglicerols (MAG) and 9 fatty acids (FFA) [1]. The vapor liquid 
equilibria (VLE) was described as proposed by Ceriani and Meirelles [6]. The equilibrium relations, 
mass and energy balances were calculated according to Silva et al. [3].  
 
Prediciton of Thermodynamics Properties 
The critical properties were predicted by the method proposed by Cunico et al. [4], developed 
especially for lipidic systems. Vapor pressure and heat of vaporization were predicted by Ceriani et al. 
[5]. After, the methods were used to study steam deacidification of coconut oil. The results were 
compared with experimental [7] and simulation [3] data. 
 
Results and Discussion 
Table 1 presents the statistic result for the comparison for the methods used in this work and by Silva 
et al. [3]. It can be noted important differences, particularly for rHvap and Pc predictions, both being 
key properties to simulate steam deacidification process, as they are responsible by a possible 
computational load. It is important to highlight that those methods are more accurate to predict fatty 
compounds properties.  
 
Table 1. Models performance statistics for the tested lipids 

Property ARE (%) 
Tc (K) 3.67 
Pc (bar) 30.46 
Vc (m3/kmol) 6.17 
rHvap (J/mol) 45.46 
Pvp (mmHg) 12.46 

, where X1 is the properties calculated by methods chosen by this work and X2 by Silva et al. 



Then, computer simulations were performed for the six process described by Petrauskaite et al. [7] 
(ranges of 190-230°C, 1.0-3.0 mbar, 0.6-1.2 % steam). The temperature calculated using the new 
contribution methods were very stable during all process, varying less than 0.5 °C in relation to its 
value in the process beginning (Figure 1). The stability of calculated temperature is crucial to 
mathematically solve flash equations in which compounds present a wide range of boiling points. In 
fact, changing the models allowed computer simulations considering vegetable oils with complex 
compositions, including up to 72 fatty compounds. Previous work, using this same approach, were 
limited to aproximately 20 fatty compounds [3]. Moreover, it was necessary less iterations to zero the 
objective function (Figure 2).  
 

 
Figure 1. Temperature profiles of steam 

deacidification process at 190, 210 and 230 °C: 
this work (empty symbols) and Silva et al. [3] 

(full symbols)  

 
Figure 2. FOB (Objective function value vs 

iterations) at 210 °C: this work (empty 
symbols) and Silva et al. [3] (full symbols)

 
Conclusions 
The physical properties calculated by the new contribution methods presented significant differences 
in relation to the ones previously obtained. This difference was important to improve the stability of 
estimated temperature, favoring the convergence of equations used for simulating steam 
deacidification process. 
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gSAFT is Process Systems Enterprise’s next-generation technology for physical properties. It is based 
on the SAFT-γ Mie [1] and SAFT-VR SW [2] equations of state, and has recently been made available 
within the gPROMS platform. The combination of SAFT predictive capabilities and gPROMS 
powerful equation-oriented strategy for process modelling opens up new capabilities for model-based 
engineering of industrially relevant problems involving complex materials.  
 
The paper examines the usefulness of integrating such advanced equations of state within process 
modelling tools. It focuses particularly on the advantages of using a predictive group contribution 
approach such as SAFT-γ Mie, which provides a consistent thermodynamic model that can predict 
both phase equilibrium and caloric properties with a limited set of molecular parameters. This is 
crucially important in the context of complex applications where the scarce availability of 
experimental data hampers the development of empirical correlations that can be trusted over wide 
ranges of operating conditions.  
  
The paper illustrates the above points through selected challenging processes, such as systems 
involving mixtures of polymers and oligomers. It also considers systems that combine the implicit 
description of chemical reaction through association schemes and the rigorous representation of 
electrolytes; these are gaining increasing importance in carbon capture applications.    
  
The paper concludes by reviewing some of the lessons learned from the application of predictive, but 
also computationally intensive, thermodynamic models to realistic process modelling applications. 
 
References 
 
[1] V. Papaioannou, T. Lafitte, C. Avendaño, C.S. Adjiman, G. Jackson, E.A. Müller and A. Galindo, 
J. Chem. Phys. 140 (2014) 054107. 
[2] A. Gil-Villegas, A. Galindo, P.J. Whitehead, S.J. Mills, G. Jackson and A.N. Burgess, J. Chem. 
Phys. 106 (1997) 4168  
 
 



MPinch: a Software for Heat Exchanger Networks Synthesis  
 

Mauro Ravagnani1 and Leandro Pavão1 

1Chemical Engineering Department, State University of Maringá, Brazil 

 
 
Scientific topic: Education 
 
Keywords: Heat Exchanger Networks; Thermo-hydraulic detailed heat exchanger design; 
Fluids physical properties, Educational software. 
 
Introduction 
 
Energetic integration is an important feature in industrial process design. By synthesizing a good Heat 
Exchanger Network (HEN) it is possible to reduce the amout of hot and cold utilities and the to reduce 
the amount of waste from the burn of fuels to generate hot utilities and wastewater. Several 
methodologies has been developed to synthesize HEN. However, a very few number of papers related 
the detailed design of the heat exchangers within the HEN synthesis. The complete and detailed design 
of the equipments during the synthesis task allow to achieve more realistic designs. For the HEN 
synthesis, Pinch Analysis, based on thermodinamic concepts (Second Law) and heuristics is, probably, 
the most known tool. Some software are available to do this job, but none of them considers the heat 
exhcngers design. In the present paper it was developed a HEN synthesis software considering the 
detailed heat exchangers design, using Pinch Analysis and the Bell Delaware Method [1]. Physical 
properties are calculated, usign the Design Institute for Physical Properties (DIPPR) and are not fixed 
by the user. ΔTmin. Optimization is also considered.  
 
Development 
 
Considering the didatic aspects in engineering education, HEN synthesis software are fundamental for 
the complete compreension of the entire process design. In the present paper, the software was 
develped in MatLab by using GUI (graphical user interface). The program is totally interactive and the 
user is free to chose distinct options to synthesize the HEN as well as to design all the network heat 
exchangers. Some examples from the literature were used to text the developed software applicability.  
 
Results and Discussion 
 
Results shown that the calculus int the HEN synthesis step are in accordance with the literature. In the 
equipment design stage, several heat exchangers type were compared using physical properties 
proposed by the literature and calculated using the software proposed in the present work. In some 
cases, the use of the literature physical properties resulted in a heat exchanger design different from 
the achieved ones by calculating the physical properties and rigorouslly designing the equipment. With 
these results, heat exchangers under or overdesigned were found, during pressure drop and individual 
heat transfer coefficients calculus. MPinch was used experimentally with State University of Maringá 
5th year chemical engineering students, as a tool to test the learnig process in Pinch Analysis, Second 
Law and heat exchangers thermal-hydraulic design. 
 
Conclusions 
 
MPinch was developed and succesfully validated as an inportant tool in the use of Pinch Analysis in 
the HEN synthesis considering the equipments detailed design. With interactive and efficient interface, 
it allows the detailed design of the heat exchangers using the Bell-Dellaware method. It was possible 
to compare different design parameters aiming the equipment optimization, considering different 



arrangement, tubes lengh, diameters, BWG, pitch and baffle spacement. Physical properties 
calculations also shown that significant differences can exist in the heat exchangers cost and design.  
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Abstract 
In order to design and optimize the non-catalytic supercritical process for biodiesel production based 
on ethanolysis and using carbon dioxide as a co-solvent, thermodynamic models are required in order 
to predict the fluid phase equilibria of the various mixtures involved within. In this work, 200 mixture 
critical points of 11 CO2 + (saturated and unsaturated) ethyl ester mixtures and 12 ethanol + (saturated 
and unsaturated) ethyl ester mixtures were preliminary measured using a synthetic-dynamic apparatus. 
Three different approaches were then considered to model these data and vapour-liquid equilibrium 
data collected in the open literature as well:  
- cubic equations of state (EoS) with classical mixing rules (PPR78 model), 
- cubic EoS with advanced EoS/gE mixing rules, 
- SAFT type EoS. 
The efficiencies of the various classes of EoS are discussed. 
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Introduction 
 
The design, optimization and application of supercritical processes require knowledge of the solubility 
of, often, complex solid solutes in the supercritical solvent (e.g. supercritical CO2 - SC CO2). The goal 
of our work is to test and report the capabilities of semi-empirical models and an equation of state 
(SRK cubic EoS in this case) to correlate the solubilties, measured by us, of three anthraquinone dyes 
(quinizarin, disperse Red 9 and disperse Blue 14) and two C-tetraalkylcalix[4]resorcinarenes (C-
tetramethylcalix[4]resorcinarene and C-tetrapenthylcalix[4]resorcinarene) in SC CO2 as illustratives 
examples. 
 
Solubility measurements  
 
The measurements of the solutes’ solubility in SCCO2 were performed in a flow apparatus. A detailed 
description of the equipment is given elsewhere [1-3] and herewith just few details will be given only.   

The equipment (Applied Separations, Spe-edTM SFE) allows carrying out studies at temperatures up 
to 393.2 K and pressures up to 60.0 MPa. The uncertainties of the temperature and pressure 
measurements were ± 1 K and ± 0.1MPa, respectively. The total volume of CO2 was determined with 
a mass flow meter and totalizer from Alicat Scientific, model M-5SLPM-D and the uncertainty 
associated with volume measurements was ± 0.5 %. To ensure the saturation of the solid compound in 
the supercritical phase, the flow rate of SCCO2 through the extraction cell was checked and different 
contact times during measurements of equilibrium solubilities were verified [1-3]. Three replicates 
were performed at each experimental condition and the solubility value obtained is the average of 
these results. The reproducibility of each datum was within ± 8 %, for the calix[4]resorcinarenes and 
maximum ± 6 %, for the dyes, considering the complexity of the systems.  

 
Experimental solubility data correlation  
 
Application of an EoS to correlate the solubility of a solid solute requires information about its 
enthalpy of fusion, melting temperature, sublimation pressure, and critical parameters. Generally, most 
of these properties are either not available experimentally or are even hypothetical and have to be 
predicted. In our study we use the SRK CEoS with the classical van der Waals mixing and combining 
rules. The physical properties required for the modeling of the five solutes were estimated by us and 
reported. To circumvent the lack of properties data information for complex solid solutes, semi-
empirical models can be employed as a viable alternative. In view of this, in our study we test, analyze 
and compare the correlative abilities of density-based correlations (Chrastil [4], Bartle [5], Mendez-
Santiago–Teja [6] and Kumar and Johnson [7], chosen just as an illustration) with those of the SRK 



CEoS. 
Figures 1 and 2 show the application of Méndez-Santiago and Teja model to test the consistency of 

the solubility data measured for two of the solutes studied. 
 

  
Fig. 1. Solubility of quinizarin in SC-CO2. Symbols 
represent experimental solubility; Lines represent the 
solubility, correlated by Méndez-Santiago–Teja 
equation (——), () 333.2 K, () 353.2 K, 
(■) 373.2 K and () 393.2 K. 

Fig. 2. Solubility of C-tetramethylcalix[4]-
resorcinarene in SC-CO2. Symbols represent 
experimental solubility; Lines represent the solubility, 
correlated by Méndez-Santiago–Teja equation (——), 
(), 313.2 K; (■), 323.2 K; (), 333.2 K.  

 
Results and Discussion 
 
The application of the density-based equations to correlate the solubility of the three dyes 
demonstrated that the performance of the Mendez-Santiago–Teja model is sligthly inferior to the 
Chrastil one, but the former can be used with confidence to test the consistency of the experimental 
data. The SRK EoS with the one-fluid van der Waals mixing rule was shown to be able to provide a 
good correlation of the dyes’ solubilities in SC CO2, with considerable improvement particularly after 
the cross-over pressure for the respective compound.   

With regard to the two calix[4]resorcinarenes solubility correlation, the density-based equations 
produced nearly the same absolute average deviations (AARD) for C-tetramethylcalix-
[4]resorcinarene, while for C-tetrapenthylcalix[4]resorcinarene the Bartle model gave the highest. The 
quantitative agreement between the experimentally measured and EoS correlated solubilties was not as 
good as that demonstrated by the four semi-empirical models; hence the higher AARD of the former, 
which didn’t noticeably improve when the two interaction parameters version of the van der Waals 
one fluid mixing rule was used. Still, the SRK EoS was able to capture and reproduce quite well the 
qualitative patterns of the solubility behavior of the two cyclic polymers. 
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Introduction 
 
The separation and purification of biomolecules usually represents about 60–90 % of the cost of the 
final product(s), so downstream processing determines the efficiency and viability of biotechnological 
processes [1]. Ionic Liquid-based Aqueous Two-Phase Systems (ILATPS) is an innovative technique 
to separate biomolecules, combining the advantages of liquid-liquid extraction and ionic liquids [2]. 
ILATPS are based on ionic liquids and salts, which form two aqueous phases: an ionic liquid-rich and 
a salt-rich phase. Many works can be found in literature in which these systems are described in terms 
of the binodal curve, since it is required to determine the composition of the two liquid phases [3,4]. 
 
However, rigorous models of the binodal curve for ILATPS with a theoretical support are not 
available. In this way, the binodal curve of ILATPS is usually characterized by means of the empirical 
equation proposed by Merchuk et al. [5]: 

( )35.0 ][][exp][ SCSBAIL −=  (1) 
where [IL] and [S] are the mass fractions of ionic liquid and salt expressed as percentage, respectively. 
This equation provides relatively high values of the R2, but it requires 5 parameters (2 fixed and 3 
adjusted) to fit the experimental data. In addition, despite the high number of parameters and the 
relatively high mathematical complexity, which may cause problems of convergence, a higher 
accuracy may be required for some applications such as the ionic liquid recyclability [6].  
 
The aim of this work is the analysis of the binodal curve equation to describe ILATPS based on ionic 
liquids and salts, proposing either alternative equations which improve its accuracy or simpler 
mathematical models that keep successful performances.  
 
Methodology 
 
For the analysis of the binodal curve, a database with the binodal data of 100 ionic liquid/salt systems 
has been built, in order to assure that the conclusions derived from the study are representative of these 
types of systems. The discrimination and selection of models was performed on the basis of different 
statistical criteria, such as the R2 values, the wideness of the error ranges for the adjusting parameters, 
the residual mean squared error (RMSE) or the Akaike Information Criterion (AIC) [7]. The statistical 
values provided for each model represent the mean of those calculated for each system. 
 
Results and Discussion 
 
In order to increase the accuracy of the binodal curve, additional adjusting parameters were included 
in Equation 1, replacing the exponents with fixed values (0.5 and 3). Therefore, according to different 
tests that were carried out, the most suitable model for the mentioned purpose resulted to be the 
following based on 4 adjusting parameters: 



( )3][][exp][ SCSBAIL D −=  (2) 
Equation 2 shows higher mean values of R2 and RSME (0.9991 and 0.3264, respectively) than 
Equation 1 (0.9981 and 0.4469), which implies a higher precision. Moreover, the lower AIC achieved 
with Equation 2 implies that the benefit in terms of enhacement of precision is higher than the penalty 
caused by the inclusion of an additional adjusting parameter. In addition, it should be noted that the 
mathematical complexity of both equations is identical, since all the parameters (fixed and adjusting) 
are constant once their values have been obtained. An alternative model could be based on the 
replacement of the other exponent, but it shows a worse quality of adjustment in terms of all the 
statistical criteria considered. Similarly, the use of five adjusting parameters leads to overadjustment, 
since in the majority of cases non-statistically significant parameters are obtained. Moreover, the 
values of the fixed parameters of Equation 1 have been studied, concluding that the widely used 0.5 
and 3 values are suitable, even though other pair of values can also provide very similar accuracy.  
 
Furthermore, two simplified models have been proposed to reduce the mathematical complexity: 

( )DSBAIL ][exp][ =  (3) 
( )][exp][ SBAIL =  (4) 

Both equations have the advantage that they can be explicit in the two variables ([IL] and [S]), keeping 
a relatively high precision (R2>0.9900). In addition, even though the accuracy of Equation 4 is the 
lowest, its two parameters show the most narrow error range of all the models, so their significance is 
increased, which may be useful for predictive purposes. 
 
Eventually, special attention is paid to the region of the binodal curve at high salt concentrations, since 
it corresponds to compositions of salt-rich phase and a high accuracy in this part of the curve is 
essential for the assessment of the ionic liquid recyclability. For this purpose, the estimation of 
parameters based on relative errors is proposed to manage this issue.   
 
Conclusions 
 
This work provides a critical assessment of the models of binodal curves of ILATPS, and particularly, 
of the equation proposed by Merchuk and collaborators [5], since it is the most widely applied. 
Alternative models, which have been demostrated as effective to adjust a huge number of ILATPS, are 
proposed to replace this equation so that accuracy is increased or the mathematical complexity is 
reduced, depending on the requirements of each specific application. Moreover, a detailed study is 
carried out for the binodal curve at high salt concentrations, due to the importance of this region for 
the recovery of the ionic liquid.  
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Introduction 
 
Ionic liquids (ILs) are substances composed entirely of ions that generally are fluid around or below 
100˚C . The unique physicochemical properties of ILs such as low vapour pressure and high solvation 
ability to dissolve various organic and inorganic substances allows their use as green solvents in 
organic synthesis. One of the most promising application of ionic liquids is cellulose processing. Some 
IL that dissolve cellulose are very viscous and poses high melting points. To solve this problem, it is 
know that mixing IL with molecular solvents its viscosity and melting point can be decreased [1]. This 
is also true when using CO2 as a co-solvent, that has advantages of been also a green solvent and 
easily separated from ionic liquid by depreessurization. It is known that IL can high amounts of CO2 at 
moderate pressures and most IL are not soluble in CO2. [2] 
Ionic liquids based on quaternary ammonium present melting point depressions higher than 100K 
under 15 MPa of CO2 [3]. Imidazolium and pyridinium cations showed a much lower depression in the 
range of 20K in the same conditions [4]. 
In this work, the melting temperatures of five different ionic liquids (ILs) able to dissolve cellulose 
were measured in contact with CO2 using a high-pressure visual cell, up to 10 MPa, using the method 
of the first melting point. The ionic liquids studied  are  1-butyl-3-methylimidazolium chloride, 1-
ethyl-3-methylimidazolium chloride, 1-allyl-3-methylimidazolium, chloride, 1-(2-hydroxyethyl)-3-
methylimidazolium chloride and dihydrogen phosphate. The datas were modelled with the GC EoS 
developed by Skjold-Jørgensen. To do so parameters for the methyl imidazolium chloride group were 
adjusted using data available in literature.[5]  
 
Experimental 
 
An optical cell (SITEC 740.2120) with an inner volume of 25 ml was used to perfrom the 
experiments. Internal temperature of the cell was controlled by a PID temperature controller (OMRON 
E5GN)  acting over an electrical jacket. The temperature was measured with a K type thermocouple 
with an accuracy of 1.5°C.The pressure was measured with a membrane relative pressure meter 
DESIN TPR 18/V2, with an accuracy of 0.2% span (0-40 MPa) (accucracy 0.08 MPa). The equipment 
and the methodology used has been described somewhere else.[6] 
The experiment starts with a small amount of ionic liquid in a glass vial introduced in the optical cell. 
First the cell was purged and pressurized with CO2 up to the desired operating pressure. At fixed 
pressure, the cell was gradually heated at a rate of 5°C/30 min until melting of the surface of the ionic 
liquid sample was observed. The melting points at atmospheric pressure were measured with the same 
apparatus as well as by Diferential Scanning Calorimetry (DSC). 
 



Modeling 
Data have been correlated using the Group Contribution (GC) equation of state developed by Skjold-
Jørgensen [6,7], following the methodology presented by Breure et al. [8] for the alkyl-3-
methylimidazolium hexafluorophosphate and alkyl-3-methylimidazolium tetrafluoroborate IL families 
mixed with CO2. This EoS has also been used to describe the solubility of several gases in different 
families of ionic liquids  as well as the phase behaviour of ternary mixtures [9]. 
 
Results and Discussion 
In figure 1 the melting point depression of some imidazolium chloride ionic liquids are shown together 
with the prediction of the GC EoS. In general the reduction of meting temperatures caused by the 
carbon dioxide al moderate pressures of 4 MPa was in the order of 1 MPa. A good reproduction of the 
data is obatined using GC-EoS 

 
Figure 1. Melting point decrease of alkylimidazolium chloride based ionic liquids with high pressure 
CO2. (£) [amim][Cl], (¯) [emim][Cl] (Í) [HEmim][Cl]. Solid lines: solid-liquid-vapor correlation 
using the GC-EoS. Dashed line: CO2 vapor pressure. 
 
Conclusions 
 
The melting point depression caused by CO2 at moderated pressures in imidazolium Chloride derived 
ionic liquid is moderate, of about 1 MPa being slightly higher for the ionic liquid containing hydroxyl 
groups. GC Eos is able to accurately describe the melting point depression caused by CO2 with an 
average deviation of 1.3 K and maximum deviation of 4.3 K. 
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Introduction 
 
Ionic liquids (ILs) have interesting properties that include wide temperature range in the liquid state, 
negligible vapor pressure and high solubility of organic and inorganic components. This indicates that 
ILs are excellent solvents to use for liquid-liquid extraction. Due to their negligible volatility they can 
replace organic solvents causing less damage to the environment. ILs based on the cation of 2-
hydroxyethyl amine and short chain carboxylate anions have simple synthesis and purification, and 
therefore psesent low cost [1,2] as well as low toxicity [3]. An important parameter to assess the 
environmental impact of these liquids is the water-octanol partition coefficient, but its experimental 
determination is complicated due to the formation of emulsions and speciation. Alternatively, an 
indication of hydrophilicity of these compounds can be assessed with the butanol-water partitioning 
data. Keeping this in mind, the aim of this work is to carry out of the experimental measurement of 
water-butanol liquid-liquid equilibrium in the presence of three different protic ionic liquids 
containing the 2-hydroxyethylammonium cation with the acetate, propionate or butanoate anion. The 
binodal curves and tie-lines were obtained at 293.15, 313.15 and 333.15K. The data were modeled 
with NRTL. 
 
Experimental Section 
 
Materials 
The ILs used were synthesized in the laboratory using the methodology proposed by Álvarez et al. [2]. 
For synthesis, the same base (2-hydroxyethylamine) and the acids (acetic, propanoic and butanoic 
acids) were used, producing the three ionic liquids: 2-hydroxyethylammonium acetate (2HEAA), 2-
hydroxyethylammonium propionate (2HEAPr) and 2-hydroxyethylammonium butanoate (2HEAB). 
The 1H-NMR spectra of the ionic liquids was obtained, confirming the structure and purity of the 
synthesized compounds. The water content was measured using Mettler Toledo V20 volumetric Karl-
Fischer titrator. The properties of each compound are shown in Table 1. 
 
Table 1 - Properties of the pure components. 

Component Supplier/ CAS n° Mass Purity (%) Water content (%) 
2-hydroxyethylamine Sigma-Aldrich/ 141-43-5 ≥ 99.5 - 

Acetic acid Merck / 64-19-7 100 - 
Propanoic acid Sigma-Aldrich/ 79-09-4 ≥ 99.5 - 
Butanoic acid Sigma-Aldrich/ 107-92-6 ≥ 99.5 - 

Butanol Synth/ 71-36-3 ≥ 99.0# 0.1793±0.004 
2HEAA Synthesized in this work ≥ 99.0* 0.3256±	  0.02 
2HEAPr Synthesized in this work ≥ 99.0* 0.3196±	  0.04 
2HEAB Synthesized in this work ≥ 99.0* 0.2298±	  0.04 
Water MilleQ, Double distilled  ~100  

#Checked through gas chromatografic analysis. *No imputiries peaks appears on NMR spectra, water is the main 
impurity. 



Binodal 
Solubility data for the ternary mixture were determined using the cloud point method [4]. Mass 
changes were measured by an analytical balance (Shimadzu AX200, accuracy of ± 0.001g) and used to 
calculate the composition of components in the binodal curve. The values of the compositions of ILs 
were corrected according to water content of each compound. The temperature in the system was 
controlled by a water jacket with an accuracy of ± 0.1K. The vial was closed with a septum and cap to 
prevent any evaporation, and kept stirring using a magnetic bar. 
 
Tie-lines 
Mixtures with compositions in the region of immiscibility were prepared weigheing known masses of 
each component, and discharged in a glass cell with a stopper. The prepared mixtures were placed in a 
thermostatic bath, stirred for 40 minutes, and soon after brought to rest for 24 hours to establish the 
equilibrium of the system. After, the organic phase was carefully collected and weighed. With this 
value, and following the approach by Merchuck et al. [5], the parameters required for the calculation 
of tie-lines were obtained. 
 
Results and Discussion 
 
The binodal curves for water+butanol+2HEAPr system are shown in Figure 1, at three different 
temperatures. It is observed that the solubility of the IL increases with increasing temperature. With 
the equilibrium data, is possible to fit the composition of the components to the Merchuck equation 
and, after identification of miscible and immiscible regions, to determine the LLE tie lines. The results 
obtained for the system water+butanol+2HEAA at 333.15K, can be seen in Figure 2. It is noted that 
these ionic liquids tend to concentrate in the water phase presenting a more hydrophilic behavior. 

  
  
 
  
Conclusions 
 
Data for liquid-liquid equilibria of the protic ionic liquids 2HEAA, 2HEAPr and 2HEAB in water-
butanol system were obtained. The data were well correlated by the NRTL model and the results 
confirms the high hidrophilicity of these ionic liquids, as their butanol-water partition coefficient are 
lower than 1. 
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Figure 1 - Binodal to water+butanol+2HEAPr 
system at 293.15, 313.15 and 333.15 K. 

Figure 2 - Tie-lines to water+butanol+ 
2HEAA system at 333.15 K. 
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Introduction 
 
The unique properties of silk fibroin (SF) such as slow biodegradation, superior mechanical properties, 
favorable processability in combination with biocompatibility and non-toxicity have fueled wide 
interest in this material for a great variety of applications, including an important biomedical usage. 
Concretely, SF obtained from the Bombyx mori silkworm is a promising material for drug delivery 
and tissue engineering. Silks are insoluble in most solvents, including water, dilute acid and alkali. 
The enhanced stability of silk biomaterials is attributed to their extensive hydrogen bonding, the 
hydrophobic nature of much of the protein, and significant degree of crystallinity[1]. 
 
Traditionally, two solvent systems have been used to dissolve degummed silk fibres: ionic aqueous 
solutions, such as 9.3M LiBr or 50% (w/v) CaCl2 solution and ionic hydro-alcoholic solutions such as 
a CaCl2/Ethanol/Water mixture (Ajisawa´s reagent). These solutions require extensive dialysis in 
deionized water before being concentrated to the required level. However, the processes of both 
dialysis and concentration are time-consuming, and the solutions are unstable, with a short half life 
before the protein becomes unstable and aggregates to a gel state. For these reasons, the use of ILs for 
silk dissolution is a considerably greener option compared with the traditional ways of dissolution 
mentioned above. In addition, the process of silk dissolution was improved by applying high-power 
ultrasounds to the SIL mixture to accelerate the process, thus avoiding long heating treatments, and 
adding water to reduce the viscosity[2]. 
 
The first aim of this work was to obtain silk fibroin nanoparticles from ionic liquid (1-ethyl-3-
mehylimidazolium acetate)-silk fibroin solutions with different coagulation solvents (DMSO, ethanol 
and methanol) by the use of a spray. The second aim was to carry out the nanoparticles 
characterization (size and Z potential) by DLS (Dynamic Light Scattering). 

 
Experimental Method 
 
Nanoparticle preparation was based on the method previously described by Zhang et al. with 
modifications[3]. The protocol for preparing nanoparticles of silk fibroin is shown in Figure 1. 



 

 
Figure 1. Schema of silk nanoparticles preparation using ILs 

 
Results and Discussion 
 
Silk fibroin was successfully dissolved in 1-ethyl-3-methylimidazolium acetate, [emim+][Ac-]. The 
previously prepared silk-ionic liquid solution was added by a spray onto an excess of DMSO, 
methanol and ethanol while gently stirring. Coagulation of nanoparticles with methanol and ethanol 
was succesful enough. A milky white suspension appeared a few seconds and the suspension was 
stirred to ensure the complete transformation to β-Sheet.  However, coagulation was imposible with 
DMSO. 
 
Table 1 shows the values of diameter, Z-potential and PdI (polidispersity index) for four sets of silk 
fibroin nanoparticles obtained with methanol and ethanol and measured before lyophilization. 
 
Table1. Characterization parameters for silk nanoparticles obtained. 

 Diameter (nm) Diametera (nm)-
mean value 

PdIb-mean 
value Zpot (mV) Zpotb (mV)-mean 

value 

MeOH 
206.86 

206 0.121 
-45.44 

-46  
206.58 -46.33 

EtOH 
171.47 

175  ± 4 0.140 
-43.17 

-46± 3 
177.99 -48.52 

a Z-average ± sd and accumulation times = 100. b Average value. 
 
 
Conclusions 
According to the results obtained, we can conclude that methanol and ethanol are good coagulation 
solvents to get silk fibroin nanoparticles. In addition, silk fibroin nanoparticles obtained using ethanol 
have a lower diameter (≈ 15%) than using methanol. 
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Introduction 
 
The study of Ionic Liquids (ILs) can be linked to the beginning of the XX century, even so, only 

in the last two decades there was an increasing interest of both scientific community and 

industrial players. ILs are composed only by ions and, by definition, should present melting 

temperatures below 100ºC. They generally present singular properties such as negligible vapour 

pressure, broad liquid temperature range and high specific solvent abilities. ILs are also known 

for their remarkable “designing” properties, a compelling concept that boosted their use in 

industrial applications.  

In the search for more biocompatible ionic liquids, the short chain ammonium based ones 

represent a window of opportunity as an environmental-benign and low-toxicity cation for IL 

design. 

In this work, we have synthesized distinct bistriflimide ammonium-based ILs with different alkyl 

chain size and number and type of functional groups. The aim of this study is to evaluate the 

impact of these changes on the ILs fluid phase equilibrium with molecular solvents such as 

ethers, alcohols, diols, and water, and on their thermophysical properties such as density, 

viscosity, conductivity and refractive index.  

 

Experimental  

The synthesis of the different ammonium-based ionic liquids was performed in-house. The 



density measurements were performed with an Anton Paar vibrating tube densimeter, model 

DMA5000, at temperatures ranging from 293K to 363K. A model CDM210 Radiometer 

Analytical condutimeter with an alter current of 12 V was used to measure the ionic 

conductivities. The refractive index of the pure ionic liquids was determined by the automatic 

refractometer ABBEMAT-WR Dr. Kernchen. Measurements of the dynamic viscosity for the 

pure ionic liquids were performed using the automated SVM 3000 Anton Paar rotational 

Stabinger viscometer.  

Results and discussion 

In this work, we measured the density, viscosity, conductivity, refractive index, and surface 

tension − in a large temperature interval and at atmospheric pressure − as well as the melting and 

decomposition temperatures of a series of ammonium based bistriflamide ionic liquids. The 

experimental results help on the interpretation of the structural differences between the different 

ionic liquids used. For example, using two comparable cations, [N2 1 1 3OH] and [N3 1 1 2OH] [1], the 

density is not similar, which highlights the distinct effect of increasing an alkyl chain in the 

apolar group or in the alkyl chain connected to the OH group. 

In respect to the liquid-liquid equilibria results, the most relevant outcome is that the functional 

group attached to the cation does not influence the type of phase diagram, while the choice of the 

solvent does. More specifically, lower critical solution temperatures were observed (LCST-type 

phase diagrams) for mixtures of ammonium-based ionic liquids with ethers, while upper critical 

solution temperature were measured (UCST-type phase diagrams) for all the other systems. 

However, the miscibility behavior of ionic liquids with different solvents strongly depends on 

different factors, such as the number and position of the functional groups and the size of the 

alkyl chain of the solvent, as well as the functional group of the ionic liquid. 

Auxiliary Ab Initio calculations and Molecular Dynamics simulations were used to rationalize 

some of the experimental findings and offer a deeper insight into the most relevant interactions 

that control the structure and phase behavior of these ILs. 
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Ionic liquids (ILs) have been recognized for about a century, but have only started receiving closer 
attention in the last two decades. They have recently become one of the increasingly popular “greener” 
media for different applications [1,2], not only due to their remarkable physicochemical properties but 
also for their recyclability. Although the number of publications in ionic liquids has witnessed an 
exponential growth, there are still quite unexplored areas. That is the case of the fluorinated ionic 
liquids (FILs) family. The fluorination of  ILs (fully or partially) is of particular interest in areas where 
perfluorocarbons (PFCs) find relevant applications, such as separation methods and fluorous phase 
organic synthesis, surfactants in supercritical solvents, substitutes for chlorinated solvents, 
environmental probes as dielectric solvents, and in the uranium enrichment [3]. In biomedical 
applications, PFCs are used as in vivo gas carriers in liquid ventilation or artificial blood substitute 
formulations. PFCs are totally fluorinated, inert organic compounds that can dissolve large volumes of 
respiratory gases. As they are immiscible in aqueous systems, they must be emulsified for 
intravascular administration. In fact, the transport and delivery of oxygen in vivo by other means than 
the red blood cells has become one of the most challenging research topics of the last 25 years and 
PFC-based emulsions became one of the main candidates for a safe and reliable artificial blood 
substitute [4,5]. The abovementioned wide range of applications results from the unique properties of 
inerts fluorocarbons, namely high capacity for dissolving gases, low surface tension and outstanding 
chemical and biological inertness [3]. 
The above mentioned aspects has motivated us to seek for the possibility of developing neoteric FILs 
for biomedical / biological applications. This work is based on the possibility to design and develop 
FILs to replace, partially or totally, the PFCs present in the emulsions used as oxygen therapeutics. 
With this aim in mind, a combined theoretico-experimental approach has been followed in order to 
characterize these compounds and obtain as much information as possible. For this purpose, the phase 
equilibria of FILs containing fluorinated chains equal to four carbons with water has been studied in 
order to conclude about the feasibility of partially replacing PFCs in PFCs-in-water emulsions usually 
used as oxygen carriers. In particular, the phase equilibria of  (water + FILs) binary mixtures based on 
imidazolium cation with the perfluorobutanesulfonate anion [Cnmim][PFBuSO3] has been studied, at 
atmospheric pressure in a temperature range from 298.15 to 353.15 K. The knowledge of these phase 
behaviour is crucial for the formulation of novel emulsions with tuneable properties. Furthermore, the 
critical aggregation concentrations (CACs) for these FILs in water at 298.15 K (which present cations 
and anions with surfactants properties) have been also performed by measurements of the ionic 



conductivity and surface tension. Furthermore, the self-assembled structures of FILs in aqueous 
solutions, which are essential for the application, have been evaluated using transmission electron 
microscopy and the critical packing parameter determined from surface tension measurements.  
This experimental information has been modeled using the soft-SAFT equation of state [6]. Soft-
SAFT considers the molecular effects due to repulsive and attractive interactions, chain formation and 
hydrogen bonding and builds coarse-grained molecular models for each molecule based on their 
physical properties and chemical structures, finding a characteristic set of molecular parameters for 
each compound. The equation has been proved to successfully model the phase equilibrium of 
classical ionic liquids [7]. Here, some preliminary ab-initio calculations have been carried out to 
consider the charge distribution of the molecule in order to select a representative number of 
association sites in the definition of the molecular model for the [Cnmim][PFBuSO3] FILs family. A 
set of molecular parameters is fitted to temperature-density data and is later tested to describe the 
liquid-liquid equilibrium of (water + FILs) binary mixtures. A suitable cross-association interaction 
model has been optimized for that purpose. Additionally, a critical study on the aggregate formation 
has been carried out with the equation and compared to experimental observations. An aggregate-
dependent function has been proposed to describe the crossover observed in the solubility of the FIL in 
water at high temperatures, related to the CACs. Furthermore, other interesting properties, such as the 
interfacial tension and the viscosity have been  also modeled using the Density Gradient Theory [8] 
and the Free-Volume Theory [9], integrated into the soft-SAFT framework.  
The previous assessment is completed with information on the biocompatibility and cytotoxicity 
results in different human cell cultures types [10], in order to finally choose the best fluorinated ionic 
liquids. 
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From a technological point of view, Ionic Liquids (ILs) are an exciting class of compounds of 
potential interest. During the past decade, these compounds have drawn academic and 
commercial attention due to their unusual chemical and physical properties that make them 
valuable alternatives to traditional compounds for different applications, such as separation 
and extraction processes [1]. One of the applications that is raising more interest is their 
possible use as solvents to carry the conversion of CO2 into more valuable compounds. CO2 
usually comes as a residue from plant effluent streams, mixed with other greenhouse gases 
(CH4, CO) or hazardous pollutants, such as H2S and SO2. This process can be seen as an 
alternative to the conventional technology of using chemical absorption through an aqueous 
solution of amine, which has important drawbacks, including loss of solvent, corrosion of 
facility, and high energy demand regeneration of the absorbent [2]. ILs are a possible kind of 
novel media that, with an appropriate selection, could result in a non-contaminated target gas 
especially attractive for the separation of these gases. 
 
At the current moment, there is still a need for a further understanding of the dependence of 
the gas behavior on the ionic liquid microscopic structure in order to enhance their design. 
Molecular modeling techniques provide an excellent framework to progress on this field [3]. 
In particular, molecular-based equations of state (EoSs) provide an attractive option to screen 
ILs properties and give quick answers to guide the experiments, becoming a crucial tool for 
process design.  
 
This work illustrates several practical examples based on the solubility of greenhouse and acid 
gases on different imidazolium ILs with different anions, in order to study its feasibility for 
gas separation and conversion. A simple but reliable molecular model, within the framework 
of the soft-SAFT equation of state [4] is presented for each ionic liquid based on structural 
information and molecular simulations, and coarse-grained models are used to model the 
different gases. The absorption of relevant gases for the separation/conversion process (CO2, 
CH4, CO, H2, SO2, H2S, N2O) in the ILs is modeled and compared with experimental data 
using a minimum amount of binary data. From this information, ternary diagrams are 
predicted, and the selectivity of CO2 by respect other gases is evaluated, determining the most 
appropriate solvent and the optimal operating conditions to maximize gas separation [5-7].  
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Introduction 
 
High pressure CO2 is inert, nontoxic, chemically inert, relatively cheap and it also presents high 
diffusivity and solvent power [1]. These excellent properties have made it an interesting candidate for 
polymer processing since high molecular weight molecules are generally insoluble in CO2 [2]. Several 
techniques have been developed in order to achieve the precipitation of polymers during 
polymerisation, fractionation, encapsulation or foaming processes. The feasibility of these processes is 
determined by the working conditions, solvents and molecular weight. Thus, once a ternary system 
(polymer+solvent+CO2) is selected, the pressure, temperature and concentration to carry out the 
separation must be studied and optimised. 
Although a wide variety of binary systems (solvent+CO2) has been studied, the presence of a solute 
modifies the phase behaviour, especially, in the case of polymers. According to this issue, the main 
objective of this work is the selection of the most suitable working conditions to perform the 
antisolvent process for the ternary system CO2/Limonene/PS based on its phase equilibria.  
 
Experimental section 
 
Materials 
Polystyrene (Mw 280000 g/mol) and R-(+)-limonene (97% purity) were supplied by Sigma-Aldrich 
(Spain). Carbon dioxide (99.8% purity) supplied by Carburos Metálicos S.A. (Spain). 
Experimental setup 
Experimental equilibrium data were obtained using a high-pressure variable-volume cell model ProVis 
500 (from Eurotechnica). The equipment consisted of a variable-volume cell, supplied with a front and 
upper window and light for visual observation of phase separation. The cell had a maximum capacity 
of 50 cm3 and contains a piston system to avoid pressure drops only when samples are taken. All the 
system was heated externally by an air bath. 
 
Results and Discussion 
The effect of pressure, temperature and concentration on the solubility of Limonene in CO2 and on the 
sorption of CO2 in the solution ranging from 50 to 200 bar, 25 to 40 ºC and 0.05 to 0.20 g PS/ml 
Limonene was studied (Figure 1). 
According to Figure 1.(a), the solubility of Limonene in CO2 is affected by pressure, temperature and 
concentration of polymer in the solution. Particularly, when density increases (pressure increase and 
temperature decrease) an increase in solubility is observed, since CO2 solvating power becomes 
greater. Nevertheless, an incrase in the concentration of PS in Limonene promotes a decrease in the 
solubility of the terpene in CO2 since stronger molecular forces between the polymer chains and the 
solvent are made. The nonlinear dependence of density and concentration on the solubility of 
Limonene in the vapour rich phase can be fitted by the modified Chrastil’s equation, proposed in our 
previous works [3]. 
On the other hand, the sorption of CO2 in the solution induces the phase separation and these results 



are shown in Figure 1 (b). The effect of density and concentration on sorption of CO2 is shown. At low 
values of density, the sorption of CO2 is similar to that exhibited in the binary system Limonene/CO2, 
but when density of CO2 increases, the sorption of CO2 decreases. This phenomena is explained if the 
solubility of Limonene in CO2 is considered; when density increases, Limonene is easily solubilised in 
the vapour phase and CO2 can be only arranged into the polymer. This behaviour can be also fitted 
following a modication of the Dual-Mode Sorption model [3]. 
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Figure 1. (a) Influence of CO2 density in the solubility of Limonene (kg Limonene/m3 CO2) in the 
vapour rich phase. (b) Influence of CO2 density on the sorption of CO2 (g CO2/ g Solution) in the 

polymeric rich phase at (�) 0.05 g PS/ml Limonene; (�) 0.10 g PS/ml Limonene; (�) 0.20 g PS/ml 
Limonene. Lines represent the fitted solubility and sorption data. 

 
Considering the interest of the precipitation 
process from Limonene/PS solution using CO2 
as antisolvent, the optimum conditions should 
be achieved when the solubility of Limonene 
and the sorption of CO2 are the highest. 
Nevertheless, both facts exhibit opposite trends 
and the establishment of an agreement region 
between solubility and sorption is needed. 
Thus, the boundary working conditions for the 
achievement of the antisolvent process are 
shown between the lines depicted in Figure 2. 

  
Figure 2. Limiting pressure, temperature and 

concentration to achieve the succes of the 
precipitation process. 

Conclusions 
 
The most suitable working conditions for the precipitation of PS from its solution in Limonene using 
CO2 as antisolvent can be easily obtained from the phase equilibria, including the effect of the 
polymer. 
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Introduction 
 
Precise description of the thermophysical properties and phase equilibria using equations of state 
(EoS) is essential for separation process design. The parameters of many EoS are estimated using the 
critical point conditions.  
 
Ionic liquids have been proposed as alternative solvents for numerous chemical processes including 
reaction media, separation, etc. because of their unique properties. However, ionic liquids decompose 
before reaching their critical point and, therefore, a purely hypothetical critical point should be 
somehow estimated. 
 
In this respect, several approaches have been applied to determine the critical properties of ionic 
liquids. The first one, proposed by Rebelo et al. [1], uses a modified corresponding states approach to 
correlate the critical temperature (Tc) with surface tension values at different temperatures. Another 
popular method is the modified Lydersen, Joback and Reid´s group contribution model described by 
Valderrama and Robles [2]. When comparing the critical temperatures obtained from the different 
methods, differences of more than 300 K were found for some ionic liquids.  
 
This work focuses on the effect of critical properties values of ionic liquids, on the prediction of 
thermophysical properties and phase equilibria of CO2 + ionic liquid systems using the cubic Peng-
Robinson EoS [3] and the Group Contribution EoS by Skjold-Jorgensen [4]. The ionic liquid 1-hexyl-
3-methyimidazolium tetracyanoborate ([hmim][TCB]) has been selected for this case study. 
 
Results and Discussion 
 
Two dissimilar critical temperatures were obtained for the [hmim][TCB] ionic liquid applying (i), 
Valderrama’s extended group contribution method [5] (Tc = 1276.8 K), and (ii), the surface tension 
values [6] (Tc = 735.1 K). The difference between the two values is significantly large, the former 
almost doubling the latter. Obviously, using an incorrect critical temperature affects the outcome of 
the other properties prediction. For instance, the density of the [hmim][TCB] ionic liquid at 298.15 K 
was estimated with the PR EoS with both Tc = 1276.8 K and Tc = 735.1 K resulting in 0.569 g·cm-3 
and 0.964 g·cm-3 respectively. The latter density value is much closer to the experimental datum 
(0.990 g·cm-3 [7]) than the former, which is predicted to be half of the actual density.  
Both critical temperatures were used as parameters in both the PR EoS and the GC EoS to model the 
solubility of carbon dioxide (CO2) in [hmim][TCB]. The models were used first in their fully 
predictive mode and then the binary interaction parameter (kij) was adjusted to 57 experimental VLE 
points [7] to pressures up to 12 MPa. Table 1 presents the average absolute relative deviation 
(%AARD) for the eight cases studied. 



In general, the critical temperature estimated using the surface tension correlation (Tc = 735.1 K) 
provides a more accurate prediction of the VLE for the CO2 + [hmim][TCB] system. 
 

Table 1: Effect of the Tc on the modeling of CO2 + [hmim][TCB] with PR EoS and GC EoS 
EoS Tc / K kij AARD (%) kij AARD (%) 
P.R. 735.1 0.0 24.17 -0.037 12.11 

1276.8 0.0 87.24 -0.083 13.17 
G.C. 735.1 0.0 16.76 0.959* 6.14 

1276.8 0.0 11.42 0.977* 7.15 
*Ideal value of kij = 1 for GC EoS 

 
Based on the results, Tc = 735.1 K is a more convenient value for thermophysical property estimation 
and phase equilibria calculation. Conversely, this critical temperature might be unrealistic: it was been 
found that a reasonable ratio of the normal boiling temperature and the critical temperature for ionic 
liquids is 0.7 (or even higher) [8], resulting in a boiling temperature of 515 K. Thermogravimetric 
analysis shows that the ionic liquid decompose at 678 K and no evidence of substantial evaporation 
was detected at lower temperature. In the other hand, molecular simulations for other ionic liquids 
agree with the critical temperatures estimated from the surface tension correlation values rather than 
with the group contribution by Valderrama. 
 
 
Conclusions 
 
Pure densities of ionic liquids were largely underestimated with the critical temperature value obtained 
with the method proposed by Valderrama using the PR EoS. Not only pure component properties, but 
also VLE data of the binary system CO2 + [hmim][TCB] was more accurately predicted when the 
critical temperature was regressed using surface tension data with both the PR EoS and the GC EoS. 
However, the realistic meaning of the critical temperature should carefully analyzed.  
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Introduction 

Supercritical fluid electrodeposition (SCFED) is an emerging area of research for fabricating metallic 
and semiconducting materials in a nanoscale.  A major advance during the past a few years has been 
the growth of 3-nm diameter copper nanowires in mesoporous silica templates using supercritical 
carbon dioxide (CO2) as a solvent for electrodeposition [1].  The recent development  has also 
demonstrated that a variety of metals  (Ag, Cu, Pt, Sn, Te, Bi etc. [2]) and semiconductors (Ge[3] and 
Cu7Te4) can be successfully electrodeposited from supercritical hydrofluorocarbons (HFC), such as 
difluoromethane (CH2F2) and trifluoromethane (CHF3).   

Electrodeposition offers a wide range of advantages over physical and chemical vapour deposition 
including uniform coatings into large complex-shaped objects; growth of nanowires in porous 
structures without blocking pore necks; and direct control of the deposition rate through applied 
electrical potentials.  The challenges of electrodepositing materials in small pores (<10 nm) are to 
transfer the reagents down to the bottoms of the pores, to remove the by-products generated from 
deposition, and to dry the materials after the deposition process.  Supercritical fluids (SCFs) provide a 
unique solvent system to meet these challenges because they have high diffusivity, low viscosity and 
low surface-tension, compared with the conventional aqueous and non-aqueous solvents used for 
electrodeposition.  In addition, the high solubility of the H2 gas in SCFs means the bubble formation 
can be suppressed, and hence the SCF can fully penetrate high aspect ratio nanochannels.  However, 
most of the SCFs with easily accessible critical temperatures are non-polar or low polarity molecules, 
resulting in low solvation power for ionic species.  Improving the solubility of ionic species in SCFs is 
the key to achieving a robust and versatile electrodeposition bath for SCFED.  

Experimental Method 

The phase equilibrium studies have been carried out in a large aperture variable-volume, view cell.  
The detailed description of the measurement procedures can be found elsewhere [4].  

Results and Discussion 

The first method employed to increase the solubility of ionic species is the use of mixed solvents, e.g. 
adding polar co-solvents into scCO2.  We carried out detailed studies of the phase behaviour of the 
ternary system of CO2 + CH3CN + [N(nC4H9)4][BF4] in the temperature range from 293 K and 333 K 
and pressures up to 30 MPa [2].  The first series of measurements were made for 10 mixtures with the 
molar ratio	  of [N(nC4H9)4][BF4] to CH3CN fixed at 0.012. The mole fraction of CO2 for these mixtures 
varies from 0.811to 0.897.  The second series of mixtures were studied by fixing the molar ratio of 
CH3CN to CO2 at 0.14, but varying the mole fraction of	  [N(nC4H9)4][BF4] from 8.3Í10-4 to 2.7Í10-3.  
To examine the effect of different co-solvents on the solubility enhancement, we also measured the p-
T phase diagram of the ternary system of CO2 + CH3OH + [N(nC4H9)4][BF4] at the fixed molar ratio of 
CH3OH to CO2 at 0.14.  Our results showed that for the ternary system of CO2 + CH3CN + 
[N(nC4H9)4][BF4], increasing the concentration of [N(nC4H9)4][BF4] increases the pressure required to 
form a homogeneous solution at a given temperature, and furthermore, that the more the CO2 there is 
in the system, the higher the pressure that is required.  At similar temperatures and pressures, the 
solubility of [N(nC4H9)4][BF4] is approximately 5 times higher in CH3CN + CO2 than in CH3OH + 



CO2 and therefore CH3CN is a more effective co-solvent than CH3OH although both co-solvents have 
similar dielectric constants (33 for CH3OH and 37 for CH3CN, respectively). 

The second method investigated is to use bulky fluorinated cations or anions.  We evaluated two 
fluorinated electrolytes based on [N(nC4H9)4][BF4].  For the first organic salt, [BF4]− is replaced with a 
fluorinated borate anion, [B{3,5-C6H3(CF3)2}4]−; and for the second organic salt, [N(nC4H9)4]+ is also 
replaced by [NRf

 (nC4H9)3]+ (Rf = CF3(CF2)7(CH2)3), resulting a novel electrolyte [NRf
 

(nC4H9)3][B{3,5-C6H3(CF3)2}4]. At 318 K, to completely dissolve 1.3×10-3 (mole fraction) of 
electrolytes in CO2 + CH3CN (xCH3CN/xCO2= 0.14).  The minimum pressure needed is dropped from 
19.5 MPa to 9.8 MPa by replacing [BF4]− with [B{3,5-C6H3(CF3)2}4]− and it can be decreased further, 
down to 8.5 MPa, when both the cation and the anion are replaced with the bulky fluorinated ions.   

The third approach is to use the SCFs with high dielectric constant, e.g. HFCs [5].  We first evaluated 
the three HFCs (i.e. CHF3, CH2F2, and CH2FCF3 (1,1,1,2-tetrafluoroethane) ) with the same organic 
salt ([N(nC4H9)4][BF4]).  It was found that the pressures required to form a homogeneous solution were 
much lower for the three HFC systems than for the CO2 + CH3CN system (xCH3CN/xCO2= 0.14).  
Although all of the three HFCs are good solvents to dissolve [N(nC4H9)4][BF4], the CH2F2 system has 
the lowest pr (pr = p/pc, reduced pressure) for dissolving the same amount of [N(nC4H9)4][BF4].  
Further tests on the other two electrolytes, [N(nC4H9)4][B{3,5-C6H3(CF3)2}4] and Na[B{3,5-
C6H3(CF3)2}4] in CH2F2 and CH2FCF3 have shown that the p−T phase boundaries are very similar to 
those of [N(nC4H9)4][BF4] under our experimental conditions.  

Our recent work has been extended to a wide range of electrolytes, including [N(nC4H9)4] 
[Al{OC(CF3)3}4], [N(nC4H9)4][B{O2(C6H2F2)2}2], [N(CH3)4][fap], [N(nC4H9)4][fap], [N(nC4H9)4]Cl, 
[emim][Cl], [N(nC4H9)4][NTf2], [emim][NTf2], [bmim][NTf2], Li[NTf2] and [bmim2][NTf2]2 (fap = 
tris(pentafluoroethyl)trifluorophosphate, NTF2 = bis(trifluoromethylsulfonyl)imide, emim = 1-ethyl-3-
methylimidazolium, bmim = 1-butyl-3-methylimidazolium), and metal and semiconductor precursors 
([Cu(CH3CN)4][BF4], GeCl4 etc.).  Furthermore, we have explored the use of an alternative HFC, i.e. 
1,1-difluoroethane (CH3CHF2), as the medium for electrochemistry studies.  CH3CHF2 has a critical 
temperature of 386 K (35 K higher than that of CH2F2), which will allow us to increase the 
temperature of electrodeposition processes, probably resulting in high-quality semi-conductors. 

Conclusions 

We have shown the three approaches for enhancing the solubility of electrolytes in SCFs.  These 
approaches can be used separately or together to ensure that ionic species can be dissolved sufficiently 
in SCFs for use as the supporting electrolytes for SCFED.  
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Introduction  
Carbon dioxide and methane separation is a great issue as the produce natural gas normally occurs in 
the reservoirs with great quantity of  acid gases as CO2, for example the gas produced in the Brazil 
pre-salt area has a high carbon dioxide content.  Moreover gas miscible in oil as  CO2 or N2 are 
injected in oil reservoirs to increase oil or gas recovery[1]. Biogas also has a high CO2 content (38-
40%)[2]. Removal of acid gases as carbon dioxide and water increases the caloric content of natural 
gas and reduces corrosion in gas lines. Ionic liquids could be used to promote this separation, protic 
ionic liquids based on substitute amines and carboxilate anions are seletive to methane/carbon dioxide 
separation [3,4]. This kind of  ionic liquid have the advantage of  a simple sysnthesis and purification 
leading to low production cost and appears to have a low toxicity [5].   Phase equilibria data are 
needed to design gas separations, in this work high pressure vapor equilibria data for binary 
methane+protic ionic liquid based on proprionate (Pr) anions and 2-hydroxyethylammonium (2HEA), 
bis(2-hydroxyethylammonium) (BHEA) and N-methyl-2-hydroxyethylammonium (m-2HEA) cations 
were measured. There were analyzed different concentrations of methane in the ionic liquid, for the 
CH4 + BHEAPr x = 0.01-0.06, for CH4 + 2HEAPr x = 0.01-0.07 and CH4 + m-2HEAPr x = 0.01-0.08. 
All systems studied were measured at temperatures ranging from (333-363) K and pressure up to 
150bar. The experimental data were obtained using the static method synthetic visual, employed by a 
variable-volume cell. VLE transitions have been classified as bubble point. The data were modeled 
with Peng-Robinson cubic equation of state coupled with NRTL and UNIQUAC. 
 
Experimental Section 
The ILs used were synthesized in the laboratory using the methodology proposed by Álvarez et al. [6]. 
The 1H-NMR spectra of the ionic liquids was obtained, confirming the structure and purity of the 
synthesized compounds. The water content was measured using Mettler Toledo V20 volumetric Karl-
Fischer titrator. Methane was supplied by White martins with purity better than 99.5%.   
Vapor liquid equilibria data were obtained with a static synthetic method in a high pressure variable-
volume view cell. Both the apparatus and the methodology here followed were fully described in 
previous works [7], and shown to be adequate to accurately measure vapor–liquid phase equilibrium in 
a wide range of pressures and temperatures. The experimental equipment consists of a variable-
volume cell with two sapphire windows for visual observation, an absolute pressure transducer (Smar, 
model LD 301) calibrated against a digital multimeter HP-34401A model, uncertainty on pressure are 
calculated as 0.1 bar. The cell is connected to  thermostatic bath, temperature sensor is a thermocouple 
(T type), which was in direct contact with the fluid mixture inside the equilibrium cell, it was 
calibrated using a primary thermometer (Incoterm, 47342 model) at four fixed temperatures ranging 
from (273 to 373) K and uncertainity was calculated as of 0.1K.  Initially, the cell and all lines were 
flushed out with low-pressure methane to remove residual air. Depending on the desired global 
composition, an amount of ILs was weighed with the aid of a syringe on high precision scale (Ohaus 
Analytical Standard, with standard uncertainty of 0.0001 g) and loaded into the cell. Then, the syringe 
pump (ISCO, model 260D) is maintained at fixed temperature and pressure, in order to make  possible 
calculating the density of methane. Under these conditions the gas was pumped into the cell to reach 
the pre-established global composition. The amount of methane charged was monitored via a valve 



millimeter by changing the total mass of container transfer syringe pump. On the basis of the 
uncertainties of the mass introduced, it was possible to estimate, through propagation of error analysis, 
that the maximum uncertainties in mole fraction values were never greater than 0.001 for methane.   
 
Results and Discussion 
VLE data are reported on fig 1. Data of CH4 + m-2HEAPr were compared with Carvalho and 
Coutinho [4] data with a very low deviation. It could be observed that the methyl group in the 
amine leads to a lower solubility of methane. Data were correlated with Peng-Robinson 
equation of state in vapor phase and the activity coefficient models on liquid phases NRTL 
and UNIQUAC. Area and surface parameters for UNIQUAC was calculated using a quantum 
mechanics package. A satisfactorily description is obtained with these models. Parameters for 
NRTL are reported on table 1.  

 
Figure 1. VLE experimental data for: a) CH4+ m-2HEAPr; b) CH4+ BHEAPr, c) CH4+ 2HEAPr 

  
Table 1. Binary interaction parameters for NRTL model.  

i component j component αij A(0)ij A(0)ji A(1)ij A(1)ij 

Methane (1) m2HEAPr (2) 0.4 -303.15 973.27 39.065 -14.902 
Methane (1) 2HDEAPr (2) 0.4 106.69 902.91 0.19197 -0.54967 
Methane (1) 2HEAPr (2) 0.4 1904.7 -173.00 -45.873 21.601 

(0) (1) ( )
(0) (1) ( )

ij

ji

g A ij A ij T K
g A ji A ji T K
= + ⋅

= + ⋅
 

 
Conclusions 
 
Methane solubility in IL formed by proprionate anion  is higher in the N-methyl-2-hydroxyammoium 
cation. Solubility on 2HEAPr and BHEAPr have similar magnitudes. Data are well correlated with a 
simple cubic equation coupled with a activity coeficient model for liquid phase.  
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Introduction 
 
Alternative and renewable energy technologies are being sought throughout the world to reduce 
pollutant emissions and increase the efficiency of energy use. Recently n-butanol has been proposed as 
an alternative to conventional gasoline and diesel fuels [1, 2]. 
Interest in butanols as a second-generation biofuel has increased because they have many advantages 
over other potential alternative fuel candidates such as ethanol. At 85% by volume with gasoline, 
butanols can be demonstrated to work in the internal combustion engine designed for use with gasoline 
without modification (unlike 85% ethanol, E85). They have a higher energy content for a given 
volume than ethanol, and almost as much as gasoline. And butanol is an oxygenated hydrocarbon like 
methanol, ethanol etc. with a similar contribution to the antiknock effect. Oxygenated fuels have been 
shown to improve reforming activity and reduce carbon monoxide emissions, and are less susceptible 
to separation in the presence of water than ethanol/gasoline blends, therefore allowing use of the 
industry’s existing distribution infrastructure without requiring modifications to blending facilities, 
storage tanks or retail station pumps. 
 
Experimental section 
 
Density of 2-butanol has been measured under pressure and reported in this work using a vibrating 
tube densimeter. Experimental densities have been measured at 293.15, 298.15, 313.15, 333.15, 
353.15, 373.15 and 393.15 K and at pressures up to 100 MPa. The experimental values were correlated 
using a Tait-type equation.  
 
Results and Discussion 
 
Excess volumes have been calculated from the experimental data and fitted by the Redlich–Kister 
equation. In addition, the isobaric thermal expansivity and the isothermal compressibility have been 
derived from the Tait-like equation. 
 
Conclusions 
 
Density decreases when temperature increases. As the temperature interval considered here is 
sufficiently large, the behaviour of the density versus temperature is non linear (more particularly at 
low pressure). Density increases when pressure increases. The shape of the isothermal curves of the 
density versus pressure is compatible with the logarithmic relationship used in the Tait-type density 
relation used to model the influence of pressure on density. 
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Introduction 
Two phase enzymatic reaction systems are frequently encountered for operation of chemical synthesis. In these 
systems, reactants and catalyst can exist in different liquid phases, allowing novel synthesis paths as well as 
higher selectivity, conversion and yield. The non-aqueous phase may be an organic solvent, a supercritical 
solvent, an ionic liquid or a fluorinated solvent, or even an other immiscible aqueous phase [1,2]. When the 
reaction is likely to be equilibrated, because of the partition of constituants between phases, the value at 
equilibrium is not straightforwardly evaluated, and this makes inconvenient the evaluation of optimal operating 
conditions. From a reaction engineering point of view, the maximization of equilibrium conversion and product 
yield are main criteria for reactions optimization, next to catalyst activity, selectivity and stability. We propose 
here a computational procedure based on conventional thermodynamics and using available well known 
predictive modeling, such as the UNIFAC [3] approach. Our approach will be validated by comparison with 
experiments for a typical configuration: the enzymatic esterification of a fatty acid, oleic acid, by n-butanol.  
 
Methods 
Materials and experimental procedure 
For all experiments, the lipase of Rizhomucor Miehei was used. This enzyme is dissolved in the aqueous phase 
and in the second organic phase all reactants are dissolved. The reaction is considered to start when the catalyst 
(3g/L) was added. Each sample (2 mL) was titrated for the residual oleic acid content, using a 0.01M KOH 
solution and equilibrium is assumed when the residual oleic acid content is no longer varying over time. The 
substrate conversion was calculated by comparing the final acidity value to the initial one. 
 
Mathematical model 
The overall reaction equation of esterification is written as:  
Ac+Al↔Es+Wa                                                                    
where Ac denotes oleic acid, Al refers to n-butanol, Es is n-butyl oleate and Wa refers to water.  
Because of the absence of information in thermodynamics databases on the standard Gibbs energy of formation 
of n-butyl oleate, the reaction equilibrium constant cannot be obtained theoretically. Therefore, the value of the 
equilibrium constant written with organic phase composition (Korg) was calculated from our experimental data 
at 298K. Whit this Korg value, equilibrium conversion was predicted using an  iterative algorithm. Activity of 
each compound was estimated by the UNIFAC model. 
 
Results and Discussion 
Influence of initial reaction conditions on equilibrium conversion of reaction 
For esterification reactions in a two phase media, the phase volume ratio (V), define here as Vorg/Vaqu, as well as  
the initial ratio between reactants (S) are importants parameters that affects equilibrium conversion [4-5]. 
Figure 1 (a and b) show that equilibrium conversion increase with both V and S. The predictions fit well with 
the experimental outcome.  
In order to evaluate the influence of solvent polarity on equilibrium conversion, different mixtures of n-heptane 
(log P = 4.50) and 5-methyl-2-hexanone (5M2H) (log P = 1.88), were tested. Figure 1(c) shows that increasing 
proportion of 5M2H in n-heptane decreases the equilibrium conversion. Also, experiments with decane (log P = 
6.25) [6], a highly non polar solvent with similar properties as heptane (log P = 4.5) [6], were performed and 
calculated and experimental data proved to be  similar to those obtained with heptane. 
Several experiments were carried out at different temperatures in order to evaluate the influence of temperature 
on conversion at equilibrium. The value of the reaction enthalpy, ∆H°, was found to be 28.44 kJ/mol, a low 
value corresponding to a very moderately endothermic reaction. Therefore, the influence of temperature on 
equilibrium constant and therefore on equilibrium conversion was not significant in the temperature range used 
(290-315K). 
 



Effect of different initial reaction conditions on the thermodynamic activities of reactants 
Figure 2 points out variations of initial reactant activities as a function of different reaction conditions. Note 
that the main effect is observed on values f n-butanol activity. According to the Le Chatelier's principle, 
changing the activity of chemical specie shifts the equilibrium to the side that would reduce that change in 
activity. In these cases, where the n-butanol activity is increased, the reaction equilibrium is shifted towards 
products according to the results showed below.  

 
 
) 

 
 
Conclusion  
In this study a systematic methodology, based on a conventional UNIFAC model, was presented to calculate 
the final equilibrium conversion of a reaction in a liquid two-phase system. It appeared that to maximize 
equilibrium conversion, the key parameter is the value of the thermodynamic activity of the alcohol (n-butanol, 
in this case). We considered here a short chain alcohol and it is very likely that the influence of the operating 
parameters would be different with a long chain alcohol, but our model, through the evaluation of the activity 
of this compound, would be able to predict also the best adapted conditions for this case.  
Thus, we proposed here a robust methodology enable to predict suitable conditions for equilibrium conversion 
in biphasic reactions which are an essential tool to prevent high economical and time effort of large numbers 
experiments needed for a reaction optimization. 
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Figure 1. Equilibrium conversion as a function of: a) 
ratio beetwen volume phases, b) ration beetwen initial 
amount of reactants, c) 5M2H proportion in n-heptane 

Figure 2. Initial activity of  reactants as a function of: a) 
ratio beetwen volume phases, b) ratio beetwen initial 
amount of reactants, c) 5M2H proportion in n-heptane 
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Introduction 
 
In the hydrometallurgy process, specifically in the solvent extraction stage, the organic solvents are the 
most widely used to decrease the impurities of the pregnant leach solution and also to concentrate the 
metallic ion of interest, unfortunately these solvents are highly volatile and pollutants. Thus, an 
alternative to the traditional solvent extraction process would be the application of ATPSs. 
The aqueous two phases systems (ATPS) have been widely studied  [1-4] and are recognized as an 
economical and efficient downstream processing method, offering several advantages such as low 
cost, environmentally friendly, low viscosity and short time phase splitting [5, 6]. 
In the present work, the liquid-liquid equilibrium (LLE) data for the ATPS formed by Na2MoO4 + 
PEG 4000 + H2O at T = (288.15, 298.15 and 308.15) K are reported and correlated with the 
UNIQUAC model [7]. Later, these liquid-liquid equilibrium data will allow to plan the partition 
experiences of metal ions. Regarding to this system, there is no report of its phase diagram at T = 
(288.15, 298.15 and 308.15) K. 
 
Experimental 
 
Chemicals 
Synthesis grade PEG with an average molar mass of 4000(3500–4500) and sodium molybdate 
dihydrate with a purity of >0.99, were procured by Merck, both reagents were used with-out further 
purification. Deionized water was used in all experiments (Milli-Q,Millipore, κ = 0.054  µS·cm-1). 
 
Apparatus and procedure 
The binodal curves were determined using a turbidimetric method [7], adding small amounts of 
Na2MoO4·2H2O or PEG (typi-cally 0.001 g) to the respective aqueous solution, later this solution is 
shaken and sets to constant temperature by some minutes, this procedure is repeated until a change in 
turbidity appeared, indicative of the formation of a second liquid phase.	  The tie-lines were determined 
from mixtures of known overall composition above the binodal curve, which were agitated for 48 h in 
a rotatory bath with the temperature controlled to within ±0.1 K. The biphasic solutions obtained were 
allowed to settle for 24 h at the desired temperature. All solutions were prepared by mass in a Mettler 
Toledo C. AX-204 analytical balance of precision ±0.07 mg. When equilibrium was achieved, the top 
and bottom phases were withdrawn using syringes and needles to determine the composition of each 
phase. The concentration of Na2MoO4 was determined by sodium analysis using atomic absorption 
spectroscopy (AAS). The AAS measurements were performed using Varian Atomic Absorption 
Spectrophotometer model 220. The PEG concentration was determinate using an empirical equation, 
which related the concentrations of sodium molybdate and PEG. 
 
Results and Discussion 
 



In this work the experimental equilibrium compositions of the aqueous two-phase system (Na2MoO4 + 
PEG 4000 + water) at three temperatures 288.15, 298.15 and 308.15 K were obtained by turbidimetric 
method. The experimental data for each of the curves binodals are shown in Figure 1. Figure 2 shows 
the tie-lines obtained at 308.15 K, similar results were obtained to the other temperatures.  
 

 
Figure 1. Binodal curves for the (Na2MoO4 (s) 

+ PEG 4000 (p) + H2O (w)) system: –�–
288.15 K, –¡– 298.15 K and –�–308.15 K . 

 
Figure 2. Phase diagram of the Na2MoO4 (s) + 
PEG 4000 (p) + H2O (w) system at 308.15 K: 

–�– tie-lines, –�– binodal. 
  

 
Figure 1 shows that when temperature increased from 288.15 to 298.15 and after to 308.15 K, the 
binodal curves are moved to the closest section to the chart axes, increasing the biphasic area. Also, it 
shows that the sodium molybdate increases its capacity to induce the phase separation as temperature 
increases. The polymer and sodium molybdate interactions decrease as temperature increases and a 
small fraction of the electrolyte is bound to the polymer, leaving the amount enough of sodium 
molybdate in solution to cause phase separation, as reported by Silva and Loh [8], and Claros et al. [9]. 
A good agreement was obtained between the experimental data and the correlated data with the 
UNIQUAC model, a standard deviation less than 0.001 was obtained. 
 
Conclusions 
 
The liquid + liquid equilibrium data for the Na2MoO4 + PEG 4000 + H2O aqueous two-phase system 
at T = (288.15, 298.15 and 308.15) K were obtained and correlated. The experimental data shown that 
the temperature increases as biphasic area increase. This last indicates that the sodium molybdate has 
higher capacity to induce the phase separation as temperature increases. 
The experimental results were satisfactorily correlated with the UNIQUAC model. 
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Introduction 
The present work is part of the thermodynamics research that our group is conducting. The research is 
focused on the separation of alcohol and water azeotropic mixtures by using different solvents. In this 
way, we have studied the possible use of ethylenglycol [1], 2-methoxyethanol [2] or isobutyl acetate 
(in this work) as a solvent in an extractive distillation process.So, the behaviour of isobutyl alcohol as 
possible entrainer for separating ethanol or 1-propanol and water is analyzed. Thus, isobaric VLE data 
for the two ternary systems, ethanol (1a) + water (2) + isobutyl alcohol (3) and 1-propanol (1b) + 
water (2) + isobutyl alcohol (3) at 101.3 kPa were mesasured.  
 
Experimental section 
A dynamic-recirculating still equipped with a Cottrel circulation pump was used for equilibrium 
determinations. Compositions of the liquid and condensed vapor phase samples were determined by 
gas chromatography. The accuracy of experimental measurements was ± 0.02 K in temperature, ± 0.1 
kPa in pressure, and ± 0.002 in mole fraction. 
 
Results and Discussion 
The VLE data for the ternary systems are shown in Figs. 1 and 2. A minimum boiling temperature 
azeotrope at x1 ≈ 0.61 and T = 361.65 K for the system water (2) + isobutyl alcohol (3) is present. 
The experimental VLE data for each ternary system have been correlated using the Wilson, the NRTL 
and the UNIQUAC local composition models. The activity coefficients γi were calculated assuming 
non-ideality of both liquid and vapour phases 
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Figure 1. VLE data for the ethanol (1a) + water 
(2) + isobutyl alcohol ternary system at 101.3 

kPa 
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Figure 2. VLE data for the 1-propanol (1b) + 
water (2) + isobutyl alcohol ternary system at 

101.3 kPa



In Figs. 3 and 4, the correlated ternary VLE data with NRTL model were plotted on a solvent-free 
basis together with the results obtained for other solvents (ethylene glycol and 2-methoxyethanol). As 
can be seen, the isobutyl alcohol reverses the volatility of the alcohol + water original mixtures. 
However, the presence of a binary azeotrope between water and isobutyl alcohol causes the 
appearance of a distillation boundary (separatrix) between this azeotrope and the alcohol + water 
azeotrope. As a result, the ternary composition diagram is divided into two distillation regions, making 
unfeasible the separation of alcohol and water by extractive distillation.  
 
Conclusions 
Isobutyl alcohol has been proposed as entrainer for the separation of the binary mixtures ethanol (1a) + 
water (2) and 1-propanol (1b) + water (2) by an extractive distillation process. In this way, VLE data 
at 101.3 kPa have been determined for the ternary systems. All data were declared thermodynamically 
consistent. Good values for average deviations were obtained after correlating the VLE data using 
Wilson, NRTL, and UNIQUAC models. 
Separation of alcohol+water mixtures by extractive distillation using isobutyl alcohol as entrainer is 
very difficult since the azeotrope formed by water+isobutyl alcohol originates a separatrix which links 
both binary azeotropes and delimits two distillation regions. As a result, it can be concluded that 
isobutyl alcohol is not a good entrainer for the alcohol + water separation. 
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Figure 3. VLE data plotted plotted on a 

solvent-free basis for the system ethanol (1a) + 
water (2) + entrainer (3) for x3 =0.7 
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Figure 4. VLE data plotted plotted on a 

solvent-free basis for the system 1-propanol 
(1b) + water (2) + entrainer (3) for x3 =0.7
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Introduction 
 
In recent years, ionic liquids (ILs) have been shown to be good solvents for use in many chemical and 
biochemical processes. The use of ionic liquids as entrainer for extractive distillation, salt distillation 
of azeotropes or close boiling mixtures are considered in the industry, because of their extremely low 
vapor pressures, thermal stabilities and a high solvating capacity for organic, inorganic and 
organometallic compounds [1]. However, the extraction of the compounds from the ionic liquid 
medium need to be further studied, since it often involved the use of the conventional extraction 
technique of destillation, which demands high energy consumption. The extraction which supercritical 
carbon dioxide has been shown to be a very promising alternative from an environmental point of 
view. Recent research has demonstrated the possibility of carrying out integral green biocatalytic 
processes by combining these two different neoteric solvents, room temperature ILs and supercritical 
carbon dioxide (scCO2). In order to study the use of scCO2 as solvent extraction of the substrates 
from the IL phase, n-hexane could be use as reference organic solvent because its solvent capability is 
comparable to that of scCO2 in mild operating conditions. In our group, previous works about the 
application of ILs in the separation processes [2,3] showed the growing interest in the equilibria data 
in order to increase the amount of physico-chemical data available for ternary mixtures involving ionic 
liquids and therefore to create a database of knowledge relating to their applicability in separation 
processes.  
 
The aim of this work was to evaluate the liquid-liquid equilibrium of four ternary systems containing 
the room temperature ionic liquid 1-hexyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide, 
[hmim+][NTf2

-] + n-hexane + an organic compound involved in the racemic resolution of rac-2-
pentanol (rac-2-pentanol, vinyl butyrate, rac-2-pentyl butyrate and butyric acid) at 303.15 K and 
atmospheric pressure. 
 
Experimental Method 
 
The binodal (solubility) curves were determined, when possible, by titrating binary mixtures of known 
compositions with the third component. The end point was observed by the disappearance of turbidity 
in the sample, using the “cloud point” method[4]. The determination of the tie line data for the ternary 
mixtures was carried out by correlating compositions of the two immiscible liquid phases of the 
conjugate solutions. Mixtures of known overall composition of the three components in the immiscible 



region were prepared, shaken vigorously and left overnight to allow the separation into two phase 
ternary mixtures. The refractive index was obtained for the ionic liquid-rich phase by a refractometer 
and was related to a calibration curve, previously obtained, to determine the composition of this phase. 
The composition of the hexane-rich phase was analyzed by gas cromatography (GC). Each tie line was 
checked to ensure that it passed through the composition of the overall mixture. The tie line data have 
been correlated through the use of the NRTL (non-random two-liquids) equation.  
  
Results and Discussion 
 
In Figure 1 an example of binodal curve and tie lines obtained for the [hmim+][NTf2

-]+n-
hexane+organic compound system is shown. Figure 2 shows the fitting of experimental values by 
NRTL equation in one of the systems. 
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Figure 1. Binodal curve and tie lines for 
ternary mixture of [hmim+][NTf2

-] + Butyric 
Acid + n-hexane at 303.15 K.  

                                                                    

Figure 2.  Experimental values and correlated  
values by NRTL equation for ternary mixture 
of [hmim+][NTf2

-] + 2-pentanol + n-hexane at 
303.15 K

 
Conclusions 
 
According to the results obtained, we can conclude that the slope of the tie lines is positive in the four 
systems, as we can expected, because [hmim+][NTf2

-] is a highly hydrophobic ionic liquid and the 
slope of the tie lines depends on the relative polarity between the ionic liquid and the organic 
compound. In addition, all experimental data were correlated with the NRTL model and the fit was 
quite good. 
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Introduction 
 
The present work was undertaken as a part of thermodynamic research on the separation of paraffins 
and olefins using different solvents. In this work, 1-hexene and n-hexane are taken to represent olefins 
and paraffins mixtures and the capability of diethyl carbonate and methyl isobutyl ketone as possible 
entrainers is investigated. These two solvents were previously studied in the separation of cyclohexane 
and cyclohexene by extractive distillation with satisfactory results [1-2]. In this work, isobaric VLE 
data have been measured at 100 kPa for the two ternary systems 1-hexene (1) + n-hexane (2) + diethyl 
carbonate (3a) and 1-hexene (1) + n-hexane (2) + methyl isobutyl ketone (3b) and constituent binary 
systems.  
 
Experimental Section  
 
A dynamic-recirculating still equipped with a Cottrel circulation pump was used in the equilibrium 
determinations. Compositions of the liquid and condensed vapor phase samples were determined by 
gas chromatography. The accuracy of experimental measurements was ±0.02 K in temperature, ±0.1 
kPa in pressure, and ±0.001 in mole fraction. 
 
Results and Discussion 
 
The thermodynamic consistency of experimental data has been verified. All binary systems deviate 
positively from ideality without the presence of an azeotrope. The VLE data for the ternary systems 
are shown in Figures 1 and 2. 
The binary VLE data have been well correlated using local composition models (Wilson, NRTL and 
UNIQUAC). These parameters has been used to estimate VLE ternary data and have been plotted on a 
solvent-free basis diagrams for different compositions of the solvents (x3). Figure 3 shows the results 
obtained using NRTL model. According to this figure, the two proposed solvents show a poor 
behavior as extractive distillation entrainers because the two values of mean relative volatility in the 
presence of the solvents are closer to unity than the original solvent-free value. Additionally, a reversal 
in the initial binary mixture volatility is produced for high compositions of the solvents. These results 
are completely different from the obtained in the previous works with cyclohexane and cyclohexene 
with the same solvents [1-2]. However, these solvent effects in the binary sytem 1-hexene + n-hexane 
are very similar to the found with 2-pentanol and ethyl butyrate [3], and imply the refusal of the 
candidates entrainers for extractive distillation to separate 1-hexene from n-hexane. 
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Figure 1. VLE data for 1-hexene (1) + hexane 
(2) + diethyl carbonate (3a) ternary system at 
100 kPa 
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Figure 2. VLE data for the 1-hexene (1) + 
hexane (2) + methyl isobutyl ketone (3b) 
ternary system at 100 kPa 
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Figure 3. VLE data plotted on a solvent-free basis for the system 1-hexene (1) + hexane (2) + solvent 
(3) at 100.0 kPa: (a) Diethyl carbonate; (b) Methyl isobutyl ketone 

 
Conclusions 
 
From the results, it is observed that diethyl carbonate and methyl isobutyl ketone decrease the relative 
volatility of 1-hexene to n-hexane, even they invert this relative volatility for high compositions of the 
solvents. So, neither diethyl carbonate nor methyl isobutyl ketone are good entrainers for extractive 
distillation to separate 1-hexene from n-hexane. 
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Introduction 
 
Hydrofluoroether fluids (HFEs) are being used as third generation alternatives to replace CFCs 
(chlorofluorocarbons), HCFCs (hydrochlorofluorocarbons) and PFCs (perflurocarbons) because of 
their nearly zero ozone depletion, relatively low global warming potential and short atmospheric 
lifetimes [1]. In addition, they may be industrially used as cleaning solvents in the electronic 
components, protective gas used in melting of alloys, decontamination of fluids and heat transfer 
fluids in the heat exchangers [2].  
Though a variety of HFEs have been synthesized, their performance and environmental properties and 
hence their utility can vary widely. For example, 2-trifluoromethyl-3-ethoxydodecafluorohexane, also 
known as HFE 7500, has zero ozone depletion potential and other favorable environmental properties. 
The high boiling point and low surface tension of HFE 7500 fluid make it ideal for use as cleaner fluid 
as pure component or in mixtures with other solvents. Moreover, its chemical and thermal stability, 
non-flammability and low toxicity make it useful for many other industrial uses, such as high-GWP 
refrigerants replacement and as heat transfer fluid. 
 
Experimental Section 
 
Experimental isobaric vapor-liquid equilibrium of the binary system HFE7500 + di-isopropyl ether are 
reported in this work. A glass i-Fischer VLE apparatus model 602 S was used in the equilibrium 
determinations. Pressure stability is better than 0.06 kPa and temperature uncertainty is ±0.04 K. 
Composition of vapor and liquid phase is estimated by means of density and speed of sound 
measurements with an Anton Paar DSA-5000 digital vibrating tube densimeter and sound velocity 
meter, with a precision of ±10−5 g cm−3, ±0.1 m·s-1. No data were found in the literature for this binary 
mixture. 
 
Results and Discussion 
 
Experimental VLE data are determined for the binary systems HFE7500 + di-isopropyl ether at the 
constant pressures of 50 and 101.325 kPa. Thermodynamical consistency of the experimental VLE 
data reported in this work has been checked out by means of different tests, the point-to-point 
Fredeslund’s and Wisniak’s consistency tests and the Wisniak’s L–W test for the binary system. 
 
Conclusions 
 
Results shown that GE>0 for the full composition range. Several equations and models have been used 
to correlate experimental VLE data: Redlich-Kister, Margules, Wilson, Van Laar, NRTL and 
UNIQUAC. In relation with the equations, better correlation results have been obtained for Wilson 
than for Margules and Van Laar equations. Concerning models, UNIQUAC model presents better 
results than NRTL model. 
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  The purpose of this work is the determination of the vapour-liquid equilibria, of heptan-2-one 
+ 1,4-dichlorobutane or 1,6-dichlorohexane with view to study the effect of specific interaction 
(carbonyl-chlorogroup) on the excess Gibbs energies of heptan-2-one +  halogenated 
hydrocarbons. 

Halogenated hydrocarbons are manufactured in large quantities and have many application (as 
refrigerant  , organics solvents  , medicines ). 

The vapor pressure of the the pure compounds and the binary mixtures were measured by 
means of a static apparatus at temperatures between (263.15  and 343.15)K . The apparatus 
allows measurements in the P range from  27 to 200 103 Pa and from 258 to 468 K .Vapor 
pressure are measured by means of pressure gauges (Rosemount ,  model 1151 DPE 22S2 , 
Minneapolis , Minn , USA, ), protected by a differential pressure indicator (MKS , 
Model615D , MKS Instruments , USA). The apparatus is described in detail in [ 1 ]. 

The data were correlated with the Antoine equation. Molar excess Gibbs energies  , GE , were 
calculated for several constant temperatures and fitted using the Redlich-Kister equation [2]. 

The experimental data of  excess molar Gibbs energies  , GE , have been compared  with 
values  using  the DISQUAC [ 3, 4 ]  group contribution Model . 
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Introduction 
 
 Hydrazine of space grade N2H4 (HPH) and its alkylated derivatives are propellants used in 
aerospace and military industry (space shuttles, engines of midcourse adjustment of satellites, 
missiles). The space grade specifications imply anhydrous high purity grade with a total organic 
compounds content much lower than 30 ppm and a water massic percentage lower than 0.5 %. These 
requirements need an efficient and complex process of extraction and purification with several 
successive operations (stripping, demixing, distillations, fractional crystallization, etc...). However, a 
relevant exploitation of the phase equilibria involved in these operations of extraction permits us to 
optimize the actual industrial process by reducing the number of purification steps and so the costs in 
reagents and energy. 
 
Results and dicussion 
 
Synthesis 
 The know-how of our team made it possible to develop an integrated original process, including 
the synthesis, extraction and purification phases. This global process involves zero carbon, zero 
solvent and zero vapour phase (Hydrazine vapours are toxic and flammable).  

The synthesis of N2H4 is carried out by the Raschig way[1], method of strictly mineral preparation 
utilizing no carbon atom. The first step is the formation of monochloramine by reaction between a 
hypochlorite solution and ammonia in the presence of an ammonium salt (yield/NaClO ≈ 100%). The 
second step is the formation of hydrazine by action of ammonia on the chloramine previously 
synthesized. The synthesis requires an excess of the amine reagent, ammonia, compared with the 
sodium hypochloride, in order to limit the parallel reactions. For the extraction process, these non-
stœchiometric conditions require then the (NH3 / N2H4) separation and the recycling of the excess 
amine upstream of the synthesis. A predictive kinetic model permits to determine the optimal 
parameters of the synthesis according to the concentration of the reagents, the pH, the temperature and 
the pressure. The optimized experimental conditions (323 K/10 bar) are sweeter than those denoted in 
the literature or used in the industry (30 bars / 403 K) for higher yields (≈ 70-80 %) and in situ 
concentrations 2 to 3 times higher. 

The synthetic solutions are complex and diluted (0.5 w% N2H4): successive operations of 
separation (distillation, crystallization, demixing) are then necessary to concentrate the useful product 
and extract it to make it corresponding to the specifications imposed by the propellant application. The 
optimization of the extraction process flow sheet requires the knowledge and exploitation of the 
equilibria between solid/liquid/vapour phases of aqueous hydrazine solutions.  
 
Extraction 
 In fact, the existence of an azeotropic phenomenon in the liquid/vapour binary system N2H4-H2O 



prevents the extraction by simple distillation and limits the separation possibilities of ultrapure 
hydrazine (azeotropic mixture of about 70 w% N2H4). So, in the industrialised process, the extraction 
of pure N2H4 is obtained by demixing of the azeotropic solutions after addition of sodium hydroxyde.  
The optimization of this unit operation needs the determination of the solid/liquid/liquid N2H4-H2O-
NaOH ternary system under atmospheric pressure (Figure 1). In fact, the demixing phenomenom 
appears during heating between 323 and 333 K[2]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 However, we notice that extraction of quasi-anhydrous N2H4 solutions could only be obtained at 
high temperatures (T > 373 K), wich implies problems of security due to the inflammability and 
toxicity of hydrazine vapours. Moreover, at 373 K, the organic solution recovered contains 92.7 w% 
N2H4, 2.4 w% NaOH and 4.9 w% H2O, with a high content of water and sodium cations, 
incompatible with spatial applications. We propose then an innovative process of extraction based on 
the presence of a miscibility gap under pressure in the solid/liquid/liquid NH3-NaOH-H2O ternary 
system. Ammonia NH3 was no more evacuated by stripping (in the traditional process) but retained in 
the demixing step, in order to apply the solvent effect to the N2H4 extraction. The optimization of 
these extraction conditions requires the knowledge of phase equilibria in the solid/liquid/liquid 
quaternary system N2H4/H2O/NaOH/NH3. Our study has therefore focused on the establishment of 
the solid-liquid-liquid isobaric ternary system H2O/NH3/NaOH. Several isotherms of this system 
were thus determined between 298 and 358 K (15 < P < 20 bar) (Figure 2). Demixing phenomenom 
appears during heating between 298 and 308 K[3]. Study of these phase equilibria was carried out in a 
thermostated stainless device under pressure designed with windows for the phase sampling. 
  
 Liquid-liquid demixing by addition of sodium hydroxyde in the NH3-NaOH-H2O ternary system 
permits to obtain a quasi-pure organic phase containing 98 w% NH3 and 2 w% H2O (T = 358 K). In 
the quaternary system N2H4/H2O/NaOH/NH3, the hydrazine recovery yield is higher than 97 %. The 
ammonia will then be simply recycled by stripping and the hydrazine will be purified by fractional 
crystallization. 
 
 
Conclusions 
 

These innovative conditions permits to reduce the number of unit operations of the extraction 
process from 7 to 4 steps with more concentrated organic phase, which could be very interesting for 
reducing energy costs and keeping a competitive position for our industrial partner. 
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Introduction 
 
Proceeding with our systematic investigation on thermodynamic properties of systems 
containing N or O-groups heterocyclic compounds [1-6], we are presently focused on excess 
enthalpy, for binary mixtures of morpholine, 1,4-dioxane, piperidine, oxane, N-methyl 
piperidine or cyclohexane with isooctane, cyclooctane and n-octane. The main aim of this 
work is to provide first some quantitative insight concerning the thermodynamic behaviour of 
the mixtures. Then, we analyse in terms of molecular interactions the sign and the magnitude 
of their excess molar enthalpy. Finally, we test the efficiency of Disquac model [7].  
 
Calorimetric measurements 
 
Excess molar enthalpies, HE, were measured at (308.15 ± 0.02) K and atmospheric pressure 
with of a flow calorimeter (model C80, Setaram). The uncertainties in HE and mole fraction 
are estimated to be less than 3 % and ± 10-3, respectively. All the chemicals (commercial 
products of a stated purity > 0.99) were used without any further purification. 
 
Results and Discussion 
 
All the studied mixtures are endothermic. The experimental HE values are in the sequences: 
cyclohexane < N-methyl piperidine < oxane < piperidine < 1,4-dioxane < morpholine and  
cyclooctane < isooctane < n octane. The results suggest that HE is mainly due to O…O 
dipole-dipole interactions and N-H…N and N-H…O hydrogen bonding between like and 
unlike molecules. HE increases with increasing of the number of O, NH or NCH3-groups 
substituted for CH2-groups in a saturated molecule as cyclohexane. The increase is more 
significant in the case of NH-group. The ramification and cyclization of a saturated molecule 
as n-octane decrease HE; the decrease is more important in the case of the cyclization. 
Disquac HE calculations are in acceptable agreement with experimental HE results. 



Conclusions 
 
Excess molar enthalpies, for binary mixtures of isooctane, cyclooctane or n-octane with 
morpholine, 1,4-dioxane, piperidine, oxane, N-methyl piperidine or cyclohexane, were 
performed by calorimetry, and were used to test the efficiency of Disquac model.  
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Introduction 
 
Oils and fats are mainly composed of triacilglycerols (usually > 95% of the total composition), which 
are composed by fatty acids forming a large and important group of organic compounds used in the 
pharmaceutical, chemical and food industry as surfactants, structuring agents for emulsification, 
gelation and coating. They also have been employed as phase change thermal storage materials 
(PCMs) [1-3]. Solid–liquid equilibria (SLE) study of lipid mixtures is crucial to understanding the 
thermodynamic behaviour of such a systems and in the design of countless unit operations. Moreover, 
the literature have been shown that these organic systems can exhibit complex behavior in the solid 
phase such as eutectic and peritectic reactions as well as different polymorphic forms [3-6].  
This work aims to analyze the SLE behavior of three binary mixtures formed by trimyristin + capric 
acid, trimyristin + lauric acid and trimyristin + stearic acid at atmospheric pressure determining their 
phase diagrams. Margules 3-suffix and NRTL models were used to model the liquid phase and the 
Slaughter and Doherty [7] approach was employed to the solid phase. 
 
Experimental section 
 
Highly pure components, without further purification, were used to prepare the binary samples in 
range of 0 to 1 in molar fraction. Both reagents were melted in a controlled temperature and in a 
presence of commercial nitrogen. The samples were weighed into aluminium crucibles and the 
determination of the experimental data were performed using Differential Scanning Calorimetry (DSC 
8500 PerkinElmer, Waltham). Before the data acquisition all samples were preteated in the DSC as 
previously described by Costa, et al [9].  
 
Results and Discussion 
 
Table 1 presents the melting temperature (Tm) and enthalpies (ΔfusH) of pure components used in this 
study along with the values founded in literature. The melting temperature values are agreed with the 
literature values as well as the melting enthalpies, except for trimyristim wich requires more 
experimental work. 
 
Table 1 Thermal properties for pure fatty components: melting temperatures (Tm), melting enthalpies 
(ΔfusH) and literature data. 
Chemical name )(KTm  )(KTm  Δ fusH kJ.mol−1( )  Δ fusH kJ.mol−1( )  

 This work Literature This work Literature 
Trimyristin 327.69 327.65 [8] 130.85 145.00 [8] 
Capric acid 305.48 305.28 [9] 27.23 28.20 [11] 
Lauric acid 318.23 318.29 [12] 34,62 38.70 [11] 
Stearic acid 343.15 343.38 [10] 52.40 59.5 [11] 



Figure 1 shows the phase diagram of trimyristin + stearic acid binary mixture. It is possible to observe 
at this figure the occurrence of the eutectic reaction in the entire phase diagram composition range at 
temperature of 325 K approximately. The eutectic point is located around 0.7 molar fraction of 
trimyristin. In this way the binary phase diagram can be divided into four different regions, two 
regions of solid-liquid equilibrium, comprehended between the eutectic temperature and the liquidus 
line, one region in which both compounds coexist in the solid phase, under the eutectic temperature, 
and one liquid region above the liquidus line. 
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Figure 1. Trimyristin + stearic acid phase diagram: (▲) eutectic temperature; (○)melting temperature. 

Conclusions 
 
The melting temperatures and enthalpies of the pure compounds agree with the literature results. The 
binary systems formed by trimyristin and fatty acids present a defined eutectic point that moves its 
position to the pure trimyristin concentration with the decrease of the fatty acid carbon chain.  
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Introduction 
 
 Biodiesel is a renewable fuel produced from vegetable oils or animal fats mainly composed by 
fatty acid esters obtained by transesterification of these oils or fats and an alcohol in an alkaline 
medium. However, the main problem of using biodiesel is its poor performance at low temperatures 
due to the formation of solid phases that can block fuel filters and pipelines, causing flow assurance 
problems and damage to the engine. It depends mainly on the concentration of saturated fatty acid 
esters [1]. Currently, the use of cold flow improvers is probably the best method to solve or mitigate 
the problem from both technical and economic points of view. These compounds act by changing the 
biodiesel cold properties: cloud point (CP), pour point (PP) or filterability temperature limit (CFPP), 
and can be of various types: thermodynamic inhibitors, filterability limit depressants [2], pour point 
depressants [3] or kinetic inhibitors. From all these inhibitors mentioned before, the thermodynamic 
inhibitors work best because they prevent the nucleation and the formation of crystals. Nevertheless, 
the most popular thermodynamic inhibitors succesfully tested for petroleum diesel (polymeric 
materials such as polyacrylate, polymethacrylate and the poly (etilen-co-vinilacetano) (EVA)) were 
ineffective in reducing the cloud point of biodiesel, in large part because they were designed to 
interrupt the process of nucleation and crystallization mixtures based on alkanes [4]. 
 
 Branched-chain fatty alcohol esters such as 3-methyl-butyl dodecanoate (isoamyl laurate) or 3-
methyl-butyl nonanoate (isoamyl nonanoate) have given satisfactory results in the reduction of the 
cloud point and increase in the induction time, that is, that are able to act as both thermodynamic 
inhibitors and kinetic inhibitors [5, 6]. Despite this, there are no known mechanisms of action of these 
inhibitors on the formation of the solid phase and only have been tested on samples of pure methyl 
palmitate and methyl biodiesel with a methyl palmitate content between 10 and 15%, and 3% methyl 
stearate [4]. Apart from that, the inhibitory capacity of the additive depends on biodiesel composition, 
for that reason additional studies are needed to verify their efficacy in the case of ethyl esters from 
different sources. 
 
 In this work, different binary mixtures of ethyl laurate, a fatty acid ethyl ester commonly found in 
biodiesel [7], with isoamyl laurate and isoamyl nonanoate, both branched-chain fatty alcohol esters, 
previously proposed as inhibitors of the gelification of soybean oil methyl esters in biodiesel [6], were 
analyzed by differential scanning calorimetry (DSC) in order to evaluate their influence on the 
corresponding liquidus line.  
 
Material and methods 
 



 Sources and purities of the compounds used in this work (ethyl laurate, isoamyl laurate and 
isoamyl nonanoate), with molecular weights 228.37, 270.45 and 228.37 g·mol-1, respectively) are 
presented in Table 1. The differential scanning calorimeter (DSC 8500 model of Perkin Elmer) was 
calibrated using indium, cyclohexane and n-decane; their purities and sources are also presented in 
Table 1.  Masses were measured in a Sartorius balance. 
 

Table 1. Sources and purities of compounds used in the experiments 
Chemical name Source Mass fraction purity 
Ethyl laurate Sigma Aldrich ≥ 0.98 
Isoamyl laurate Sigma Aldrich ≥ 0.97 
Isoamyl nonanoate Sigma Aldrich ≥ 0.96 
Indium* Perkin Elmer (calibration standard) 0.9999 
Cyclohexane* Merck ≥0.99 
n-decane* Sigma Aldrich ≥0.99 

* Compounds used only for calibrating the DSC apparatus. 

 The procedure for obtaining the temperature profile through Differential Scanning Calorimetry 
(DSC) was the same used in previous works [8-11]. 
 
Results and Discussion 

 The phase diagrams present a eutectic transition at the following temperatures: 252 K for the 
system ethyl laurate (1) + isoamyl laurate (2) and 232.4 K for the system ethyl laurate (1) + isoamyl 
nonanoate (3). Eutectic composition is 0.4 molar of ethyl laurate for the system containing isoamyl 
laurate and lower than 0.1 molar of ethyl laurate for the system containing isoamyl laurate. These 
results indicate that the components are not miscible in the solid phase, and properties of solid phase 
depend mainly on both inhibitors. Additional transitions were observed for the system containing 
isoamyl laurate, which indicates that the solid phase is more complex than a simple eutectic as 
observed for the system containing isoamyl nonanoate. Additional techniques such as microscopy or 
X-Ray are necessary to characterize those transitions and this is the object of a future work. In therms 
of inhibition capability, at compositions higher than 0.3 molar of ethyl laurate, isoamyl laurate reduces 
liquidus line in a higher grade in comparison with isoamyl nonanoate. Values range from 0.3ºC to 
8.5ºC. It means that isoamyl laurate is a better inhibitor that isoamyl nonanoate between 0.3 and 0.9 
molar of ethyl laurate. 
 
Conclusions 

No works were found in the literature to compare with the experimental data obtained in this 
work. Results show that both binary systems have a eutectic behavior and isoamyl laurate presents 
better inhibition capability than isoamyl nonanoate. The phase behavior of these systems can 
contribute to understand the mechanism of action of inhibitors to improve the performance of 
biodiesel fuel mixtures mainly composed by ethyl laurate at low temperatures.  
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Introduction 
 
Chile is one of the major production countries of lithium carbonate in the world. The lithium salts are 
obtained from the brines of Salar de Atacama, located in the north of Chile using a series of solar 
ponds and later on processed into lithium carbonate. 
An alternative to traditional solar extraction is to use chemical extraction by adding a third component 
in the solution to change the phase equilibria and promote crystallization. It can be processed at room 
temperature to produce high purity salts. In this case, the important variables to be considered include 
the miscibility of the additional solvent with the original solution, the limiting solubility of the solute 
in the additional solvent and the physical properties of the organic solvent + water + salt system [1]. 
In the literature there is little old information on crystallization of LiOH with alcohols. In this regard, 
solubilities and physicochemical properties were determined for a constant ethanol/water mass ratio of 
0.1 over the temperature range (288.15 to 308.15) K. Equations are given for these properties as a 
function of temperature [2]. Carton et al. [3, 4 and 5] reported several studies with a lithium salt.  
Literature data for the solubility of anhydrous lithium hydroxide and lithium hydroxide monohydrate 
in pure water have been compiled and critically evaluated [6]. 
In this work solubilities and physicochemical properties were determined for a different 
methanol/water mass ratio (0 to 1) over the temperature range (298.15 to 328.15) K. Equations are 
given for these properties as a function of temperature. These properties are useful in the study of the 
crystallization of lithium hydroxide from aqueous solutions by means of the addition of methanol. 
 
Experimental method 
 
For LiOH + Methanol + H2O ternary system five experiments were conducted in duplicate for 
different mass ratio of methanol / water in glass bottles of 90 ml, where the salt LiOH is added in 
excess. The samples are agitated on a water bath for three days in order to reach equilibrium at 
working temperatures, the solution decanted leaving for one day at a constant temperature. Samples 
were taken directly from the vials and syringes previously acclimated using the filters working 
temperature to prevent crystallization of solution.  
Density and speed of sonic measurements were carried out in triplicate using a Anton Paar model DSA 
5000M oscillation densimeter, with a precision of 5·10-6 kg m-3 and precision speed of sonic is  0.5 
m·s-1. 
Measurements of viscosity were performed using a standard Micro Oswald capillary, calibrated for 
automatic measurements, and controlled by a Schott model AVS-310 microprocessor accurate to 
0.01%.  
The refractive index of each solution was determined using a Anton Paar model Abbemat 350 
refractometer with a resolution of 1·10-4 units.  



Electrical conductivity was measured using an Orion model 170 conductivity-meter accurate to 0.5 % 
of the measured value. The solution was held in a jacketed vessel maintained at the working 
temperature differents by a thermostatically controlled bath.  
 
Results and Discussion 
 
The solubilities, densities, viscosities, electrical conductivities, speed of sonic, and refractive indices 
of the saturated solutions for the binary system lithium hydroxide + water and the ternary system 
lithium hydroxide + water + methanol (0 to 1 methanol/ (water + methanol) mass ratio at four different 
temperatures are determined. The solubility data and physical properties were properly correlated by 
equations depending on the temperature and mass reasons of methanol / (methanol + water). Figure 1 
shows the data corresponding to the densities and ionic conductivity determined. The experimental 
data with points and the equation with solid line.  
 

0,80

0,85

0,90

0,95

1,00

1,05

1,10

1,15

20 30 40 50 60

De
ns
ity

	  (g
/c
c)

Temperature	  °C

0

0,2

0,4

0,6

0,8

1,0

 

0
10
20
30
40
50
60
70
80

20 30 40 50 60

Co
nd

uc
tiv

ity
	  (m

S/
cm

)

Temperature	  °C

0

0,2

0,4

0,6

0,8

1

 
Figure 1. Density and conductivity of LiOH saturated in ternary system (Methanol + Water) at 25, 35, 
45 y 55 °C, for differents methanol / (methanol + H2O) mass ratio 
 
 
Conclusions 
 
These results showed a good fit among the experimental values for concentrations of the salt and the 
physical properties of the saturated solutions at four temperatures and six methanol/water mass ratio, 
in both systems (binary and ternary). 
Measurements of solubility for the binary system lithium hydroxide + water agreed with literature 
values [3-6].  
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Introduction 
 
Solvent extraction is a process widely used in industrial scale. For systems in which quantification of 
compositions in the phases at equilibrium (extract and raffinate) is laborious and/or expensive, indirect 
methods are successfully applied. Among these methods, a work proposed a combination of the cloud-
point titration method for determining binodal curve and the lever-arm rule for mass fractions of tie-
lines [1]. On the other hand, another research suggested that the compositions of each tie-line could be 
determined by a combination of refractometry and densitometry after obtaining the binodal curve by 
the cloud-point method [2]. This work aimed to compare these two indirect methods in the 
quantification of the liquid-liquid equilibrium data of a pseudoternary system composed by sunflower 
seed oil (1) + aldehyde (n-hexanal or 2-nonenal) + ethanol (3). The Othmer–Tobias correlation was 
used to ascertain the quality of the tie-line quantification. 
 
Experimental method 
 
Binodal Curve 
 
The binodal curve was obtained through the cloud-point method. In a glass cell, homogeneous binary 
systems were prepared using an analytical balance, and stirred vigorously using a magnetic stirrer. The 
system temperature was maintained constant at 293.2 ± 0.1 K. The third component was added using a 
syringe until the detection of a cloudy solution (biphasic region). 
 
Correlation between the binodal curve and physical properties [2] or the lever-arm rule [1] 
 
To correlate the binodal concentrations with the physical properties, the cloudy samples were analyzed 
in a densimeter and a refractometer. After that, two quadratic equations were obtained for correlating 
density and refraction index with mass fractions of two compounds, which enabled the quantification 
of each tie-line [2]. To quantify the composition of extract and raffinate applying the lever-arm rule to 
the relationship between extract and the overall composition [1], a sixth-degree polynomial equation 
was regressed, which related the mass fractions of two compounds within the binodal curve. 
 
Tie-line measurements and quantifications 
 
Ternary mixtures were agitated vigorously with a magnetic stirrer for 2 hours in an equilibrium glass 
cell and then rested for a period of 12 hours, allowing phase splitting. In order to quantify mass 
fractions of extract and raffinate using densitometry and refractometry, samples of each phase were 
analyzed in the densimeter and refractometer. With these two physical properties and the calibration 
curves, the mass fractions were calculated [2]. On the other hand, for quantification through the lever-
arm rule, mass fractions of sunflower seed oil in each phase were obtained gravimetrically in a 
vacuum oven. Using these data, a system of four equations and four unknowns was solved [1]. 



 
Results and Discussion 
 
Binodal Curve and Correlations for the Indirect Quantifications 
 
Polynomial equations relating mass fractions of sunflower seed oil and solutes (n-hexanal or 2-
nonenal) within binodal curves showed coefficients of determination (R2) equal to 0.9990 for both 
phases. Polynomial equations for density and refractive index as a function of mass fractions n-
hexanal and sunflower seed oil within the binodal curve showed R2 between 0.997 and 0.9997. For 2-
nonenal, R2 for polynomial equations relating physical properties and the mass fractions of anhydrous 
ethanol and 2-nonenal were between 0.992 and 0.9990. As one can see, very good correlations were 
obtained for both indirect methods. 
 
Tie-line measurements and quantifications 
 
The quantifications of tie-lines through the refractometry-densitometry method and the lever-arm rule 
for pseudoternary systems in which the solute was n-hexanal or 2-nonenal are presented in Figure 1. 
 

 
Figure 1: Liquid-liquid equilibria of sunflower seed oil + n-hexanal or 2-nonenal + anhydrous ethanol 

at 293.15 K. Legend: (�) binodal curve - raffinate; (�) binodal curve – extract, (- -◊) tie-lines 
determined through refractometry-densitometry; (___�) tie-lines determined through the lever-arm rule. 
 
As one can see, there is a good agreement among the results obtained for both methods of 
quantification. Distribution coefficients of n-hexanal calculated by using the lever-arm rule are higher 
than the values given by refractometry-densitometry for three out of five tie-lines. Mass fractions of 
four out of five top phases for n-hexanal, and three out of six bottom phases for 2-nonenal do not lie 
exactly on the binodal curves for the refractometry-densitometry method. The Othmer-Tobias equation 
was used to test the data quality of both methods. For the lever-arm rule, it presented R2 equal to 0.989 
and 0.974 for n-hexanal and 2-nonenal, respectively. For refractometry-densitometry method, it gave 
R2 equal to 0.987 and 0.991 for n-hexanal and 2-nonenal, respectively. 
 
Conclusions 
 
The indirect methods for the quantification of mass fraction of extract and raffinate phases of a 
selected pseudoternary system (sunflower seed oil + aldehyde + anhydrous ethanol) give reliable, 
similar and generally good results for both solutes (n-hexanal and 2-nonenal). 
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Introduction 
Ionic liquids are defined as salts that are liquid at below 100C. Among its properties stand out, 
large solubility, high viscosity, high thermal stability, negligible vapor pressure (characteristic 
that gave them green solvent connotation), high conductivity and wide potential window. 
Currently being extensively studied for applications in fuel cells, batteries, biosensors and 
bioeletrodos [1,2]. The protic ionic liquids are obtained from a Bronsted-Lowry acid-base 
neutralization reaction and have a labile  proton they have are proton donors and have the ability 
to form hydrogen bonds [3]. For electric aplications, conductivity is an key property to be 
evaluated however the proton mobility is also influenced by the viscosity of the substance. So 
normally data are compared using tools such as Walden plot comparative, which correlates to 
the conductivity and viscosity of KCl [4]. Both properties are influenced by the water content 
and temperature. In this work, viscosity and conductivity data for binary mixture of ionic liquids 
formed by N-methyl-2-hydroxyethylammonium and carboxylate anions are reported in the 
range of 283 to 343 K and all composition range. 
 
Experimental methodology 
The ionic liquids were prepared by stoichiometric reaction. The acid was added 
dropwise by using a titrator to the amine (base) placed in a three-way flask. At the flask 
were connected a condenser (283K) and a nitrogen injection line, in order to maintain 
the reaction environment free of moisture. The system was stirred by using a magnetic 
stirrer and the reaction temperature was controlled to an upper limit of 313K. Upon 
completion of the reaction, the system was flushed with nitrogen gas by 30 minutes and 
then placed in the rotary evaporator in vacuum for 24 hours. Water content is measured 
in a Mettler Toledo V20 volumetric Karl-Fischer titrator.There were gravimetrically prepared 
binary mixtures of the ionic liquids and double distilled MilliQ water. Water initial content is 
taken into account on mass fraction calculation. The viscosity is measured from 283 to 343 K 
with a Anton Paar SVM3000 viscometer with an uncertainty of 2%. The condutivies were 
measured in the same temperature range with a Tecnopon conductivimeter with an uncertainity 
of 0.3 mS.  
 
Results and Discussion 
The effect of water addition on the viscosity of the ionic liquid, as shown in Figure 1. It is 
observed an increase in viscosity with decreasing amount of water, as well as the decrease of 
viscosity with increasing temperature. 
In Figure 2, the effect of the anion size in viscosity was reported, it is observed the viscosity 
decreases as the anion chain is increased and the acetate has a higher viscosity due to more 
intense dipole interactions. 
 



 
 

Figure 1. Effect of water and temperature 
on the viscosity of the m-2HEAPr. 

Figure 2. Effect of anion in viscosity. 

 
Figure 3 shows the effect of temperature on the conductivity of m-2HEAPr, as expected it is 
observed that increasing the temperature increases the conductivity. Finally, with the 
construction of Walden Plot in Figure 4 the ionic liquid m-2HEAPr was classified as a poor 
ionic liquid based on the classification described by MacFarlane et al. [4].  

  
Figure 3. Effect of temperature on 
conductivity 

Figura 4. Walden plot of m-2HEAPr 

 
Conclusions 
In this work, temperature and water content effects on viscosity and condutivity were 
studied for ILs formed by N-methyl-2-hydroxy-ethyl ammonium cation and 
carboxilates anions. Both properties has a logaritmic positive trend with temperature. 
Raising the water content increases the condutivity but decreases the viscosity.  
Increasing the anion chain increases the viscosity and a decreases in the condutivity is 
expected. Using the Walden plot classification described by MacFarlane et al [4] m-
2HEAPr has been classified as a poor ionic liquid however that has already been tested 
in previous works on building bioeletrodos. [5] 
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Introduction 
 
Peloid is a maturated mud or muddy suspension/dispersion with healing and/or cosmetic properties, 
composed of a complex mixture of fine-grained materials of geologic and/or biologic origins, mineral 
water or sea water, and commonly organic compounds from a biological metabolic activity [1].  
The thermal behaviour of muds for pelotherapic purposes is a very important parameter because its 
directly relation with the therapeutic action of peloids. Therefore, such properties will be researched 
into prior to carrying out any treatment on patients. Specific heat, thermal conductivity, density, and 
viscosity are some of the most interesting physical properties [2]. 
The main objective of this work is to analyze the thermophysical behaviour of three peloids from 
Chilca (Peru), by means of the study of its specific heat, thermal conductivity, and density.  
 
 
Results and Discussion 
 
The three samples were collected from three different lagoons in the salt pans of Chilca (Peru). The 
samples were dried in a laboratory oven, at 383.15 K for 24 hours. The density has been determinated 
by picnometry, following standard ISO 3507 (accuracy 0.1%) [3]. The specific heat of the peloids has 
been measured in a CALVET microcalorimeter [4,5]. And the thermal conductivity has been 
determinated by the Decagon KD2 Pro thermal properties analyzer device [6].  
 
The results of the solid phase composition are shown in Table 1. 
 
The specific heat values are between 1500 y 2500 J/Kg·K and the thermal conductivity between 0.82 
and 0.98 W/m·K. The muds analyzed show densities between 1500 y 1700 Kg/m3.  
 
 
 
 
 
 
 
 
 
 
 
 



Table 1 
Compounds Sample 1 Sample 2 Sample 3 

LOI 17,07 5,58 21,37 
Na2O 10,22 6,51 14,52 
MgO 5,64 2,59 6,54 
Al2O3 8,08 14,00 4,62 
SiO2 31,55 56,28 19,52 
P2O5 0,31 0,26 0,36 
SO3 2,64 1,49 4,68 
Cl 7,72 2,08 12,81 

K2O 1,63 2,39 1,45 
CaO 11,82 5,42 12,39 
TiO2 0,34 0,41 0,16 
Fe2O3 2,78 2,81 1,36 

 
 
 
Conclusions 
 
The thermal behavior depends on the water content. The density decreases with the water content and 
the temperature, and on the contrary, the specific heat increases with the water content and the 
temperature. On the other hand, the thermal conductivity values decrease with the water content and 
increase with the temperature.  
 
 
References 
 
[1] C. Gomes, M.I. Carretero, M. Pozo, F. Maraver, P. Cantista, F. Armijo, J.L. Legido, F. Teixeira, 
M. Rautureau, R. Delgado Appl. Clay Sci. 75-76 (2013) 28-38. 
[2] J.L. Legido, C. Medina, M.L. Mourelle, M.I. Carretero, M. Pozo, Appl. Clay Sci. 36 (2007) 148-
160. 
[3] V. Caridad, J.M. Ortiz de Zárate, M. Khayet, J.L. Legido, Appl. Clay Sci. 93-94 (2014) 23-27. 
[4] N. Lago, J. L. Legido, M. I. Paz Andrade, I. Arias, L. M. Casás, J. Therm Anal. Calorim. 105 
(2011) 651-655. 
[5] P. V. Verdes, M.M. Mato, M. I. Paz Andrade, J.L. Legido, J. Chem. Thermodyn, 73 (2014) 224-
231. 
[6] L.M Casás, M. Pozo, C.P. Gómez, E. Pozo, L.D. Bessières, F. Plantier,  J.L. Legido, Appl. Clay 
Sci. 72 (2013) 18-25. 
 
 
Acknowledgments 
 
Group INBIOMED 2012/273 of Department of Education and Management College of the Xunta of 
Galicia, co-financed with FEDER funds. 
We are grateful to Mr Jorge Millos and Mrs Estefanía López from the CACTI (Centro de Apoyo 
Científico y Tecnológico a la Investigación, University of Vigo). 
We are also grateful to Mrs. Sofía Baz and Mrs Mª Perfecta Salgado (Dep. of Applied Physics, 
University of Vigo) for the technical support. 

 



	  

	  

Solid-liquid equilibrium in lysozyme precipitation with biodegradable salts 

José Sebastián López Velez*, Pedro de Alcântara Pessôa Filho 
 

*e-mail: jsebaslopez@gmail.com 
 

Department of Chemical Engineering, Engineering School, University of São Paulo (USP), 05424-970, 
São Paulo-SP, Brasil 

 
	  

Keywords: protein crystallization, salting out, solid – liquid equilibrium, biodegradables salts  
	  
Abstract 

 
The precipitation and crystallization of proteins are  unit operations widely used in biotechnology 
industry. The solid phase formation in these operations is usually achieved by adding a salt that 
lowers the protein solubility, i.e., the so-called salting-out phenomenon. The key information in 
precipitation or crystallization is the phase diagram, in which the solubility of a protein is presented as 
a function of system variables (temperature, pH, salt concentration). This study investigated the solid-
liquid equilibrium of hen egg-white lysozyme in solutions containing biodegradable salts, viz., sodium 
citrate, sodium tartrate and sodium succinate. The experimental solubility data were obtained as a 
function of pH and salt concentration at constant temperature. These data were correlated by 
appropriate models. All three salts were able to induce salting-out, being sodium succinate the most 
effective salt in decreasing protein solubility. These results show that these biodegradable salts are 
promising precipitating agents. 
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Introduction 
 Dimethyl carbonates are useful in organic solvents because the chemical used as solvent 
extraction processes, as well as battery technology [1,2]. Molecules carbonate base, containing an 
aromatic and aliphatic portions have special industrial interest as gasoline additives and as lubricants 
in the replacement of chlorofluorocarbons (CFCs) with the new refrigerants HFC 
(hydrofluorocarbons) [3-6]. These industrial uses are the main reason why there has been a 
considerable increase in theoretical and experimental investigations of dialkyl carbonates and mixtures 
there of with other compounds [7-9], so our research group has also focused on the study 
(measurements and models) of mixtures containing carbonate molecules. 

 The interest in the study of this mixture lies in the fact that dimethyl carbonate [10,11] has 
been considered as a replacement of traditional oxygenated gasoline additive, because it is a non-toxic 
and environmentally friendly product capable of reducing pollutant emissions as carbon monoxide. 
 
 This work presents a study of experimental surface tension for the ternary system dimethyl 
carbonate + p-xylene +n-octane binary system, in the temperature range from 288.15 K to 308.15 K 
and at atmospheric pressure. The surface tension values were fitted by a variable degree polynomial 
[10-12]. 

 
Results and Discussion 
 

The surface tension values of the ternary mixture dimethyl carbonate + p-xylene + n-octane 
are  in the range of values between 20 mN·m-1 at the temperature of 308.15 K and for molar fractions 
rich in n-octane where this property take the minimun value. On the other hand the maximun is about 
30 mN·m-1  at the temperature of  288.15 K , for molar fractions rich in dimethyl carbonate,which is 
the highest value of this property.  
  Figure 1, shows the triangular diagrame for the surface tension  of dimethyl carbonate + p-
xylene + n-octane at 288.15 K. 

 



 

Figure 1. Surface tension of dimethyl carbonate 
+ p-xylene + n-octane at T = 288.15 K. 

 

 
 
Conclusions 
 

The experimental surface tension in this system for both temperatures shows similar behavior. 
Surface tension decreases with temperature. The surface tension deviation of ternary systems are 
always negative.  
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Introduction   
 
Methylbenzenes occur in small quantities in naphtha and higher boiling fractions of petroleum. Those 
presently of commercial importance are toluene, 1,2-Dimethylbenzene (o-xylene), 1,4-
Dimethylbenzene (p-xylene), and to a much lesser extent 1,3-Dimethylbenzene (m-xylene). 
Particularly, 1,2-Dimethylbenzene is mainly used to produce phthalic anhydride for plasticizers. The 
primary sources of xylenes are reformates from catalytic reforming units, gasoline from catcraking, 
and pyrolysis gasoline from steam reforming of naphtha and gas oils. Solvent extraction is used to 
separate these aromatics from the reformate mixtures[1]. For this reason, physical properties of pure 
liquids and liquid mixtures containing aromatic and aliphatic compounds and their dependence with 
composition are very important basic data for petrochemical industry.  
Due to the lack of experimental information regards 1,2-dimethylbenzene, in this work, experimental 
data of surface tension and density of this compound with octane, nonane and decane at 298.15K and 
atmospheric pressure are presented. The surface tension deviation and the excess molar volume have 
been correlated by Redlich Kister polynomial equation. An theoretycal study has been applied in this 
mixtures using different models [2-3]. 
 
Experimental Section 
 
Surface tension was determined using an automatic tensiometer Lauda TVT2 with a total accuracy of 
the surface tension determination better than 0.1 mN.m-1. This property was assessed for both pure 
components and binary mixtures based on the principle of the pending drop volume. 
On the other hand, densities measurement of binary mixtures and its respective pure compounds were 
carried out in a vibrating-tube Anton Paar DMA 4500 densimeter, with a density repeatability of 10-5 
g.cm-3.  
 
Results and Discussion 
 
Surface tension is a consequence of the difference in the molecules distribution between the bulk and 
the surface of the liquid. The surface tension of alkanes are lower than 1,2-dimethylbenzene, and the 
deviation surface tension of the binary mixtures increases with the chain length of the alkane because 
the strength of dispersion forces increases[4] as it can be seen from Figure 1(a). 
Positives surface tension deviation represents chemical effects between the molecules while negatives 



values are obtained when physical effects and dipolar-dipolar interaction are involved [5]. For the 1,2-
dimethylbenzene + alkane binary systems studied in this work, physical effects are more dominant 
than chemical effects. 
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Figure 1. Experimental (symbols) and Redlich Kister (lines) correlation for the deviation surface 
tension (a) and excess molar volume (b)  at 298.15 K for 1,2-Dimethylbenzene (1) with alkanes (2) 
binary mixtures: octane (¡), nonane(●) and decane(▲).   
 
The densities of the alkanes are lower than 1,2-dimethylbenzene, and the density and the excess molar 
volume of the binaries mixtures increases with an increasing of the length of the alkane. Regarding 
excess molar volume, in Figure 1 (b) it can be observed that 1,2-dimethylbenzene + octane presents an 
S-shaped dependence on composition with small positive values at the highest octane concentration 
and negative values on the other extreme. However the 1,2-dimethylbenzene + nonane and 1,2-
dimethylbenzene + decane binaries mixtures present a maximum excess molar volume at the 
equimolar composition. Yang et al.[6] suggest no specific interactions in similars compounds such us 
1,4-dimethylbenzene + alkane.  
 
Conclusions 
 
Surface tension and density of 1,2-dimethylbenzene + octane, nonane or decane binary mixtures at 
298.15K and atmospheric pressure are presented. Surface tension deviation and excess molar volume 
have been calculated and correlated by Redlich Kister polynomial equation. These data allows 
comparing surface tension deviation and excess volume molar between the different dimethylbenzene 
isomers + alkane binary mixtures.  
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Introduction 
 
Physical absorption solvents are used for treating natural gas and fossil fuel streams in a number of 
ways. Glycols such as monoethylene glycol (MEG), diethylene glycol (DEG) and triethylene glycol 
(TEG) are commonly used in natural gas and fossil fuel dehydration processes.  
Natural gas often contains some quantities of heavy hydrocarbons (HHCs). The presence of HHCs can 
cause many operational and economic problems. For instance, HHCs can cause foaming and flooding 
in glycol units which are used to separate water vapor from natural gases. Precise design and 
optimization of these units normally requires accurate knowledge of phase behavior in natural gas 
components + glycol aqueous solution systems. Therefore, it is necessary to rely on accurate and 
reliable experimental data and thermodynamic models.  
This work is part of a broader project for modeling the hydrocarbon solubility in glycol aqueous 
solutions applied in the design and optimization of natural gas and fossil fuel dehydration units.  
 
Results and Discussion 
 
Experimental method 
 
In this work, we report the infinite dilution activity coefficients of 14 hydrocarbons in monoethylene 
glycol (MEG) and diethylene glycol (DEG). We use the gas-liquid chromatography technique with 
pre-saturation of gas carrier. The experimental setup used in this investigation was the same as that 
previously described by Williams-Wynn et al. [1]. In addition, the infinite dilution activity coefficients 
(γ∝) were calculated from experimental data using the equation proposed by Everett [2] and improved 
by Cruickshank et al. [3]. The solutes evaluated in this work were n-alkanes, 1-alkenes and 
cycloalkanes. On the other hand, temperatures were selected to complete and extend the range covered 
by data available in the literature (303 to 323 K). Specifically, the new data for MEG extend the that 
published by Afzal et al. [4]. For DEG, the reported temperatures fill the gap between the data 
published by Arancibia and Catoggio [5] and  Williams-Wynn et al. [6].  As examples, Figures 1 and 2 
depict the temperature dependence of normal and cyclic alkanes γ∝ in DEG, respectively. 
 



  
Figure 1: Temperature dependence of n-Alkane 
Infinite Dilution Activity Coefficient in DEG. n-
Pentane (circles), n-Hexane (diamonds), n-
Heptane(squares), n-Octane (triangles) and n-
Nonane (stars).  Empty symbols are data measured 
in this work and filled symbols data by Arancibia 
et al and Williams et al [5,6]. 

Figure 2: Cyclic alkane Infinite Dilution Activity 
Coefficient in DEG. Cyclopentane (diamonds), 
Cyclohexane (squares) and Methylcyclohexane 
(triangles). Empty symbols data measured in this 
work, filled symbols: data by Williams et al [6] .   

 
 
Thermodynamic modeling 
 
The Group Contribution (GC) with Association Equation of State (GCA-EoS) is an EoS of the SAFT 
family [7] that uses the GC approach for the attractive and association contributions. It is an extension 
to associating systems of the original GC-EoS [8], which is based on the Generalized van der Waals 
theory. In previous works, different authors have shown the capability of this model to reproduce the 
phase equilibria of complex mixtures with hydrocarbons, alcohols, amines and water [9–11]. 
In this study, the GCA-EoS will be parameterized to simultaneously model the vapor-liquid and the 
liquid-liquid equilibria of glycol and hydrocarbon mixtures with a single set of parameters. 
 
Conclusions 
 
In this work, we present new experimental data of infinite dilution activity coefficients of different 
hydrocarbons in MEG and DEG. This information will be used to extend the GCA-EoS parameter 
table in order to include glycols in a predictive GC approach. The modeling work is under preparation; 
therefore, conclusions of the second part are not available yet.  
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Introduction 
Copper sulfate has a great variety of applications in different areas, such as agriculture [1], 
environment, industry and metallurgy [2].  
There are different methodologies to obtain crystals of copper sulfate pentahydrated, the most known 
processes are by cooling [3] or evaporating [4], where the energy requirements are considerable high. 
An isothermal process is the drowning out crystallization with sulfuric acid. However, it is known that 
the addition of the sulfuric acid leads to the formation of finer crystals with fewer hydration water 
molecules [5], therefore at industrial level it is necessary to re-crystallize to obtain CuSO4•5H2O with 
the commercial purity and size. 
In the present work 2-propanol was used to modify the phase equilibrium of the system CuSO4 + 
H2SO4 + H2O at 298.15 K. Sulphuric acid is widely used in industrial applications given that copper is 
lixiviated with sulphuric acid in hydrometallurgic processes, yielding a solution of CuSO4 dissolved in 
H2O + H2SO4. 
Propanol was studied as a possible co-solvent in an effort to increase the yield in the crystallization of 
CuSO4•5H2O in isothermal form. 
 
Experimental section 
For the determination of the solubility curves of the system CuSO4 + H2SO4+(2-Propanol +H2O), 
known masses of sulfuric acid and copper (II) sulfate pentahydrate were added in excess to reach 
oversaturation of the system at a known quantity of a mixture of 2-propanol plus water at a mass ratio 
(0.04 g/g H2O) to reach slight oversaturation. A rotary thermostatic water bath was used (0.1K, 50 
rpm) with a rack for 10 glass flasks. The solutios were placed in the flasks and immersed in the rotary 
bath at 298.15K. The equilibrium time was determined using the density as parameter. A sample of the 
solution was taken from time to time until the density reached a constant value. It was determined that 
the equilibrium time is 72 hours. The copper from the saturation solutions were determined by atomic 
absorption (AA). Density was measured using a Mettler Toledo model DE-50 vibrating tube 
densimeter with a ±5·10-2 kg·m-3 precision and refractuve index was measured using a Mettler Toledo 
Co. model RE-40 refractometer with ± 1·10-4 resolution. Finally the composition of the solids was 
determined by wet redisue method in accordance with other publications. 
 
Results and Discussion 
The experimental solubility data obtained to the system CuSO4 + H2SO4 + (2-Propanol +H2O) at 
298.15 K can be seen in Figure 1.  
In this diagram three hydrates of copper sulfate are formed with five, three and one water molecules, 
where the largest area corresponds to the CuSO4•5H2O crystallization zone. To compare the effect of 
using propanol, the solubility data of Linke and Seidell [6] as shown in Figure 2 is used. 
Comparing Figure 1 to Figure 2, a difference in the copper sulfate solubility curve can be appreciated. 
Solubility expressed as grams of copper sulfate in 100 grams of solution decreases from 18.47% 
(binary solubility CuSO4 + H2O) to 13.57 % (pseudo-binary solubility CuSO4 + 2 Propanol/H2O) and 



consequently the unsaturated liquid area in the presence of propanol also decreased. As well, the 
increase in the crystallization field of copper sulfate pentahydrate and copper sulfate trihydrate in the 
system with 2-proponal was verified. 
 

Figure 1. Phase diagram for the CuSO4 + 
H2SO4 + (0.04 2-propanol + H2O) system at 
298.15 K., in mass fraction, n experimental 
equilibrium data, —― ---last value obtained 

 

 
Figure 2. Phase diagram for the CuSO4 + 
H2SO4 + H2O system at 298.15 K obtained 

from [6] 
 

The experimental data does not allow for determining the invariant for the monohydrate sulfate and 
anhydrous mixture, because of which the final line has been drawn in dashes given that it corresponds 
to the last tie line obtained within the crystallization field of copper sulfate monohydrate. 
 
Conclusions 
The presence of 2-propanol in a ratio of 2-propanol/H2O = 0.04 in the ternary system of CuSO4 + 
H2SO4 + H2O decreases the solubility of copper sulfate, making the drowning-out effect with which 
the copper sulfate pentahyrate and trihydrate crystallization fields increase. 
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Introduction 
 
The study of phase behavior of systems formed by crude oil and carbon dioxide (CO2) at high-
pressures is a challenge for scientists because the complexity of this systems and high costs of 
equipments. These data are important for the petroleum industry, once they can provide information 
about natural reservoirs, production and processing conditions, as well for enhanced oil recovery 
(EOR) projects by CO2 injection. In EOR process, the mixture of CO2 and crude oil present normally 
complex phenomena, like liquid-liquid (LLE) and liquid-liquid-vapor (VLLE) equilibrium [1], and 
sometimes, the miscibility region is not achieved even with very high pressures [2]. So, the knowledge 
of the phase behavior of these systems becomes fundamental for the success of crude oil exploration 
and EOR projects. In this work, a light crude oil was distilled in four representative fractions. Critical 
properties of distilled fractions were estimated and the phase behavior of the pseudo binary systems 
CO2 + crude oil fractions and of CO2 + crude oil were experimentally determined using static synthetic 
method. Binary interaction parameters (BIP) were estimated for each pair (CO2 + distilled fraction) 
and employed to describe the phase behavior of a CO2 + crude oil system with Peng-Robinson 
equation of state (PR-EOS) and quadratic mixing rule. 
 
Experimental 
 
Crude oil (density of 0.832 g.cm-3 at 298.15 K and API of 36.9) was fractionated in four fractions 
(named F1 to F4 from the lighter to the heavier fraction) employing a vacuum distillation process. The 
fractions were characterized in terms of vapor pressure, density, and chemical profile, from where 
critical properties of each fraction were estimated using a Particle Swarm Optimization (PSO) 
algorithm matching PR-EOS results with experimental data. Phase equilibria measurements were 
performed employing a static synthetic method with a high-pressure variable-volume view cell, similar 
to those used elsewhere [3]. High-pressure phase equilibrium data were calculated by PR-EOS with 
the van der Waals one-fluid mixing rules and the classic combining rules (geometric mean rule for the 
cross-energy and the arithmetic mean rule for the cross co-volume parameter). A PSO method, 
followed by a Newton-like algorithm, has been used to find global BIPs between CO2 and each 
fraction. A relative deviation of saturation pressures has been used as objective function in order to 
estimate the BIPs. 
 
Results and Discussion 
 
Fig. 1 and 2 depict the measured data for CO2+F1 and CO2+F2 pseudo binary systems, respectively, in 
a pressure-composition diagram (P-x-y) compared to calculated results from the thermodynamic model 
(PR-EOS) with estimated global kij. For both systems, it can be observed good agreement between 



experimental and calculated data. Fig. 3 presents the P-x-y diagram for the CO2+F3 pseudo binary 
system. For this system, a tree-phase region was observed at 293.15 K and 333.15 K for xCO2 bigger 
than 0.739 and can be attributed to the presence of heavy compounds, which are partially soluble in 
the liquid phase rich in CO2. For the representation of the CO2+F3 pseudo binary system, the BIP were 
estimated by isotherm due to its complex phase behavior. BIPs for the CO2+F4 system, were estimated 
employing experimental data of the CO2+original crude oil system, once all the other BIPs are know. 
Fig. 4 shows the excellent agreement of the PR-EOS with the experimental data, with a correlation 
factor of 0.995. 
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Fig. 1. P,x,y experimental data and calculated 

with PR-EOS for CO2 + F1 system. 
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Fig. 2. P,x,y experimental data and calculated 

with PR-EOS for CO2 + F3 system. 
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Fig. 2. P,x,y experimental data and calculated 

with PR-EOS for CO2 + F2 system. 
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Fig. 2. P,x,y experimental data and calculated 

with PR-EOS for CO2 + crude oil system. 
 

 
These results prove that the proposed methodology for obtaining, characterization and critical 
properties estimation of the crude oil pseudo components was efficient, once the phase behavior of the 
original crude oil in CO2 was precisely calculated using only information about pseudo binary 
systems. 
 
Conclusions 
 
The methodology employed in this work proved to be efficient for BIP tuning of CO2+HC fractions 
and posterior representation of the phase behavior of CO2 + original crude oil. 
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Introduction 
Menadione (2-methyl-1,4-naphthoquinone, or vitamin K3) is considered has a compound with 
biological significance for the human health. Menadione has demonstrated beneficial pharmacological 
activity in the clotting cascade [1], as well as being an important precursor for vitamins K1 and K2. The 
synthesis, purification and evaluation processes of menadione derivatives can be justified taking into 
account the potential positive pharmacologic effects of these new compounds. Supercritical (SC) 
carbon dioxide (CO2) can an appropriated solvent in isolation and purification steps from complex 
(multicomponent) mixtures, by considering its low operation temperature (avoiding thermal damages 
of solutes), and the recovery a solvent-free product from the reaction matrix [2]. The aims of this work 
were to synthetize two new solid menadione derivatives and to provide experimental data of its 
isothermal solubility in SC-CO2 (y2) as a function of the pressure (P) conditions; to correlate the 
solubility of each derivative with process temperature (T) and CO2 density. Information and data about 
solubility are basic and relevant in order to evaluate the potential use of SC-CO2 as a solvent for sub-
processes of extraction and isolation for mixtures of menadione derivatives. 

Experimental method 
The synthesis of both solid menadione derivatives, 2-(benzylamino)-3-methylnaphthalene-1,4-dione 
(derivative-1) and 3-(phenethylamino)-2-methylnaphthalene-1,4-dione (derivative-2), consisted on the 
replacement of an hydrogen atom with an amine substituent by means of a 1,4 type Michael addition 
(Scheme 1). Two menadione derivatives were obtained by adding the aromatic amine of interest to 
menadione with stirring under inert atmosphere. After the addition, the temperature was increased and 
maintained at 323 K for 4 h. The reaction mixture was then cooled to room temperature and the crude 
mixture was purified by silica flash chromatography. Yields of purified product were 68 % mol/mol 
and 71 % mol/mol for derivatives 1 and 2, respectively. The corresponding structures were confirmed 
through NMR and IR analysis. 

 
Scheme 1. Synthesis of menadione derivatives  

Solubility measurements of solid solutes in SC-CO2 were completed using a dynamic-analytical 
methodology as described in Araus et al. (2011) [2] at different temperatures 313 K, 323 K and 333 K,  
and over a pressure range from 8.4 MPa to 29 MPa. 



Results and Discussion 
Two menadione amine derivatives were obtained in good yields using a 1,4 type Michael addition 
reaction and the structures of the isolated products were confirmed through NMR and IR analysis. 
Isothermal solubility data for the binary mixtures (solid solute + CO2) is reported in Figure 1 along 
with the molecular structure of each derivative. Values of Figure 1 are an average of typically five 
solubility measurements with repeatability over 95 %. Experimental solubility in SC-CO2 ranged from 
59 µmol/mol to 368 µmol/mol for derivative-1, and from 40 µmol/mol to 205 µmol/mol for 
derivative-2. For both solutes a crossover in solubility is seen around 15 MPa. The data points of the 
three isotherms were correlated using the Mendez-Santiago and Teja (M-ST) equation [3] with root 
mean square deviations of 2.04 µmol/mol (16 data points) and 0.67 µmol/mol (14 data points) for 
derivatives 1 and 2, respectively. Solubility data with densities below 380 kg/m3 (data point. around 10 
MPa) were inconsistent with the rest of the data. The solubility of these menadione derivatives in SC-
CO2 is considerably lower than the solubility of menadione found in literature [4], as we expected 
from their larger structure. 
 

 
Figure 1. Solubility of Derivative-1 (left) and Derivative-2 (right) in SC-CO2 at (○) 313 K, (□) 323 K, and (◊) 333 K. 

Continuous lines represent the correlation of data points with M-S-T equation. 

Conclusions 
Two menadione derivatives, 2-(benzylamino)-3-methylnaphthalene-1,4-dione and 3-
(phenethylamino)-2-methylnaphthalene-1,4-dione, were synthesized with yields higher than 68 % 
mol/mol. Solubilities in SC-CO2 of both derivatives were measured at 313 K ≤ T ≤ 333 K and 8.4 MPa 
≤ P ≤ 29 MPa with results of 59 µmol/mol ≤ y2 ≤ 368 µmol/mol for 2-(benzylamino)-3-
methylnaphthalene-1,4-dione -1, and 40 µmol/mol ≤ y2 ≤  205 µmol/mol for 3-(phenethylamino)-2-
methylnaphthalene-1,4-dione. These solubility values were lower than those corresponding to 
menadione at similar conditions, due to the effect of the aromatic amine substituent (H by aromatic 
amine). Solubility data with densities higher than 380 kg/m3 collapsed to a single straight line when 
plotted according to M-ST equation, which indicates self-consistency and precision of the 
experimental methodology and apparatus. 
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Introduction 
Fruit aroma is a complex combination of numerous volatile compounds that contribute to the overall 
sensory quality of the fruit and is specific to the species and cultivar [1]. Flath et al. [2] identified and 
made an organoleptic evaluation of a 150-fold commercial “Delicious” apple essence. The authors 
found that (E)-2-hexenal, hexanal, hexanol, and ethyl-2-methylbutyrate were responsible for the apple 
odor. An alternative technology for the concentration and fractionation of fruit aromas is Counter 
Current Supercritical Fluid Fractionation (CC-SFF) in packed columns [3]. To successfully apply CC-
SFF of fruit aroma, (vapor + liquid) equilibrium (VLE) data are required for the mixture of (CO2 + 
aroma compounds + water), but there is no experimental data regarding VLE of the ternary systems 
(CO2 + (E)-2-hexenal + water) and (CO2 + hexanal + water). The main objective of this work was to 
determine the partition coefficients (ki = yi/xi) of (E)-2-hexenal and hexanal between CO2 and water in 
order to suggest reasonable initial operation conditions of temperature and pressure for CC-SFF of 
aqueous apple aroma solutions.  

Experimental 
The VLE measurements were carried out in a modified experimental apparatus assembled in order to 
measure multicomponent phase equilibrium using the static-analytical method. The main component 
of the system was a high-pressure equilibrium cell with 0.6 dm3 of total volume, and three windows 
used to verify the number of phases. The equilibrium pressure was measured using a pressure 
transducer. The temperature inside the cell was measured and adjusted to the set value with a PID 
controller connected to four electrical resistances on the cell. A syringe pump was used to feed CO2 to 
the apparatus from the storage tank. The sampling arrangement for the vapor phase included, the 
automatic electromagnetic capillary ROLSI™ sampler, that control the sampler aperture time, 
temperature and line to the gas chromatograph (GC) with a Thermal Conductivity Detector (TCD). 
The liquid phase sampling setup included a needle valve, an expansion and flow control valve and  a 
cold-trap for the phase separation. Into the cold-trap the condensable component (aqueous mixture) 
and CO2 (non-condensable component) are separated. A wet-test meter was used to measure the CO2 
content. The liquid content in the cold-trap was calculated from the mass collected, and analyzed with 
a spectrophotometer or refractometer depending on solute. Values of ki and the separation factor (αij = 
ki/kj) were determined by measuring the VLE at fixed liquid phase composition of the ternary systems 
(CO2 + (E)-2-hexenal + water) and (CO2 + hexanal + water) at a pressure range of (8 to 19) MPa and 
at temperatures of (313, 323 and 333) K. The molar composition of each component in both, liquid 
and vapour phases (zi) was calculated taking into account all components in the mixture. 

Results and Discussion 
The ki of (E)-2-hexenal at temperatures (313, 323 and 333) K and as a function of pressure (p) are 



shown in figure 1. For (E)-2-hexenal, the ki were in the range of (5 to 93), and the highest value was 
observed at a temperature 313 K and at pressures around 17 MPa. In general, the ki increased with 
increasing pressure at constant temperature. At constant pressure the ki of (E)-2-hexenal decreased 
when temperature increased. However, a crossover was found between the curves at 323 K and 333 K 
near 8 MPa and again at 16 MPa. The separation factor (αij) of (E)-2-hexenal from water as a function 
of pressure is shown in figure 2. High αij were observed, the highest value was found at a temperature 
of 313 K and at pressures around 12 MPa, at lower pressures the αij decreased rapidly, and above 14 
MPa it remained practically constant around 104. Similarly for hexanal, the ki between CO2 and water 
and the αij of hexanal from water as a function of pressure at temperatures (313, 323, and 333) K were 
determined. In this case, the values of the ki were in the range of (9 to 17), near six times lower than 
those of (E)-2-hexenal. For hexanal, the ki at 333 K was found to be higher than at 313 and 323 K 
nearly crossing over around 17 MPa. At all temperatures studied in this work, the hexanal ki increased 
as pressure increased. High αij were also found for hexanal. However, they were one order of 
magnitude lower than those of (E)-2-hexenal. For hexanal, the highest αij was found at a temperature 
of 313 K and around 17 MPa. The tendency of hexanal αij as a function of pressure showed different 
behaviour than that of (E)-2-hexenal. At lower pressure (10 MPa) the αij at all temperatures showed a 
similar value. As pressure increased lines crossed over; at 313 K the αij decreased slightly until 12 
MPa and then increased to its maximum value around 17 MPa, at 323 K αij decreased to a minimum 
near 14 MPa and increased again near 19 MPa to its maximum value, at 333 K αij decreased until 
crossed over the 323 K isotherm near 17 MPa. To he best of the author’s knowledge there is no 
experimental VLE data of the ternary system (CO2 + (E)-2-hexenal + water) and (CO2 + hexanal + 
water) in literature to compare. 
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Figure 1. Isothermal partition coefficients (ki) of (E)-2-hexenal at 
various pressures (p). This work: (¢) 313 K; (�) 323 K; (p) 
333 K. (----) Trend line. 
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from water (3) at various pressures (p). This work: (¢) 313 K; 
(�) 323 K; (p) 333 K. (----) Trend line. 

Conclusions 
New high-pressure (vapor + liquid) equilibria data for the ternary systems (CO2 + (E)-2-hexenal 
water) and (CO2 + hexanal + water) was measured using a new apparatus and methodology assembled 
in this work with standard uncertainties u(k(E)-2-hexenal) ≈ u(k hexanal) < 6. Partition coefficients and 
separation factors were derived form the measured VLE data in order to suggest reasonable 
temperature and pressure conditions for the separation of apple aromas from aqueous solutions by CC-
SFF in packed columns. Partition coefficients of (E)-2-hexenal between CO2 and water were in the 
range of (5 to 93) and where found to be near six times higher than those of hexanal (9 to 17). Higher 
separation factors for (E)-2-hexenal were found to be at pressures from (10 to 14) MPa and at 313 K. 
For hexanal higher separation factors were observed at pressures from (16 to 17) MPa and at 313 K. 
Preliminary studies on CC-SFF of these compounds should explore these conditions. 
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Introduction 

Oil industries usually inject inhibitors such as methanol and monoethylene glycol (MEG) in the head 
of the wells in order to avoid hydrate formation during the disposing of petroleum to platform. 
However, this can increase the potential of a further flow assurance problem—salt precipitation, 
commonly termed ‘salting out’ [1-3]. Therefore, reliable determination of the phase behavior of 
systems containing salts, gases and/or organic inhibitors is crucial to the success of any flow assurance 
strategy. In particular, the knowledge of the amount of carbon dioxide dissolved in MEG/water/CaCO3 
mixtures, once CO2 is responsible for carbonate formation (salt precipitation) and pH decreasing 
(corrosion) [1,4].  
This work is focused in reporting experimental data of gas solubility involving ternary and quaternary 
systems of carbon dioxide in MEG/water/CaCO3 mixtures in temperatures from (298 to 333) K, and 
pressures up to 0.5 MPa. The experimental methodology was based on the work of Nitta et al. [5], 
Ohgaki et al. [6], Dalmolin et al. [7], and Serpa et al. [8]. 

 
Experimental  

Chemicals 
Carbon dioxide (White Martins S.A.) with a mass-fraction purity of 0.999 in the liquid phase. Calcium 
carbonate (Merck) has certified purity of 0.999. MEG (Merck) has a mass-fraction purity of 0.995. 
These chemicals were used as received. Water used was doubly distilled and deionized (Milli-Q).  
 
Apparatus and Procedures 
The experimental unit consists of a cylinder of carbon dioxide, a pressure regulating valve, a vacuum 
pump and the unit for the data collection called the mobile part (gas reservoir and equilibrium cell).  
The solvent degassing is an important step in the employed methodology. A clean cell was weighed 
and filled with solvent. Freezing (using liquid nitrogen) and melting (at room temperature) under 
moderate vacuum was repeatedly performed to degassing the solvent. The procedure was typically 
conducted four or five times or until no gas bubbles were observed in the melting process.  
The entire line was evacuated, from the mobile part (gas reservoir open) to the cylinder pressure 
regulating valve, with the aid of the vacuum pump. The vacuum pump was then isolated from the 
system, and the gas was admitted into the mobile part (gas reservoir open) at a pressure slightly higher 
than that desired to obtain the experimental solubility data.  
 
Results and Discussion 

In this work, the solubility of CO2 in MEG/water/CaCO3 mixtures was determined. Figure 1 shows 
solubility data of CO2 in aqueous solutions of CaCO3, at pressures up to 0.5 MPa and at different 
temperatures (298 to 333) K. The salt concentrations in the solution was 0.012 m and correspond to 
concentrations of saturation CaCO3 in water at 293 K. The composition of mixture is always presented 
in molar CO2-free basis. Analyzing the solubility data for the gas-liquid system it is possible to verify 
the strong influence of temperature in the gas solubility. The increase of temperature leads to a 



decrease in gas solubility. Furthermore, the addition of ionic compounds reduces the solubility of 
carbon dioxide in the solution (salting-out effect).  
Carbon dioxide is more soluble in MEG than in water, as can be seen for CO2/water/MEG [8]. The 
addition of MEG dilutes the ionic strength directly[9]. Thus, the increase of MEG concentration 
induces an enhancement in the gas solubility in the solvent mixture. This trend can be better visualized 
in Figure 2, at 298 K, which also suggests a linear relation between the pressure and the amount of 
CO2 in the liquid phase.  
 

0.000 0.002 0.004 0.006
x1

1

2

3

4

5

Pr
es

su
re

 (b
ar

)

T = 298 K
T = 308 K
T = 323 K
T = 333 K

 

Figure 1. The dependence of the solubility of 
CO2 in MEG(2)/water(3)/CaCO3(4) mixtures at 
0.012 m and x2 = 0.5. Effect of temperature on 

solubility.  
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 Figure 2. P–x1 diagram for CO2(1) in 
MEG(2)/water(3)/CaCO3 (4) mixtures at 298 
K. Effect of ratio MEG/water on solubility.  

  
 

Conclusions 

This showed that pressure and temperature have positive and negative effects, respectively, on the 
solubility of carbon dioxide in the liquid phase. The addition of MEG in the liquid mixture increases 
the amount of carbon dioxide dissolved in the solution. On the other hand, the solubility of CO2 
decreases in the presence salt in the mixture (salting-out effect).  
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 Systematic investigations of intermolecular interactions and the internal structures of binary 
liquid mixtures continue to be an area of interest in physical chemistry [1]. Regarding structural 
studies, a review of the literature shows that for the analysis of this type of effect in liquid solvent 
mixtures it is possible to apply a wide range of spectral or thermochemical methods as well as studies 
on intensive macroscopic properties of solutions (density, viscosity, surface tension, etc.) carried out at 
different temperatures. Thus, using this last method, the accurate measurement of experimental data of 
physical properties in mixtures of organic liquids is required for a better understanding of their 
thermodynamic behavior. Furthermore, in recent years, interest in surface tension and interfacial 
tension has increased considerably because this property plays an important role in the design of 
contacting equipment involved in several chemical processes, as for instance gas absorption 
distillation, extraction, etc. 

 Over the last years our research group has conducted a systematic study [1-4] of the 
thermophysical properties of mixtures of hydrogen bonded molecules with n-alkanes and 1-alkanols. 
 
 This work presents a study of surface tension variation with temperature for the system n-
alkane and 1-alkanol. New experimental of surface tension data for binary mixtures of at (288.15, 
293.15, 298.15, 303.15, and 308.15) K and atmospheric pressure are reported. 

 An automatic tensiometer Lauda TVT2 was used for the determination of surface tension of 
binary mixtures which is based on the principle of the pending drop volume. The measuring device is 
the same than the previous model TVT1 described by Miller et al. [5] which basically differs only in 
the control unit. The surface tension measurement by the drop volume method can be applied to 
liquid−gas and liquid−liquid interfaces without modifications. This fact represents an advantage 
regarding the ring detachment or Wilhelmy plate methods, where disturbing and wetting effects are 
observed. Furthermore, this method requires small sample quantities, and the temperature control of 
the measurement can be set in a wide temperature range [6]. The total accuracy of the surface tension 
determination depends directly on the accuracy of the measurements of the drop volume, the capillary 
diameter, and the density difference between liquid and vapor phases and amounts to less than 0.1 mN 
m-1. 
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Introduction 
 
Targeting systems directed to the obtention of aromatics compouds from streams containing 
hydrocarbons originated from nafta, the Shell Oil Company has developed in 1959 the technology of 
extracting these substances from the use of sulfolane (tetrahydrothiophene) as a solvent in this 
separation process [1]. The Sulfolane Shell process, as it became known, combined the method of 
liquid-liquid extraction with extractive distillation which is used at the solvent recovery to its 
subsequent reuse in the process [2]. It is noteworthy that, since the solvent are quite expensive, its 
recovery is a crucial point in the extraction process. Thus, in the petrochemical industries a second 
extraction is inserted into the main process in order to recover the solvent that was ocasionally directed 
to the material stream that is full of non-aromatic compounds. This second extraction includes 
paraffinic compounds, sulfolane and water (which work as the solvent). Given the above 
considerations, this study aims to determine the liquid-liquid equilibrium data (LLE) to the sulfolane 
recovery system from a non-aromatic-rich stream (in this case represented by N-hexane) and water 
(solvent) at temperatures of 293.15, 303.15 and 313.15K under atmospheric pressure. 
 
Experimental Section 
 
Materials 
 
The sulfolane used in this study was obtained from Sigma Aldrich with a purity of 99%. Due to the 
sulfolane affinity with water, it was subjected to Metler Toledo Titrator (V30 Compact Volumetric 
Karl Fischer) in order to measure the amount of water present in this reagent. The result showed that 
the water contained in the sulfolane corresponded to 0.520% wt. ± 0.004% wt.The N-hexane was also 
acquired from Sigma Aldrich and contains a purity greater than 99% and a negligible water content 
which does not exceed at 0,10% wt. Finally, deionized water was used to form the ternary mixture 
studied. 
 
Simulation using the Aspen Plus  
 
The first step in the study of LLE between water, sulfolane and N-Hexane was the accomplishment of 
a simulation using the commercial simulator Aspen Plus v. 8.0.  Since it was not found in the literature 
any information about the liquid-liquid equilibrium of the mixture being studied, two thermodynamic 
models characterized as predictors were used, the UNIFAC modified by Dortmund and the 
COSMOSAC. The results obtained from the simulation allowed a better understanding about how the 
solubility of the studied system could behave before the experiments for the construction of the 
binodal curve. 
 
The binodal construction 
 
The solubility data of the ternary mixture were obtained using the cloud point method [3]. According 
to this system, a known mass amount of sulfolane was placed in a sealed vail (to make sure that no 



external interference and evaporation occurs), under temperature controlled by a water jacket with an 
accuracy of ± 0.1K and kept under stirring. From this point, quantities of hexane were added gradually 
until it was possible to observe the formation of a second phase. Water quantities were then added 
until it was able to notice a certain turbidity in the system. It is important to mention that the masses of 
the substances were weighed by an analytical balance (Shimadzu AX200, accuracy of ± 0.001g). 
Based on these data the binodal curve could be constructed and the miscible and immiscible regions to 
the temperatures of 293.15, 303.15 and 313.15K emerged. 
 
Tie-lines 
 
The tie-lines were prepared from ternary mixtures of the studied components with known 
compositions and weights and at the immiscibility region for the three studied temperatures. 
Therefore, the mixtures were stored in tightly closed test tubes and kept under stirring for 1 hour in a 
thermostatic bath at the desired temperatures and, after this period, the mixtures were kept at rest in a 
controlled bath for 24 hours. Then, the top layer was carefully collected and weighed, as well as the 
bottom phase. After this stage, the data were corrected by the method of Merchuck et al. [4] and the 
parameters required for the calculation of the tie-lines were obtained. 
 
Results and Discussion 
 
According to the results obtained by the Aspen Plus simulation, it was possible to achieve a better 
approach of the liquid-liquid equilibrium behavior prior to construction of the binodal curve itself, as 
shown in Figure 1, where the curves were originated by different predictive thermodynamic models. 
The binodal curves constructed from the proposed experimental procedure, show that in the system 
comprising sulfolane and water the solubility of hexane increases with increasing temperature, 
however, such tendency is subtle, as shown in Figure 2. 
 

                                         
 

 
 
 
Conclusions 
The liquid-liquid equilibrium for the ternary system composed of water, sulfolane and hexane could be 
obtained and, through the simulation, it was possible to notice that the system behavior approaches the 
situation predicted by the UNIFAC model and that the temperature change in the studied range did not 
proved many alterations at the LLE of the system. 
 
References 
[1]H. Habaki, R. Egashira, J. Kawasaki . J. of  the Japan  Petrol Inst. 52 (2009) 180-189. 
[2] J. Mahmoudi, M. N. Lotfollahi. Korean J. Chem. Eng. 27(2010) 214-217  
[3]T. M. Letcher, P. Reddy. J. Chem. Thermodynamics 37 (2005) 415–421. 
[4] J.C. Merchuck. et al. J. Chromatogr. B 711 (1998) 285–293. 
Acknowledgments: Authors are grateful to the finantial support from FAPESB. 

Figure 1- Binodal accordingly with the 
simulation to 293.15K. 

Figure 2-Experimental binodal for water, 
sulfolane and hexane at 293.15, 303.15 and 
313.15K 
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Introduction 
Currently ionic liquids (ILs) has been extensively studied due to excellent characteristics such as high 
thermal and chemical resistance, high ion conductivity, low volatility and mainly the important appli-
cations in the field of green energy. Property data such as density, viscosity and speed of sound are of 
high importance in equipment design and modeling of properties and applications in devices such as 
capacitors, batteries, fuel cells [1,2,3] etc... Most property data for ionic liquids available in the litera-
ture are for aprotic ILs. They normally have a complicate synthesis and high costs, on the other hand, 
the protic ionic liquids are much more inexpensive and easier to synthesize [4]. In this work, there are 
obtained density, viscosity and speed of sound data of binary mixtures of water+protic ionic liquids 
bis(2-hydroxy-ethylammonium) acetate (BHEAA), bis(2-hydroxy-ethylammonium) propanoate 
(BHEAPr) and bis(2-hydroxy-ethylammonium) butanoate (BHEAB) in the range of 283 to 343K. 
 
Materials and Methods 
The ionic liquids were prepared by stoichiometric Bronted acid – base reaction. The acid was 
added dropwise by using a titrator to the amine (base) placed in a three-way flask. At the flask 
were connected a condenser (283K) and a nitrogen injection line, in order to maintain the 
reaction environment free of moisture. The system was stirred by using a magnetic stirrer and 
the reaction temperature was controlled to an upper limit of 313K. Upon completion of the 
reaction, the system was flushed with nitrogen gas by 30 minutes and then placed in the rotary 
evaporator in vacuum for 24 hours. The chemicals were kept in tightly sealed bottles to minimize 
the absorption of atmospheric moisture. 
Binary solutions of ILs and double-distilled MilliQ water on the entire composition range  with were 
gravimetrically prepared in air-tight glass vials by using an analytical balance (Shimadzu, AX200) 
having a precision of ± 0.0001 g. The water content in pure ionic liquic was measured by a Metler 
Toledo Titrator (V30 Compact Volumetric Karl Fisher) and taken into account on reported mass 
fraction of the sample.  
The density, ρ and speed of sound, u of the solutions were measured simultaneously by using 
vibrating-tube digital density and speed of sound analyzer (Anton Paar, DSA 5000) at 293.15 – 323.15 
K interval and at atmospheric pressure, p = 101 ± 1 kPa. The two-in-one instrument is equipped with a 
density cell and a speed of sound cell, both the cells are temperature-controlled by a built-in Peltier 
elements for efficient thermostatting having an accuracy of ± 0.01 K. The instrument was calibrated by 
double distilled, degassed and deionized water and with dry air at atmospheric pressure according to 
the procedure mentioned in the instrument manual. The uncertainties in the measurement of density 
and speed of sound were calculated as better than ±0.01 %. 
The viscosity tests were performed by using an Anton Paar SVM 3000. The viscosity cell is based on 
a tube filled with the sample in which a hollow measuring rotor floats. The SVM 3000 also uses 
Peltier elements for fast and efficient thermostatting. The temperature uncertainty  is 0.05 K from T = 
273.15 to 373.15 K. The ASTM D 445-01 calibration procedure were used, and it was calibrated by 
standard silicone oils. The viscosities were measured with an uncertainty of ± 2%. 



Results and Discussion 
The density, viscosity and speed of sound data for the three pure ionic liquids are reported on 
Fig. 1-3. It could be observed that increasing the anion chain decreases the density, speed of 
sound and viscosity of the ionic liquids due to the higher difficult of packing. It is also 
observed that as the temperature increases all properties are decreased due to a higher 
mobility of the ionic species. The same property trends was observed in the binaries of these 
ionic liquids with water. Furthermore, as shown in Figure 4 for BHEAA, increasing the 
amount of water dissolved in the ionic liquid results in a great reduction in viscosity. 
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Figure 1. Temperture effect on density of pure  ionic 
liquids BHEAA, BHEAPr and BHEAB. 

Figure 2. temperture effectspeed of sound variation 
with the temperature of ionic liquids BHEAA, BHEAPr 
and BHEAB. 
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Conclusions 
The anion carbon length plays a negative influence on density, sound velocity and viscosity, 
greater the anion lower the property due to packing effects. Temperature also inversely 
influences the properties. Moreover a significant reduction in the viscosity was observed with 
increasing of water in ionic liquid content. 
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Introduction 
 
At the present time the number of cars is almost equal to the number of people in the world. And this 
is just one sphere of industry, which use oil and gas. The amount of harmful emission into the 
atmosphere can be called critical already for a long time. Scientists all over the world are looking for 
renewable and environment friendly sources of energy. One of these fuels is biodiesel. This fuel is 
obtained using reaction of trans-esterification of fatty acid and methanol. Fatty acids contain in a 
variety of vegetable oils. 
In the new stage of improving the process of esterification of vegetable fats researchers [1 - 6] 
evaluated the possibility of heterogeneous catalytic systems and the implementation of the 
esterification reaction in supercritical methanol. This, of course, reduces the amount of waste and 
reduce the corrosive effect of the reaction mass of the equipment. On the other hand the problem of 
effective separation of the reaction products and improve the efficiency of the process remain 
unresolved. 
Specificity of improving the process of biodiesel production is primarily due to the very limited 
experimental data base on the physical, chemical and thermodynamic properties of fatty acid esters. 
This issue is particularly important due to the fact that the thermodynamic and kinetic parameters are 
the basis for any chemical and the technological process [7]. 
It is known [7] that esterification process systems organic acid - alcohol proceeds until chemical 
equilibrium is reached. Experimental data describing the surface of the chemical equilibrium in 
systems represented primarily consisting of acetic acid, C1-C4 alcohols and the corresponding esters. 
For a number of organic acids with long alkyl substituent C10-C12 are only isolated literature data [8] 
and [9]. The data on the kinetics of the esterification reaction and also on the phase equilibrium limited 
systems mentioned above. 
 
Experimental 
 
This paper discusses the alternative process of production of diesel fuel. There are data on conversion 
of rapeseed oil into esters. It consists of addition of supercritical fluids (ether: ethyl acetate, methyl 
acetate, etc.) at the temperature of 350 ° C and pressure up to 17.8 MPa without using a catalyst with 
extremely high yield of the final product [10].  
The study of chemical equilibrium was performed by two different methods: the classical method of 
gas chromatography and relatively new one for this theme ‒ by nuclear magnetic resonance method. 
Solubility of liquid – liquid was studied by cloud point technique. 
 
Results and Discussion 
 
The chemical equilibrium and solubility data for quaternary system acetic acid - ethanol - ethyl acetate 
- water was studied at 30˚C, 40˚C and 50˚C. The complete topological structure of the liquid phase 
diagram had been obtained. 
 



Conclusions 
 
The chemical equilibrium and solubility data were obtained for the quaternary system with ethyl 
acetate synthesis reaction at 30˚C, 40˚C and 50˚C and atmospheric pressure. These set of new 
experimental data enable to present the binodal surface and chemical equilibrium surface in 
composition tetrahedron. The compositions of critical states were determined. 
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Introduction 
 
Study of the asymmetric aldol reactions had a growth in the past few decades, becoming one of the 
more studied in the field of the organic synthesis [1,2]. In the case of the fine chemical synthesis, it is 
essential to take into account toxicological and ecological issues in product quality and processing[3]. 
As the metal catalysts, organic solvents, widely used in organic synthesis are also harmful to the 
environment [2]. One economically viable and  environmentally friendly alternative to solve this 
problem is the use of supercritical fluids as solvents in asymmetric catalysis. Regarding to reactions 
that uses pressurized gases, the knowledge and understanding of the phase behavior of the compounds 
in a wide temperature and pressure range is crucial to the project and optimization of the 
thermodynamic conditions of the reational media. In this work, the phase behavior of the binary and 
ternary systems involving carbon dioxide, 4-nitrobenzaldehyde and 2-propanone was investigated, 
with the aim of knowledge of the best termodynamic conditions for the formation and separation of 
the products in the aldol reaction. 
 
Experimental 
 
Measurements of high pressure phase equilibria 
The experimental measurements of high pressure phase equilibria were conducted involving carbon 
dioxide (White Martins, 99,9% purity), 2-propanone (Vetec, 99,5% purity) and 4-nitrobenzaldehyde 
(Sigma-Aldrich, 98% purity). Experimental apparatus and procedure were based on static synthetic 
method whose use is widely documented in the literature [4,5]. Phase equilibria measurements were 
carried out for binary and ternary systems. For binary system, compositions of 0.9, 1.2 and 1.5 wt% of 
4-nitrobenzaldehyde in CO2 were investigated in the temperature range of 8 to 80°C. For ternary 
system CO2+4-nitrobenzaldehyde+2-propanone, different molar ratio between 4-nitrobenzaldehyde+2-
propanone (1:1, 1:3, 1:5 and 1:10) in CO2 free basis and, different mass percentage of 4-
nitrobenzaldehyde in CO2 (2 and 5 wt%) in 2-propanone free basis, were studied in temperature range 
of 10 to 70°C. Pressure range investigated in all systems was between 40 and 300 bar. 
 
Results and Discussion 
 
Figure 1 to 4 shows the results of solid-vaor-liquid phase equilibria for the binary and ternary systems 
investigated. There is possible to observe that in binary system (Figure 1), at the more elevated 
temperatures, as the temperature increases, phase transitions occur at higher pressures. This behavior 
may be a result of energetic interactions between the solvent and the solute[6]. In the same system, at 
the lowest temperatures, increasing the temperature lead to phase transitions at decreasing pressures. 
This behavior may be explained by the difference in thermal expansion coefficient between the solute 
and the solvent. This behavior is commonly observed in systems that have large difference in 
molecular weight. The effect of 2-propanone on the solubility of 4-nitrobenzaldehyde in carbon 
dioxide can be shown in Figures 2 and 3. As the concentration of 2-propanone increase the pressure of 



phase transitions decreases showing the strong effect of solvency of 2-propanone on 4-
nitrobenzaldehyde. In Figure 4 it is possible to observ that an increase in 4-nitrobenzaldehyde 
concentration in the system, maintaining constant the concentration of 2-propanone, also increase the 
pressure transitions.   
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Figure 1. P-T projection of solid-liquid-vapor 
equilibria for the binary system CO2 + 4-

nitrobenzaldehyde. 
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Figure 3. Solid-liquid and vapor-liquid equilibria for 
the ternary system CO2 + 4-nitrobenzaldehyde + 2-

propanone. 5 wt% of 4-nitrobenzaldehyde. 
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Figure 2. Solid-liquid and vapor-liquid equilibria for 
the ternary system CO2 + 4-nitrobenzaldehyde + 2-

propanone. 2 wt% of 4-nitrobenzaldehyde 
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Figure 4. Solid-liquid equilibria for the ternary system 
CO2 + 4-nitrobenzaldehyde + 2-propanone. 1:5 molar 

ratio of 4-nitrobenzaldehyde to 1-propanone. 
 
Conclusions 
After the study the phase behavior of the binary and ternary systems involving the aldol reaction in 
supercritical media it is possible to conclude that 2-propanone acts as a strong solvent in the media 
reducing the pressure of phase transitions. With these results there is also possible to select reaction 
conditions in homogeneous or heterogeneous media. 
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Introduction 
 
The main goal of this work is to study the salt effects on the solubility of small peptides and 
derivatives in aqueous systems, aiming to provide relevant insights on the solubility of proteins, 
biomolecules of utmost importance in the food and pharmaceutical industries. This knowledge is 
essential not only to support the design of protein precipitation and crystallization processes, but also 
to understand the specific interactions established between different ions and proteins in biological 
systems [1].  
The difficulties associated with direct studies of protein/salt solutions suggest using proxy systems that 
follow a path of gradual increasing degree of complexity. In fact, much of the current knowledge on 
protein chemistry in aqueous solutions containing salts relies on the study of model compounds such 
as amino acids and, much more scarcely, their derivatives and peptides. Following our previous work 
on the meaurement of the solubility of amino acids [2-6], an extension is made towards the study of 
small peptides. In particular, the presence of the peptide bond, a functional group with a large dipole 
moment that builds the backbone of proteins, is of major importance to understand the presence and/or 
absence of interactions between ions and the different moieties of the peptide structure. Therefore, two 
model compounds were chosen, diglycine and N-acetyl glycine, due to their simple structure and 
availability. The salts here studied are composed of cations such as potassium, ammonium or 
magnesium and anions such as chloride or sulphate, covering a wide range of aqueous solubility 
effects, as demonstrated in previous works [5-6].  
 
Experimental method 
 
The solubility experiments were carried out at 298.15 K, using the analytical isothermal shake-flask 
method as previously implemented in our laboratory [6]. The quantitative analysis was carried out by 
three different methods: gravimetry, densimetry or refractive index measurements, depending on the 
type of the salt and solubility level. 
 
Main results and conclusions 
 
The solubilities of N-acetyl-glycine in the aqueous solutions of the different salts (ammonium 
chloride, potassium chloride and ammonium sulphate), measured at various electrolyte concentrations 
(0.0 – 2.0 molal) and 298.15 K, are presented in Figure 1. As can be seen, the three salts induce a 
salting-out behaviour. The most pronounced solubility effects induced by ammonium sulfate are 
related to the presence of the strongly hydrated sulphate anion, positioned in one of the extreme side of 
the Hofmeister series. To the best of our knowledge, no other solubility data in aqueous saline 
solutions is yet published for N-acetylglycine. 
On the other hand, more information can be found for glycylglycine, as shown in Figure 2, for the 
solubility in aqueous ammonium sulfate solutions for which our data agree well with literature [7]. In 
this case, a significant salting-in effect is observed. 



 

Figure 1. Solubility of N-acetyl-glycine in 
aqueous solutions, at 298.15 K, containing: ×, 

KCl; ○, NH4Cl; ■, (NH4)2SO4. 

 
Figure 2. Solubility of glycylglycine in 

aqueous solutions, at 298.15 K, containing 
(NH4)2SO4: ■, this work; ∆, [7]. 

 
Novel experimental solubility measurements are currently being performed in the presence of divalent 
cations such as magnesium, to further elucidate the molecular phenomena underlying the salt effects in 
aqueous solutions of peptides. Aiming at understanding ion specific effects on biomolecules, 
molecular dynamics calculations will be also performed in aqueous saline environments containing 
glycylglycine. 
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Introduction 
 
Nowadays, conventional techniques used to produce pharmaceutical compounds suffer from several 
drawbacks such as excessive use of solvent, thermal and chemical solute degradation, structural 
changes, high residual solvent concentration and, most importantly, difficulty in controlling the 
particle size distribution during processing. Supercritical fluids remove or reduce these drawbacks and 
its properties (solvent power and selectivity) can also be adjusted continuously by altering the 
experimental conditions (temperature and pressure). The solubility of drug in SCF is significant 
information for designing the operating conditions such as RESS (Rapid Expansion of Supercritical 
Solutions), SAS (Supercritical Anti-Solvent), SEDS (Solution Enhanced Dispersion by Supercritical 
fluids), and PGSS (Solution Enhanced Dispersion by Supercritical fluids) [1]. The application of the 
Supercritical Fluid Technology in these processes takes implicit the study of the phase equilibrium 
formed by the drug and the supercritical CO2, that is to say, the fluid-solid phase equilibrium. 
Solubility measurements of many pharmaceutical compounds in SC-CO2 have been already reported 
[2-4]. 
Ibuprofen is a nonsteroidal anti-inflammatory drug (NSAID) used in many applications which has 
analgesic and antipyretic effects and, in higher doses, anti-inflammatory effects. In this work the 
experimental solubility of Ibuprofen in supercritical carbon dioxide was determined by a static method 
using a supercritical phase monitor. Cloud point pressures were determined as a function of 
temperature, pressure and ibuprofen content.  
 
Experimental section 
 
In this study, the solubility data of Ibuprofen + CO2 system were measured using a high-pressure 
phase equilibrium apparatus (SPM20, Thar Technology Co., Ltd.) equipped with a variable volume 
view cell. Cloud point pressures were determined as a function of temperature (313 to 343 K), 
pressure (80 to180 bar) and ibuprofen content (0.0052 to 0.073 g) . The apparatus contains a high 
pressure motor-driven mixer to achieve high stirring rates in the viewcell. The viewcell body also 
incorporates a pressure transducer, thermocouple, rupture disc assembly and a sapphire window 
coupled with a charge-coupled-device (CCD) camera which is connected to a computer for observing 
and recording experimental phenomenon. For temperature control, the viewcell body is uniformly 
heated using embedded heaters. Additionally, a simple lever-operated mechanism and a valve to 
increase and decrease the pressure, respectively, in the viewcell. Its maximum operating pressure and 
temperature are 40.0 MPa and 423.1 K when stirring. The pressure and temperature of the monitor 
were measured with a resolution of 0.01 MPa and 0.1 K, respectively 
 
Experiments were carried out as follows: first, the piston was located about 5 ml. The sample was put 
inside the cell and this one is purged with CO2 several times at low pressure to remove the entrapped 
air in the cell. Once the cell is purged, the cell is kept at constant temperature and the sample is 



compressed to a single phase. Simultaneously, the water in the hydraulic hand pump was compressed 
to displace the piston to decrease the cell volume and thus to raise the pressure in the cell. 
After the system reached thermal equilibrium and its temperature was stable enough, the pressure was 
slowly reduced until the single-phase solution became cloudy. The cloud point indicates that the solute 
begins to precipitate and is defined as the pressure at which the stirrer is no longer to be visually 
observed [5]. The sample was alternatively solubilised and precipitated to obtain a precise pressure 
value. As the above procedure repeated, the pressure-temperature (P-T) cloud point curves for the 
systems were obtained. 
 
Results and Discussion 
 
As shown in Figure 1, above each cloud point curve it is the region of single phase, while double 
phases below the curve. This indicates that the cloud points are the boundary of phase transition, and 
ibuprofen is completely soluble in CO2 in the region of single phase. Thus, mass fraction of ibuprofen 
at the cloud point is its solubility. In Figure 2 it can be seen that the cloud point pressure increases 
with increasing temperature, which indicates that the binary system exhibits a typical Lower Critical 
Solution Temperature (LCST) behavior. It can also be described that as temperature increases, it 
requires higher pressure to maintain the solution in a single phase [5].  
 
 

Figure 1. P-T diagrams of cloud point for 
ibuprofen in 

CO2 at different ibuprofen contents 

 
Figure 2. Solubility of ibuprofen as a function 

of pressure at different temperatures
 

                
 
 
Conclusions 
 
Experimental solubility of Ibuprofen in supercritical carbon dioxide was determined by a static 
method. At a fixed temperature, solubility of ibuprofen in CO2 is increased along with increase of 
system pressure. Solubility also increases as the temperature does. 
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Introduction 
 
The water removal in the azeotropes formed by ethanol and 2-propanol achieve a great interest in the 
industrial processes. The equilibrium data obtained of these solutes with different extractant mixtures 
contribute to the processes design, which could be benefited with the appearance of solid phase at 
different temperatures. The heavy alcohols, such as 1-undecanol, present different phases, including 
the solid one, that could be separated in the range 0 ºC to 15 ºC.  
 
Experimental method 
 
Ternary system water + 2-propanol + 1-undecanol were determined experimentally at 8 and 15ºC, by 
preparing heterogeneous known mixtures and analysing the organic and aqueous phases by gas 
chromatography, with TCD and FID detectors. Procedure description is included in previous papers 
[1-2]. These results are presented and compared with the systems water + ethanol + 1-undecanol, 
carried out at the same temperatures [2].  
   
Results and Discussion 
  
The solubility experimental data of 2- propanol or ethanol with water and 1-undecanol are presented in 
Figure 1: (a) determined in a thermostatic bath at 15 ºC and (b) at 8 ºC.  
 
The phase diagram for 2-propanol at 15°C only exhibits a heterogeneous region with two liquid phases 
(Figure 1(a)), as occurs in the water + ethanol + 1-undecanol system [2]. The two ternary systems, 
presented in this figure, have a similar heterogeneous region area. If the distribution coefficient are 
compared (Xsolute (FA)/ Xsolute (FO), when X=mass fraction; solute=ethanol or 2-propanol), the system 
water + ethanol + 1-undecanol presents greater values than the system water + 2-propanol + 1-
undecanol.  
 
The 2-propanol ternary system at 8 °C presents three heterogeneous regions, as it was observed with 
ethanol [2]: a great region with two liquid phases (L+L) and two other small regions, the first one with 
three phases (liquid-liquid-solid, L+L+S) and the other with two phases (L+S). This last is greater in 
the ethanol system, and moves upwards the three phases region, as a consequence, a smaller two 
liquids region is observed in the ternary water + ethanol + 1-undecanol system. 
 
As it is referred in another study [2], when the temperature decreases until 2 ºC, the ternary water + 
ethanol + 1-undecanol system presents two smaller L + S and L + L + S regions and, in contrast, a 
greater L+ L region, similar to the behaviour of the 2-propanol system. The appearance of the L + S 
and L + L + S regions has as a consequence the diminishing of the L + L region size. 
 



 

 
(a) 

 
 

 
 

(b) 
Figure 1. Ternary systems water + 1- undecanol with 2-propanol or ethanol obtained at different 
temperatures: (a) 15 ºC (b) 8ºC. Experimental results expressed in mass fraction. 
 
Conclusions 
 
Ternary system water + 2-propanol + 1-undecanol were determined experimentally at 8 and 15ºC. 
A heterogeneous region with two liquid phases is observed at 15°C, similar to system water + ethanol 
+ 1-undecanol [2]. The distribution coefficient for the system water + ethanol + 1-undecanol presents 
greater values than the system water + 2-propanol + 1-undecanol.  
 
The 2-propanol ternary system at 8 °C presents three heterogeneous regions, the same as it was 
observed with ethanol [2], a great region with two liquid phases and two other small regions: the first 
one with three phases (S+L+L) and the other with two phases, one liquid and one solid (L+S). This 
last is greater in the ethanol system, and moves upwards the three phase region, and, as consequence, a 
smaller two liquids region (without solid) is observed in the ternary water + ethanol + 1-undecanol. 
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Introduction 
 
The ethanol obtained by fermentation of carbohydrates can be separated from aqueous solution 
(azeotropic composition) with different methods. The extraction with long-chain alcohols, such as 1-
dodecanol [1] and 1-decanol [2], could be a possible way of separation. In that previous papers, 
different liquid+liquid (L+L) and solid+liquid+liquid (S+L+L) equilibria were determined at different 
temperatures. In this paper, another straight-chain primary alcohol, 1-undecanol, is proposed in the 
ethanol-water extraction at different temperatures (275.15, 281.15 and 288.15 K). This fatty alcohol 
exists in the nature, found naturally in many foods such as fruits (apples, bananas), butter and eggs [3], 
and could be proposed as an alternative extractant in environmentally sustainable processes.  
 
Experimental method 
 
The experimental determination was carried out by preparing heterogeneous known mixtures of water, 
ethanol and 1-undecanol. This last component was weighted in a tube and was cooled at lower 
temperature than their melting point. Then the solid was put in contact with cool mixtures of known 
concentration of water and ethanol. This methodology was applied in previous papers [1], [2] to 
prevent the formation of a gel that made the separation of phases difficult. The equilibrium between 
solid undecanol and liquid water-ethanol mixture was reached in different thermostatic baths (275.15, 
281.15 and 288.15 K). Subsequently, the liquid phases were separated and prepared to analyse, with 
addition of 2-propanol as an internal standard.  
 
All liquid samples were taken and analysed by gas chromatography (Shimadzu GC-14A), equipped 
with thermal conductivity detector (TCD), to determine water and ethanol concentration. Injection 
volumes of the liquid samples were 1.0 L. The separation of the components was carried out in a 2 m 
× 3 mm column packed with Porapak Q 80/100. Column temperature was held at 453.15 K, while the 
injector and detector temperatures were kept at 473.15 K. The helium flow rate was 50 mL·min-1. 
Furthermore the water content in organic each phase was verified using the Karl Fisher technique. In 
organic phase 1-undecanol (majority component) was determined by difference. 
 
The small quantities of 1-undecanol in the aqueous phases were analysed by gas chromatography 
using a Thermo Trace Fischer with a DB 624 column with a flame ionization detector (FID). Column 
temperature was held at 313.15 K (0.1 min) and rose to 523.15 K by 40 K min−1 ramp rate and then the 
oven temperature was maintained for two minutes at 523.15 K; the detector temperature was kept at 
573.15 K, while injection port temperature was held at 523.15 K; injections were performed on the 
split 1/50 mode, and Helium was used as a carrier at a rate of 1 mL min−1 after split. In this phase the 
water content was determined by difference. 
 
 



Results and Discussion 
 
The L+L+S experimental results (mass 
fraction) are presented in Figure 1. The relative 
uncertainty of the measurements was 
approximately 2 %, calculated by the analysis 
of prepared standards. Results were checked 
with a data reconciliation method [4]. 
 
As can be observed, at 288.15 K the phase 
diagram only presents a heterogeneous region 
that contains two liquid phases. However, 
three heterogeneous regions are observed at 
275.15 K and 281.15 K: one with two liquid 
phases (L+L), a small region with three phases 
(L+L+S) and another region with two phases 
(S+L).  
 
Góral et al. [5] reported data of different 
alkanol-water systems, comprehending 1-
undecanol-water between 288.15 and 363.65 
K. In that paper was included data of mutual 
solubility of water and 1-undecanol at 288.15 
K from Tokunaga et al. [6]. That data, 3.46 
mass % of water in 1-undecanol, is in 
agreement with the data reported in Figure 1 
(a).  
 
The ternary system at 281.15 K showed in 
Figure 1 (b) presents a smaller L+L+S region. 
As it was expected, as temperature decreases, 
this region increased, and two liquids region 
becomes smaller, as can be seen in Figure 1 
(c). 
 
Conclusions 
 
The ternary system at 288.15 K presents only 
two liquid phases. However, as temperature 
decreases, different regions with solid phase 
appear. The ternary system at 275.15 K 
presents bigger L+L+S and L+S regions. This 
fact can be used to develop suitable separations 
sequences based either in L+L or S+L 
extraction.  
 

 

 
(a) 

 
(b) 

 
(c) 

Figure 1. Experimental tie lines for the ternary 
system water + ethanol + 1-undecanol at 15ºC (a), 
8ºC (b) and 2 ºC (c). 
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Introduction 
The presence of salt in a partially miscible mixture such as the water + 1 butanol increases the 
complexity of the phase equilibrium diagram. Closer inspection reveals the existence of several 
different equilibrium regions: solid-liquid, liquid, liquid-liquid, vapor-liquid, solid-liquid-vapor 
and even a vapor-liquid-liquid-solid equilibrium state. 

Therefore, a study of this equilibrium would only enrich the existing literature on complex 
mixtures. However, equilibrium can only be attained in this case if the extent of mixing of the 
different phases is good enough. This work describes the study of the solid-liquid-liquid-vapor 
equilibrium of water + NaCl + 1-butanol at a constant pressure of 101.3kPa. This has involved 
employing equipment for the study of heterogeneous equilibria that, in addition, has been 
modified to include ultrasounds to improve the rate of dissolution of the solid and liquid phases 
present. 

Experimental 

Distilled water from a MiliQPlus system, analytical grade 1-butanol (>99.8% purity) provided 
by Merck, and NaCl (containing less than 0.01% solid impurities) provided by VWR, were used 
during the experiment. Additionally, 2-propanol from Merck (>99.5% purity) was used as 
internal standard during sample analysis via gas chromatography. The equipment used and the 
procedure applied are described in a previous paper [1]. In the present case, different 
proportions of water, 1-butanol and NaCl were introduced into the mixing chamber in each 
experiment to ensure that all the equilibrium regions would be sampled. The ultrasonic probe 
guaranteed that equilibrium would be reached by keeping the solid, liquids and vapor 
adequately mixed. Vapor phase samples were collected directly from one side of the 
experimental rig and analyzed via gas chromatography thanks to a six-port valve. On the other 
hand, samples of the liquid and solid phases were collected and put in a hermetically closed 
tube. This tube was put inside a thermostatic bath at the boiling temperature of the mixture. 
When this mixture had reached equilibrium, samples were collected from the liquid phases by 
means of a syringe incorporating a filter, which served to prevent solid particles in suspension 
from contaminating the samples. 

A portion of the aqueous phase was analyzed directly via gas chromatography with a TCD 
detector, using glass wool in the glass insert to prevent the salt from entering the column. 
Another portion of known mass of the aqueous phase sample was put inside a tube in an oven 



and left there until all the liquid had evaporated. The remaining salt residue was subsequently 
determined by gravimetry. Thereafter, a portion of the organic phase was put inside a vial along 
with a known amount of 2-propanol as internal standard – to prevent phase splitting once the 
temperature decreases. The contents of this vial were subsequently analyzed by gas 
chromatography. Finally, the salt content of the organic phase was determined by the ICP 
technique. Prior to this, the sample had been diluted with water to match the butanol content of 
the standards, which was done to prevent an ICP signal change caused by organic compounds. 

Results.  

Several points have been obtained for the non-isothermal liquid-liquid-vapor, vapor-solid-
liquid, solid-liquid-liquid-vapor and vapor-liquid equilibria. Some of these points are plotted in 
figure 1 below (with triangles representing the vapor phase, circles the liquid phase, a square the 
solid phase, and red corresponding to phases saturated with NaCl, blue the LLE line, green 
dashed lines the VLE in the LL region, red dashed lines the VLE of liquid saturated with salt, 
and finally, pink corresponding to VLLSE). The presence of salt modifies the vapor-liquid 
equilibrium and produces a vapor that is richer in butanol. On the other hand, the salt increases 
the heterogeneity in the liquid-liquid region. 

 

 

Figure1: Solid-liquid-vapor and solid-liquid-liquid-vapor data of water + NaCl + 1-butanol at 
101.3 kPa 

Conclusion 

Vapor-liquid-liquid-solid equilibrium data have been determined for water+NaCl+1-butanol at a 
constant pressure of 101.3 kPa. The presence of NaCl changes the 1-butanol/water composition 
ratio in the vapor by increasing it slightly. This data could be used in the design of a 
heterogeneous distillation process that produces pure 1-butanol with the help of NaCl. 
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Introduction 
 
Equations of state (EOSs) applied to electrolyte solutions allow the evaluation of many 
thermodynamic properties of single and mixed electrolyte systems. Thus, these models have been 
extensively applied in the industry to design and simulate different chemical processes. The literature 
addressing this topic is broad. Some of the many available models are quite accurate in correlating and 
predicting vapor-liquid equilibrium, solid-liquid equilibrium, and thermodynamic and volumetric 
properties [1-3].  
 
Most of these models are developed by summing the contribution of different terms to the Helmholtz 
residual energy. These terms account for a vast variety of physical effects among species in solution, 
such as long or short-range interactions, solvation phenomenon, or ion association. Included by most 
researchers on the modeling of electrolyte solutions, the contribution of the Born equation [4] accounts 
for the variation of energy due to the transfer of an ion in vacuum to the solvent. Despite its simplicity, 
this equation captures the right trends in solvation phenomena. 
 
Indeed, some works reinforce the importance of this term not only as a guide for ionic solvation, but 
also as a major term to evaluate the Gibbs energy of solvation of ions [5]. So, equations of state that 
neglect the presence of the Born term usually fail in calculating such property. Based on its 
importance, this work aims to predict the Gibbs energy of solvation of many ions in water by using the 
Q-electrolattice EOS. Since this model shows accurate results for many thermodynamics properties of 
aqueous electrolyte solutions [1], the model parameters obtained for those systems are used to perform 
the predictions of solvation energy.     
 
Methodology 
 
The expression of the residual Helmholtz energy for the Q-electrolattice EOS is given as follows: 
 
 ( , , )R MTC Born MSAA T V A A A= Δ +Δ +Δn   (1) 
 
in which the term MTCAΔ is the contribution to the Helmholtz energy related to the repulsive and 
attractive effects [6], BornAΔ  is the Born term, related to the energy contribution due to the solvation 
phenomenon, and MSAAΔ  is the Mean Spherical Approximation term, related to the long-range 
interactions. The complete description of these terms is presented elsewhere [1]. The evaluation of the 
Gibbs energy of solvation is directly associated to the Born term in the Q-electrolattice model. The 
expression for calculating the Gibbs energy of solvation is given as follows: 
 



 , 0( , ) ln ( , , 0) lni hydration i i wG T P RT T P n RT M mφΔ = → +   (2) 
 
in which iφ  corresponds to the fugacity coefficient of ion i at infinite dilution, wM  is the molar mass 
of water in kg.mol−1, and 0m  is the molality of a solution at 1 mol.kg−1. The predictions of the Gibbs 
energy of solvation of ions in water are performed taking into account Eq. (2). For that, the parameters 
of the Q-electrolattice for ions in water, such as the ion-solvent energy interactions and the ionic 
diameters, are used as in [1].    
 
Results and Discussion 
 
Figure 1 shows the predictions of the Gibbs energy of hydration of alkali metal and halide ions against 
the fitted ionic diameter using the Q-electrolattice EOS. Experimental data for both groups of ions 
plotted against the Pauling ionic diameter are also presented for comparisons. One can observe that the 
predictions follow the same linear trend as that observed in the experimental data. Whereas the Gibbs 
energy of solvation decreases with increasing ionic diameters for halide ions, the predictions for alkali 
metals follow the same behavior for Li+, Na+, K+, and Rb+, but not for Cs+. This may be a consequence 
of the fitted Q-electrolattice parameters for this ion. Additionally, the Q-electrolattice model 
overestimates the Gibbs energy of hydration in both cases, as also observed with other models that 
also include the contribution of the Born equation.      
 

  
Figure1. Gibbs energy of hydration at 298.15 K and 1 bar of (A) alkali metal and (B) halide ions using 

the Q-electrolattice model (filled symbols) and experimental data (unfilled symbols) [7-9]. 
 
Conclusions 
 
The Q-electrolattice EOS, which contains the Born equation, is used to predict the Gibbs energy of 
hydration of alkali and halide ions. Although the predictions are overestimated, they follow the same 
trend observed in experimental data, except for Cs+.  
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Introduction 
 
For many years perturbation theories have been useful theoretical tools to obtain the thermodynamic 
and structural properties of fluids and solids (see ref. [1] for a wide analysis on these theories). 
However, until quite recently only the first-order term in the perturbation series could be obtained 
accurately enough. This limited the applicability of these theories to systems with not too short 
potential ranges at not too low temperatures. The situation has changed radically in the last few years 
because of the development of an accurate solution for the higher-order terms from the so-called 
coupling parameter series expansion (CPSE), first devised by Zhou [2,3] an later improved by 
Ramana and Menon [4,5]. 
In this work, we analyse the performance of the third-order CPSE in the prediction of the 
thermodynamic properties of a fluid with particles interacting by means of the Girifalco potential 
[6,7], frequently used for C60  fullerene.  
 
Theoretical background 
 
In perturbation theories, the pair potential u r( )  is split into reference u0 r( )  and perturbation u1 r( )  

contributions, so that u r( ) = u0 r( )+ u1 r( ) . In the so-called high temperature expansion (HTE), 

derived by Zwanzig [8], the Helmholtz free energy of the system with potential u r( )  is expanded in 

power series of the reduced temperature T * = kBT ε , where ε  is the energy parameter of the 
potential, as follows 
 

 F
NkBT

=
Fn

NkBT
1

T *n
n=0

∞

∑ , 

 
where Fn  is the nth perturbation term, and the zero-order term is the free energy of the reference 
system. Zwanzig derived general expressions of the perturbation terms in terms of the fluctuation of 
the total perturbation energy evaluated in the reference system, as well as an explicit expresion for 
accurately calculating the first-order term. Expressions to determine the second- and higher-order 
terms also have been reported, but their accuracy is not satisfactory. 
A more accurate procedure [2,3] is based in considering the perturbation part of the potential coupled 
to the reference part by means of a parameter α , with 0 ≤α ≤1 , resulting in a potential 
u r,α( ) = u0 r( )+α u1 r( ) . Then, the free energy of the latter is exactly given by 
 



 F α( ) = F0 + 2πNβ d ′α u1 r( )g r; ′α( )r2 dr
0

∞
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α
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where ρ  is the number density, β =1 kBT , g r;α( )  is the radial distribution function of the system 

with potential u r,α( ) , and F α( )  is the corresponding free energy, which can be expanded in power 
series of α  to give. 
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The free energy of the system with potential u r( )  is obtained from the preceding expression for 
α =1 . The derivatives involved can be evaluated in several ways [2,3,4] on the basis of integral 
equation theory. This is the essence of the CPSE. It has been shown [5] that the perturbation terms in 
the CPSE are related to those in the HTE. 
 
Results and Discussion 
 
As a first step to test the accuracy of the CPSE, we have determined from Monte Carlo simulations the 
perturbation terms in the HTE up to n = 3  for a Girifalco model of C60 . We have found that the 
corresponding CPSE results are in close agreement with simulation data. Next, we have compared the 
third-order CPSE results for the internal energy and the pressure with the simulation data of Costa et 
al. [10]. Again the agreement is quite satisfactory. Concerning the liquid-vapour coexistence, the 
theory works well for temperatures well below the critical one, but deviates from simulation data near 
the critical point, as is usual with most theories that do not take into account the cooperative effects 
that arise in the neighbourhood of the critical point. 
 
Conclusions 
 
From the results of the this work, we can conclude that the third-order CPSE provides reliable results 
for the thermodynamic properties of the C60  fullerene with the Girifalco potential model except near 
the critical point 
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Introduction 
 
Biodiesel is widely produced by the transesterification of triglycerides, present in vegetable oils, with  
lower alcohol, usually methanol or ethanol in the presence of catalysts such as base, acid or enzymes. 
However, homogeneous and heterogeneous catalytic reactions have shown to have several limitations, 
such as sensitivity to water and free fatty acids present in the feedstock [1-2]; hard separation step; 
large reaction time and high cost of catalysts. To overcome the difficulties, the non-catalytic route 
using supercritical alcohol has been used. However, this route has also some limitations such as the 
need to use high amount of alcohol and the requirement of high temperature and pressure. In order to 
minimize these problems, the use of co-solvents such as carbon dioxide, propane and hexane has been 
tested. [3-4]. 
In this paper we investigated the effect of the use of co-solvents over the critical locus of the initial 
reaction mixture (oil/alcohol). The vapor-liquid equilibria (VLE) for the ternary mixtures (co-solvent/ 
oil/alcohol) was predicted by Peng-Robinson equation of state with the classical mixing rule of van 
der Waals. The co-solvents tested were hexane, propane, carbon dioxide and toluene. Three different 
oils (soybean, coconut and palm) were considered, as well as methanol and ethanol. Different molar 
ratios alcohol/oil (RAO) and co-solvent/alcohol (RCA) were evaluated. The VLE diagrams were 
designed using a iterative procedure similar to that presented by [5], but it was used the Secant Method 
instead of Newton’s Method for tracing the equilibrium lines. 
 
Results and discussion:  
 
The use of all co-solvents has decreased the critical temperature (Tc) of the mixtures, however the 
reduction was more significant for hexane (up to 71 K) and propane (up to 68 K)  compared to the 
mixtures with toluene (up to 56 K) and carbon dioxide (up to 51 K). The critical pressure (Pc) was 
considerably reduced when the co-solvents toluene (up to 40 bar) and hexane (up to 37 bar) were used. 
In the opposite way it increased by the addition of carbon dioxide (up to 46 bar) and propane (up to 30 
bar). Figures 1-2 show some of the results obtained, such as the absolute variation of  Tc (ΔTc) and Pc 
(ΔPc) of the ternary mixtures with different co-solvents, alcohols, oils and molar ratios (RAO and 
RCA). 
 



             
                   (a)                                                                              (b) 

Figure 1. ΔTc and ΔPc of mixtures with (a) different oils and (b) different alcohols 

                   
                                  (a)                                                                             (b) 
Figure 2. (a) ΔPc of mixtures with different co-solvents and (b) ΔTc and ΔPc of mixtures with hexane 

and carbon dioxide as co-solvents  
 

Conclusions 
Based on the results obtained in this work, it can be concluded that the equation of Peng-Robinson can 
be a valuable tool to estimate the critical point of oil/alcohol/co-solvents mixtures. The addiction of all 
co-solvents has reduced the critical temperature whereas toluene and hexane have reduced 
considerably the critical pressure. 
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Introduction 
 
Semi-clathrates are crystalline compounds similar in nature to gas hydrates. Like gas hydrates, semi-
clathrates can trap small gas molecules inside a molecular framework of water molecules. However, 
due the stabilizing effect that the TBA+ and Br- have on the framework of water molecules, TBAB 
semi-clathrates formed in the presence of a gas can form at much milder conditions than gas hydrates. 
Thus, there has been much interest, in recent years, on the possible use of TBAB semi-clathrates in the 
storage and separation of gases. To date, the majority of research in the area has been directed towards 
experimental studies and only a handful of studies have attempted to model the equilibrium conditions 
of semi-clathrate formation. In the new approach, the PSRK [1] equation of state is used to describe 
the vapour phase, the e-NRTL [2] is used to describe the aqueous phase and the van der Waals-
Platteeuw theory combined with the model of Paricaud [4] is employed to describe the solid semi-
clathrate phase. The new model differs from previous modeling efforts in that it does not neglect the 
solubility of the gas in the aqueous phase or the presence of water in the vapour phase. Rather, the 
solubility of the gas and molar fraction of water in vapour phase are computed from a flash 
calculation. The new modeling approach is applied to TBAB semi-clathrates that are formed from 
xenon, krypton, methane, carbon dioxide, hydrogen, nitrogen, hydrogen sulfide and mixtures of 
methane + carbon dioxide, nitrogen + carbon dioxide, hydrogen + carbon dioxide, carbon monoxide + 
carbon dioxide and finally a ternary mixture of hydrogen + carbon monoxide + carbon dioxide. For 
each of the compounds listed, new Kihara potential parameters were regressed. It was found that the 
new approach was able to correlate the experimental data to a high degree of accuracy. 
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Introduction 
 
Ionic Liquids (ILs) are emerging as especially promising solvents for biocatalysis. The knowledge of 
the physical properties of ILs (such as polarity, hydrophobicity and hydrogen-bond basicity) 
promoting enhanced enzyme activity is of extreme importance [1]. Moreover, the possibility of 
designing biocompatible ILs and use them to enhance the thermal and functional stability of proteins is 
revolutionizing their application on biocatalysis [2]. The hypothesis of the existence of a nanoscale 
segregation in the ILs structure [3] and the experimental confirmation by X-ray diffraction methods 
[4] led to an increasing interest on the investigation about the mesoscopic structure of ILs. A 
mesoscopic structure composed by different moieties, consisting of polar and non polar regions is 
present in ILs. Structural heterogeneities are understood as resulting from a segregation of charged and 
nonpolar domains in ILs with nonpolar moieties. This segregation has consequences on the dynamic 
behavior of ILs regions resulting in a variety of types of structure/morphology of ILs.  
A molecular dynamics (MD) study has been performed in order to obtain the structural analysis of 
both the pure amino acid-based ILs and aqueous solutions.  
Ab initio calculations and MD simulations were performed to obtain information about the structure 
and thermodynamic properties of these amino acid-based ILs.  
 
Experimental method 
 
All the MD simulations were carried out using the DLPOLY code [5]. The ILs were modeled using an 
all-atom force field based on the CL&P force field ([6],[7]) specially tailored to encompass this and 
other IL homologous series. 
Due to the slow dynamics of this type of system, special care was taken to ensure the attainment of 
equilibrium conditions, including the proper diffusion of the solutes in the IL media: (i) equilibrations 
started from low-density initial configurations; (ii) typical equilibrations were implemented for more 
than 1 ns at constant NpT; (iii) multiple re-equilibrations through the use of temperature annealing 
were performed; (iv) further simulation runs were used to produce equilibrated systems at 298 K. 
Electrostatic interactions were treated using the Ewald summation method considering six reciprocal-
space vectors, and repulsive-dispersive interactions were explicitly cut off at 1.6 nm (long-range 
corrections were applied assuming the system had an uniform density beyond this cut-off radius). 
 
Discussion 
 
An opposition-of-phase between cation-anion and the anion-anion and cation-cation pair radial 
distribution functions (RDFs) was observed for distances smaller than 0.9 nm which confirms that a 
polar network is present. 



MD simulations can give fundamental insight on the main interactions that allow the enhancement of 
the enzymatic activity with some ILs. 
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Introduction 
The available models in the literature cannot qualitatively describe many multicomponent systems in 
adsorption equilibrium. Several models have been proposed based on the heterogeneous energy of solid 
surface. Neverthenless, the behavior strongly not ideal presented by many mixtures is not predicted 
satisfactorily yet. Recently, we present a new model to describe the multi-site occupancy on 
homogeneous surfaces [1]. In this work, we present the extension of this model to heterogeneous 
surfaces. The predictive performance of both models was evaluated in the description of the adsorption 
of mixtures at high pressures. 
Adsorption Isotherm Models 
Romanielo et al. [1] (MSOM-1) presented a modified multi-site occupancy model based on the model 
developed by Nitta et al. [2] (MSOM-2) which considers that the molecules may adsorb on one or more 
sites on a homogeneous solid. The isotherm for the mixtures (Eq. 1) is written: 
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In Eq. 1, P is the pressure, K is the Henry's constant,  (= ri.Wi / W*) is the coverage fraction and β (= 
2.ri-1 /Z.ri) is a parameter. r is the number of sites occupied by one molecule.  u is the intermolecular 
interaction parameter between to molecules adsorbed in neighboring sites.   is the fugacity coefficient. 
R is the universal gas constant, T the temperature, Z the coordination number. W is the adsorbed amount 
and W* is the maximum adsorption capacity of a solid. The subscripts i and k refer to the adsorbates. 
The parameter b is related to number of neighboring sites occupied by a molecule: 
 bZ=r(Z-2)+2   (2) 
This model was extended to heterogeneous surfaces using the patchwise theory (MSOMH-2). The 
asymmetric Gaussian distribution function proposed by Nitta et al.[3] was used to describe the energy 
probability distribution. The solid was considered to have 4 different energetic patches. The Henry's 
constant is calculated for each patch (m) by:  
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The values of t (probability) for each patch used were that proposed by Nitta et al. [3]. The local 
isotherm is characterized by a specific adsorption energy ( ) in terms of a given reference energy ( ) 
which provides a Henry's constant reference ( ). 

To evaluate the effect of the local isotherm, the multi-site occupancy model proposed by Nitta et al. [2] 
was also extended to heterogeneous surfaces (MSOMH-2), using the same procedure. The two 
heterogeneous models and two homogeneous models were used to evaluate the adsorption in several 
different mixtures and solids. Some of them are presented in Table 1. 
 



Table 1. Some mixtures, solids and references of the systems tested 
Reference Solid Absorbates T [K] up to P [bar] 
Haydel and Kobayashi [4] Silica gel CH4, C3H8 273-310 68.95 
Payne et al. [5] Chacoal CH4, C3H8, n-C4H10 303-340 138.00 
Reich et al. [6] Activated carbon CH4, C2H6, C2H4 212-301 35.00 
Ritter and Yang [7] Activated carbon CH4, CO, CO2, H2, H2S 293-296 27.58 
Chen et al. [8] 5A molecular sieve H2, CH4, CO, CO2 298,373 55.16 
Talu et al. [9] 5A zeolite O2, N2 296-318 18.00 

 
Results and Discussion 
 
The parameters of each tested model were obtained by regression of the pure adsorption data. In 
general, it was observed that all models fitted well the experimental data. For mixtures, we noticed that 
at high pressure the HMSOM-1 model presented improvement of prediction of total amount adsorbed. 
Some results are presented in Figure 1. Experimental data is obtained by [6] and are represented by dots. 
RMD means relative mean deviation 

 
Figure 1. Adsorbed amount in Activated Carbon at 301.4K (a) - Pure components (b) - CH4–C2H6 and 
(c) - CH4–C2H6–C2H4. 
 
Conclusions 
 
In general, it can be seen that the inclusion of the effect of energy heterogeneity in multi-site occupancy 
model improved the prediction of total amount adsorbed. This can be explained by the inclusion of two 
parameters in model, which improved the correlation of experimental data. This inclusion acted as a 
reparameterization and favored, in particular, the correlation of data in the saturation region.  
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Introduction 
Much has been written about the advantages and disadvantages of various methods used in the 
determination of activity coefficients [1,2], especially the isopiestic method and the measurement of 
electromotive force. Although accord has not been reached, it appears that the potentiometric method 
is simpler and more rapid than the isopiestic method, although it has the definite limitation that it 
requires electrodes which are reversible for the ions of the electrolyte studied. In recent years this 
problem has been remedied by the development and improvement of new ion-selective electrodes 
(ISE). Currently, these electrodes are not only valuable for analytical use, but also may be employed 
in determining thermodynamic and transport magnitudes [3,4]. The bi-ISE system employed in this 
study is formed of a glass-membrane electrode selective for Li+ ions, and a liquid membrane electrode 
selective for ClO4

- ions.  
Nevertheless, in spite of the major advances in the ISEs, many ions still exist for which specific 
electrodes have not been found or have not been simple enough to fabricate and use. Thus, as far as 
we know, there is no ISE for Li+ that is commercially available, as are glass electrodes for Na+ or 
liquid membrane electrodes for K+. we obtained good results with selective electrodes for Na+ and 
Cl- in obtaining the activity coefficients of LiCl in (water + ethanol). The electrode system employed 
in the earlier work [5] was previously checked and calibrated by measuring the activity coefficients of 
LiCl to w = 0, 0.2, and 0.4 (methanol + water) and comparing them with results obtained from the 
literature [6]. 

 
Experimental Section 
The activity coefficients of LiClO4 in ionic liquid were experimentally determined at 298.15 K from 
emf measurements of the following electrochemical cell without transference containing two ion 
selective electrodes (ISE): 

Na-ISE | LiClO4 (m) | ClO4-ISE 
The determination of E0*, which is necessary to calculate the activity coefficients, was carried out 
following a similar method of Hitchcock, using the Pitzer, extended Debye-Hückel and Scatchard 
equations to represent the dependency of logγ on molality. The electrode system employed shows a 
good Nerstian behaviour.  
The emf measurements were carried out with a 614 Keithley Electrometer having inner impedance 
greater than 5 1013 Ω with a resolution of ±0.1 mV. Depending on the concentration of the LiClO4 
studied, it was observed that after approximately 30-45 minutes, the variation of the potential with 
time was very small (around 0.1 mV per 15-20 min.). The reading at this moment was considered to 
represent the cell in equilibrium. Depending on the temperature, the emf uncertainty can be estimated 
between (0.1 – 0.3) mV, approximately. 
 
Results and Discussion 
The determination of activity coefficients was performed using a method similar to Hitchcock [7] in 
combination with the Pitzer model [8, 9], whose mathematical form, for a 1:1 electrolyte, in order to 
obtain a good estimation of activity coefficients, one additional equation were used. Thus, the 
extended Debye-Hückel [10, 11] equation for 1:1 electrolytes. 
Figure 1 shows log γ versus m1/2 for temperature 298,15 K, for each molality, the activity coefficient 
value increases with the temperature increases. This behavior is less pronounced at low molalities. 
 



Figure 1. Plot of experimental log γ  vs. m1/2  for aqueous LiClO4 at 298. 15 K. 
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Conclusions 
Using the bi-ISE cell Na-ISE|LiClO4 (m)|ClO4-ISE, we have determined the mean ionic activity 
coefficients of LiClO4 in water at 298.15 K from emf measurements. A good fit of the experimental 
data was obtained with the use of Pitzer, Debye-Hückel. An excellent behavior of the electrodes used, 
in spite of the broad range of concentrations employed in the study, is observed. 
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Introduction 

Some oil reservoirs are contaminated with large amount of CO2 and this contaminant should be 
removed. The ionic liquids (IL) are organic salts that are liquid at temperatures below 100° C. They 
are formed by organic cation and organic and/or inorganic anion and could present high CO2 
solubility. Furthermore, these compounds present other good properties such as low volatility, thermal 
and chemical stability. Due to a large number of ionic liquids that could be synthesized from possible 
combinations of different anions and cations, a disered property can be achieved. However, the 
difficulties inherent to the experimental methodologies justify the use of computational techniques for 
a priori obtanaing properties of these compounds. Many researches involving solvation behaviors in 
ionic liquid have been reported recently. The first molecular simulation of solvation of small solutes in 
ionic liquids was presented by Lynden-Bell and co-workers in 2002 (Lynden-Bell et al., 2002), who 
used the thermodynamic integration method along with molecular dynamics simulations to calculate 
the excess chemical potential, which can be directly related to Henry’s constant. The present work 
aims to calculate the Henry constant for systems containing CO2 and a protic ionic liquids called (m-
2HEAA) through classical molecular dynamics at 333, 343 and 353 K. The results are compared with 
experimental data (Mattedi et al. 2011). 

Molecular simulation  

Molecular dynamics simulations were performed using the LAMMPS package for the calculation of 
the Henry constant of CO2 in ionic liquids: m-2HEAA. In order to validate the methodology, CO2 
disorbed in [EMIM][TFN2] was simulated at 1 atm and 303 K. Then the mixture m-2HEAA+CO2 
was simulated at 1 atm and 333, 343 and 353 K. CL&P (Canongia Lopes et al. 2004) force fields and 
TRAPPE (Eggimann et al. 2013) were used for modeling the two ILs and CO2, respectively. We use 
for the simulations the following soft-core potential: 
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Here we used the multi Bennett acceptance ration MBAR (Fajer et al. 2009). After the sampling of 
different states be performed, it is estimated the free energy between them through the technique of 
MBAR which is an estimator for the free energy differences between states i and j, calculating them 
from state i sampling in state j. Finally, in NPT ensemble, the solvation free energy is related to 
Henry's constant by means of the equation 2: 

 



exp sol
H

GRTK
M RT
ρ Δ⎛ ⎞= ⎜ ⎟

⎝ ⎠
         (2) 

Results and Discussion 

The performance of the soft-core function in the calculations of the solvation free energies and binding 
affinities of CO2 + ionic liquids is of particular importance because of the applicability to the rational 
separation process. Application of the soft-core potential for the binding free energy calculations of the 
CO2 + ionic liquids produces a significant effect on the accuracy of the binding affinity estimation. 
The force field using CL&P is considered satisfactory for description ILs properties. The obtained free 
energy of solvation for the mixture [EMIM] [TFN2] + CO2 is shown in Figure 1. A snapshot of the 
simulation box in shown in Figure 2. The pressure difference between Pt=0 and P=equilb was used to 
find the Henry’s constant, the obtained value was 5129 ± 999 kPa at 303 K. This value has the same 
magnitude of experimental value reported by Camper et al. 2006 which was 4000 ± 130 kPa at 300.45 
K.  

 

 

 

 

 

 

 

Fig 1. Free Energy of system CO2+[EMIM][TFN2]          Fig 2.  Simulation Box  

Conclusions 

In order to validate the methodology, we have systematically investigated the solubility of CO2 + 
[EMIM][TF2N]. Free energy calculations using molecular dynamics simulations augmented with the 
Bennett acceptance ratio were performed. Results are satisfactory for free energy and Henry constants 
for systems containing CO2 and a protic ionic liquid (m-2HEAA) using classical molecular dynamics 
at 333, 343 and 353 K. Results obtananed here are compared with experimental data of Mattedi et al. 
2011. 

References 

D. Camper, C. Becker, C. Koval, and R. Noble, Ind. Eng. Chem. Res. 45, 445 (2006). 
J. N. Canongia Lopes, J. Deschamps, and A. A. H. Pádua, J. Phys. Chem. B 108, 2038 (2004). 
B. L. Eggimann, A. J. Sunnarborg, H. D. Stern, A. P. Bliss, and J. I. Siepmann, Mol. Simul. 40, 101 (2013). 
M. Fajer, R. V. Swift, and J. A. McCammon, J. Comput. Chem. 30, 1719 (2009). 
R. M. Lynden-Bell, n. A. Atamas, A. Vasilyuk, and C. G. Hanke, Mol. Phys. 100, 3225 (2002).  
S. Mattedi, Carvalho PJ, Coutinho JAP, Alvarez VH, Iglesias M. The Journal of Supercritical Fluids 56, 224–30 
(2011). 

Acknowledgments 

The authors thank the financial support of Fapesb (State of Bahia Research Funding Agency) and 
CNPq (Brazilian Funding Agency). 



Development of a Thermodynamic Model for Fluids Confined in Spherical 
Pores 

Michelle D’Lima and Marcelo Castier 

Chemical Engineering Program, Texas A&M University at Qatar, Qatar 

marcelo.castier@qatar.tamu.edu 

 

Scientific topic: Theory and Modelling: Statistical Thermodynamic, Equations of State, Activity 
Coefficient Models, Molecular Simulation and Multiscale Simulation. 

Keywords: Confinement, Equation of State, Extended Peng-Robinson Equation, Spherical Pores 

Introduction 

The thermodynamic properties of a fluid confined in small pores can be substantially different from those 
observed of the same bulk fluid. These differences in behavior could have technical applications in 
adsorption-based separations; may pose a challenge with regards to the extraction of oil entrapped in the 
small cavities of reservoir rocks; or could even be utilized in complex heterogeneous catalytic systems 
such as those used in gas-to-liquid fuel conversions. This work describes the use of the generalized van 
der Waals theory [1] to extend cubic equations of state, such as Peng-Robinson, that are widely applied in 
the oil and gas industry to model the behavior of pure fluids as well as mixtures confined in spherical 
pores.  

Methodology 

When utilizing the generalized van der Waals theory, it is necessary to develop expressions for the free 
volume and for the configurational energy of a fluid. Following a methodology used previously [2] to 
develop equations of state for fluids confined in cylindrical pores, the spherical pore space is split into 
three concentric regions in order to account for molecule-wall interactions via a square well potential. 
Molecule-wall interactions are neglected in the innermost region, as it is distant from the pore wall. In the 
second region, molecule-wall interactions are considered. The outermost region is considered to be too 
close to the pore wall, hence no molecular centers will be present in this area. Simulation data for the 
packing of spheres inside spherical pores were used to fit an empirical expression for the packing density 
as a function of the pore to particle diameter ratio. An empirical expression was also developed for the 
fraction of the fluid molecules inside a pore that interact with the pore wall, which considers deviations 
from random distribution because of molecule-wall interactions. Another expression accounts for the 
effect of confinement on the coordination number between molecules.  

The generalized van der Waals theory provides the framework for the development of several cubic 
equations of state [1]. The extended equations of state for fluids in spherical pores retain the general form 
of their counterparts for fluids in cylindrical pores, with different expressions for packing density, fraction 
of particles interacting with the wall, and molecule-molecule coordination number. For example, for a 
pure fluid, the expression of the extended Peng-Robinson equation of state [3] for confined fluids follows: 
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	   	   (1)	  

The first two terms on the right hand side of Equation (1) are analogous to those of the original Peng-
Robinson equation of state, with expressions for the a and b parameters modified for confinement. The 
third term in Equation (1) was specifically introduced to predict the behavior of confinement, as it 



accounts for molecule-wall interactions. It is important to note: as the pore size increases and the attractive 
part of the molecule-wall interaction energy tends to zero, Equation (1) will reduce to the original Peng-
Robinson equation of state. In other words, the bulk phase can be treated as a phase confined in a large 
pore of non-interacting walls. Thus, the same model can be applied to both the bulk and confined phases, 
simply using different parameters to characterize the confinement effect. Despite the relative simplicity of 
the model, it captures several trends and limiting behaviors of adsorption phenomena. For practical 
calculations, the model parameters were fitted to experimental data for the adsorption of gases in common 
adsorbents. 

Results and Discussion 

The calculated results were compared to experimental data from literature in order to assess the 
performance of the model, through adsorption equilibrium calculations, generally producing good results. 
Figure 1 displays examples of pure component carbon dioxide and methane fits [4] in zeolite A. However, 
these examples demonstrate an underestimation of the calculated amount at lower pressures, and an 
overestimation of the amount at higher bulk phase pressures. One possible explanation for this behavior is 
that the repulsive part of the model, which is a consequence of van der Waals’ excluded volume 
expressions, overestimates the bulk phase pressure and density.  

 

Figure 1. Calculated versus experimental results for carbon dioxide and methane adsorbed in zeolite A at 
303.15 K (experimental data from reference [4]) 

 

Conclusions 

The modified Peng-Robinson equation of state for confinement showed generally good agreement 
between calculations and experimental adsorption data. Despite the deviations between the experimental 
and calculated results, the average occupancy numbers predicted by the model are lower than the 
maximum theoretical occupancy. Hence there is no violation of the theoretical limit of molecules that can 
be adsorbed. 
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Introduction 
 
Asphaltenes are known to be responsible for the detrimental formation of coke-precursor and may 
deactivate catalysts. The relation between aggregation of asphaltenes and formation of coke-precursors 
is not well understood, however. Evaluations of asphaltene aggregation, such as interactions with 
resins or solvents, and a thermodynamic approach based on the aggregated model structures have been 
investigated. [1-3] Dissociation of the aggregated structure by heating and/or soaking in solvent is not 
well understood. In the present work, the asphaltene obtained from Maya VR was modeled, and the 
stable conformation was determined by molecular mechanics (MM) and molecular dynamics (MD) 
calculations. The most stable aggregated structure obtained was “heated” computationally to 
temperatures of 373–673 K in order to observe structural changes in the aggregates and to see whether 
the aggregates dissociated. The effect of interaction of resin on the structural relaxation of the 
asphaltene aggregates during heating was investigated. 
 
Experimental method 
 
Asphaltene and resin obtained from fractionation of 
vacuum residues for Maya (MY) with n-heptane were 
used. Solution 1H NMR and 13C NMR spectra were 
measured in DCCl3 (99.5%) on a JEOL Lambda 500 
NMR spectrometer with TMS as the internal standard. 
To analyze the distribution of molecular weights, laser 
desorption mass spectrometry (LD/MS) was performed 
on a Kratos Kompact MALDI III linear/refrectron 
time-of flight mass spectrometer. 2000 
scans were accumulated for each sample. 
Model structures for the asphaltene and 
resin are constructed by Sato’s method [4] 
on the basis of the structural parameters 
from analytical data. Those model 
structures are shown in Figure 1. The 
models are composed of three and four 
different molecules for asphaltene and resin, 
respectively, to express a distribution of 
chemical structure, and the average values 
for those distributed models are satisfied 
with the structural parameters. 
 
Molecular Simulation 
 

 

Model Structures for Maya Resin
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Figure 1.  Model Structures for Maya Asphaltene and 
Resin 



The Cerius2 software package (version 4.6, 
Accelrys Inc.) was run on an OCTANE graphic work 
station (Silicon Graphics Inc). The DREIDING 2.02 
method was used for the force field calculations.6  
  The simulation of the interaction of asphaltene 
aggregates with resin was carried out. The four resin 
molecules were disposed around the energy-minimum 
conformations of the asphaltene aggregates. First, the 
calculation of molecular mechanics was carried out to 
optimize the potential energy of the total system; and 
then the calculation of MD for 100 - 300 ps was 
carried out under periodic boundary condition at 573 
K. The interaction between the asphaltene aggregates 

and the resin, and the structural changes of the 
aggregates in the presence of resin were 
simulated. 
 
Results and Discussion 
 
The energy-minimum structure for the mixture 
of asphaltene and resin was calculated by using 
MM/MD calculations. As shown in Figure 2, it 
was simulated that each resin molecule 
interacted strongly with the asphaltene 
molecules mainly through aromatic – aromatic 
interactions. 
For the energy-minimum conformation, the 
calculation of MD for 100ps was carried out 
under periodic boundary condition at 300-673 
K. Figure 2 shows changes in distances of 
aromatic clusters between asphaltene and resin 
molecules at 573 K. Significant changes 
between a-b aromatic clusters in asphaltene 
aggregates were observed; changes in the distance 
over 7.5 Å were seen. This result suggests that the resin molecules interacted favorably with 
asphaltene aggregates and as a result original aggregation of asphaltenes might be weakened. 
Therefore, it is noted that light fractions like resins act as a solvent in VR. In the MD calculation at 
473 K, the changes in distance between clusters up to 6.0 Å were also observed. The effect of 
temperature on the interaction between asphaltene and resin molecules can be important. 
 
Conclusions 
 
The interaction between asphaltene and resin molecules was evaluated using the molecular simulation 
method. It was simulated at 573 K that part of asphaltene aggregates can be dissociated by the attack 
of resin molecules disposed around the aggregates.  
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Figure 2  Energy-minimum conformation for the 
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Introduction 
The phase behavior of binary systems made of CO2 and an organic compound having a relatively high 
molecular weight  is of interest in varied applications, e.g, Refs [1,3]. Within the ranges of conditions 
of interest, these systems may present fluid-fluid (FFE), solid-fluid (SFE), liquid-liquid-vapor (LLVE) 
and solid-fluid-fluid (SFFE) equilibria. Typically, transition pressures (temperatures) are measured at 
set temperature (pressure), and set overall composition (isopleths), through the synthetic method, 
covering a temperature (pressure) range. The result is a set of measured segments of isopleth phase 
envelopes, eventually together with segments of three-phase equilibrium lines in the pressure-
temperature space. Appropriate models for these complex systems may be useful to interpolate and 
extrapolate experimental information, and to study possible patterns of phase behavior. One such 
model has ben used in Refs [1] to [3]. In particular, in Ref [1] the calculated isopleths included the 
phase envelope and the appropriate segments of a SFFE line, for the system carbon dioxide + 
medroxyprogesterone acetate; while in Ref [3], for the sytem CO2+Mitotane,  only phase envelopes 
were computed. In both cases [1,3], the phase envelopes included SFE and FFE segments. The 
systems in Refs [1] and [3] present retrograde behavior. A more complete characterization of the 
contribution of the SFE to isopleths can be done by computing lines of constant solidified fraction. 
Thus, the objective of the present work is to study the heterogeneous region of computed solid-sluid 
equilibrium isopleths of binary aysmmetric systems, by resorting to calculated constant solidfied-
fraction curves.  
 
System and Thermodynamic model  
The case study here considered is the phase behavior of the system CO2(1) + medroxiprogesterone 
acetate(2) [system CO2+MPgAc]. The model and parameter values are the same than those used in  
Ref [1]. The model combines an equation of state for fluid phases with a standard equation for the 
fugacity of pure component “2”. Due to the high asymmetry of system CO2+MPgAc, it is assumed 
that a given solid phase is made of only component “2”. For calculating phase equilibria for 
CO2+MPgAc, we impose the isofugacity condition for component “1” in all fluid phases, and for 
component “2” in all fluid phases and in the solid phase (if present), together with the constraints of 
uniform pressure and uniform temperature throughout the heterogeneous system. For computing a 
constant solidfied-fraction curve (level curve) we add to the previous mentioned conditions the 
following one: 

( )2 2 1S Sz x=Φ + −Φ  
(1) 

where 2z  is the overall composition of the binary system. 2z 	   is	   the	   specification	   that	  defines	   the	  

isopleth	  under	  study.	   SΦ 	   is	  the	  phase	  mole	  fraction	  of	  the	  solid	  phase,	  i.e.,	   SΦ 	   is	  the	  number	  of	  
moles	  present	   in	   the	  solid	  phase	   if	   the	   total	  number	  of	  moles	   in	   the	  heterogeneous	  system	  equals	  
unity.	  Finally,	   2x  is the mole fraction of component “2” in the fluid phase at solid-fluid equilibrium. 

2x 	   decreases	   if	   SΦ 	   increases.	   If	   0SΦ = ,	   then	   2 2x z= ,	   according	   to	   eq	   (1).	   Thus,	   2z 	   is	   the	  

maximum	  possible	  value	  for	   2x . The minimum value for 2x  is zero (complete depletion of the fluid 



phase, in favor of the solid phase). Thus, the maximum value for SΦ 	  is	   2z 	  [eq	  (1)]. 
 
Illustrative Results and Brief Discussion 
Fig. 1 shows calculated constant SΦ 	  curves (level curves) for the 2z  = 0.00014 isopleth of system 
CO2+MPgAc. The labels in Fig 1 are arbitrary integer numbers which, however, are set to increase 
with the increase in SΦ 	   (see Table 1.).	  A	   regular	   integer	  number	  and	  a	  primed	   integer	  number	  of	  
equal	  value	  (e.g.,	  2 and 2’)	  correspond	  to	  separated	  branches	  of	  the	  same	  level	  curve.	  Level	  “0”	  is	  the	  
phase	  envelope.	  It	  is	  of	  the	  solid-‐fluid	  type	  in	  its	  full	  extent.	  Level	  “1”	  has	  a	  single	  branch.	  Level	  “2”	  is	  
at	   the	   boundary	   between	   single-‐branch	   levels	   and	   double-‐branch	   levels.	   Some	   branches	   extend	  
indefinetely	   towards	   high	   pressures	   and	   also	   towards	   low	   temperatures,	   e.g.,	   branch	   “3”.	   Other	  
branches	  have	  one	  or	   two	  solid-‐liquid-‐vapor	   (SLV)	  endpoints.	  At	  100	  bar	  and	   	  475	  K,	   the	   system	   is	  
homogeneous.	  If	  temperature	  is	  decreased	  at	  100	  bar,	  the	  sequence	  in	  Fig	  1	  is	  the	  following:	  (0,	  1,	  2,	  
3,	  4,	  5,	  6,	  7,	  8,	  9),	  then	  (	  9,	  8,	  7,	  6,	  5),	  and	  then	  (5’,	  6’,	  7’,	  8’,	  9’,	  10’).	  The	  sub-‐sequence	  (	  9,	  8,	  7,	  6,	  5)	  is	  
indicative	  of	   retrograde	  behavior.	  Notice	   that,	   for	  double	  branch	   levels,	   there	   is	  a	   transition	   in	   the	  
topologies	  of	  the	  branches	  at	  a	  level	  close	  to	  “5”.	  	   
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Table 1. Correspondence between labels and Φs values in 
Fig. 1  
Label Φs  Label Φs 

0 0  6; 6’ 5.6625492E-05 
1; 1’ 2.8000000E-05  7; 7’ 7.0000000E-05 
2; 2’ 3.5559806E-05  8; 8’ 1.3000130E-04 
3; 3’ 4.0004000E-05  9; 9’ **1.3977136E-04 
4; 4’ *4.7600000E-05  10; 10’ 1.3999986E-04 
5; 5’ 5.0004500E-05    
  

Fig. 1. Isopleth of z2 = 0.00014. Calculated 
constant SΦ  curves for system 
CO2+MPgAc. See Table 1. Model and 
parameters: Ref. [1]. 
 
Since	   the	   model	   does	   not	   allow	   the	  
solidification	   of	   CO2	   ,	   	   SF	   calculations	  
can	   be	   performed	   at	   temperatures	   as	  
low	  as	  desired	  (the	  CO2	  melting	  point	  is	  
approximately	  equal	  to	  217	  K). 

Thus,	  some	  low	  temperature	  parts	  of	  the	  level	  curves	  in	  Fig	  1	  are	  metaestable.	  The	  (not	  shown)	  level	  
curves	  that	  originate	  at	  the	  SLV	  line,	  and	  exist	  below	  it,	  have	   SΦ 	  values	  extremely	  close	  to	   2z 	  (an	  

indeed	  less	  than	   2z ). 
 
Conclusions 
The computed constant SΦ 	  curves reveal a phase behavior more complex than the one that could be 
imagined from just looking at the isopleth phase envelope and at the appropriate parts of three-phase 
lines.  
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Introduction 
Stability analysis and equilibrium calculations are time consuming tasks in compositional petroleum 
reservoir simulation. Michelsen (1986) discovered that the dimensionality of the flash calculation by 
cubic EOS with zero interaction coefficients is three [1]. He proposed to solve three equations with 
three unknowns to find the equilibrium ratios. This meant dimensionality of the two phase flash 
problem is independent of the number of components for cubic EOS. Jensen and Fredenslund (1987) 
extended the Michelsen method, if only one non-zero interaction coefficient exists in the mixture, by 
solving a system of only five equations [2]. Hendriks (1988) presented a general mathematical 
theorem in phase equilibrium equations to show how for a well-defined class of thermodynamic 
models (e.g. cubic EOS) the dimensionality of various phase equilibrium problem can be reduced [3]. 
Different applications of the reduction methods have been investigated by Nichita et al. (2004-2011) to 
prove their exactness for a wide range of equilibrium calculation problems, such as stability analysis,  
saturation pressure, extrapolation of the results of previously performed flashes with different 
application from synthetic hydrocarbon to real petroleum reservoir mixtures, and multiphase flash 
calculations [4, 5, 6, 7]. In this work, a new reduction technique is presented for Peng-Robinson 
equation of state with no restriction on the number of non-zero interaction coefficients. Appropriate 
solution variables are selected for the prepared equation system to solve the equations in an efficient 
numerical scheme.  
Reduction 
The fugacity coefficients for each phase can be decomposed into three parts: 

(1) 0.5
1 2 3/p p p

i i i iLn A p A b bmix A a     
The coefficients required for each components are: 
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This constant factor (푏푚푖푥 = ∑ 푧 푏 ) is added so that, the magnitude of 퐴 , 퐴  and 퐴   become on 
the same order for future calculation. Defining: 

(3) 
1 1 1 2 2 2 3 3 3, ,L V L V L V

i i iA A A A A A         
One can easily calculates the equilibrium ratios: 

(4) 푙푛퐾 = 휁 + 휁 . + 휁 .푎 .   
This equation provides the framework for the reduction technique. The liquid and vapor compositions 
are changing in each non-linear iteration of flash problem. Therefore in each iteration, 휁 , 휁  and 휁  
are updated and consequently, the equilibrium ratios are updated and the end of flash calculation there 
is no more change in equilibrium ratios and these parameters. Generally, the K-values in each iteration 
are updated with the following relation: 

(5) 
[훿퐿푛푘] , =

.
[푔 ] , , =
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0    푖 ≠ 푗
1   푖 = 푗 + ( , , )퐾 ( )

( ) + ( , , )퐾 ( )   

if one considers equation (4), all equilibrium constants are functions of 휁 , 휁  and 휁 . 휁  and 휁 are the 
same or all of the components. The values of 휁  and 푆  is the same for all components with zero 
binary interaction coefficients with other components, named 휁 . Therefore one can set up the 
following set of variables (In fact, if one could find the above vector, the K-values can be exactly 
calculated.): 

(6) 휁 = [휁 , 휁 , 휁 , , 휁 , , … , 휁 ,( )]   
The proper reduced equilibrium equations to be solved for reduced flash calculation are defined as 

(7) 푔 = [푔 ( ),푔 ( ),푔 ( , ),푔 ( , ), … ,푔 ,( )]   
Where 퐼퐾 returns the serial number of related equilibrium equation according to (5). For component 
with zero interaction coefficients, the first three equation can be selected from three optional 
components. The other equations are in fact the equilibrium equations for the components with non-
zero binary interactions with other components. The solution of reduced system is: 

(8) 훿휁 = [훿휁 , 훿휁 , 훿휁 , , 훿휁 , , … , 훿휁 ,( )] = −퐽 ∗ ∗ 푔   
To solve, the reduced equation with reduced number of variables one needs to have below relation for 
Jacobian calculation (퐽 ∗  is extracted from 퐽 ∗ ): 

(9) 퐽 ∗ =
.

=
.

∗
.

  

In equation (9), [휕푔/휕퐿푛푘] .  is calculated from equation (5). The second part of these derivatives 
calculation, [휕퐿푛푘/휕휁] . , is in fact constant during flash iteration and defined as following 
relation: 

(10) = 1, = , = 푎 .    훽 = 0, 푗 = 1:푛푓   
  0                       표푡ℎ푒푟푤푖푠푒

 ,
,

,ℎ = 1, 푛푟 − 3 =

0  훽 = 0, 푗 = 1:푛푓  표푟 ( 푖 ≠ 퐼퐾(3,ℎ))
푎 .                                          표푡ℎ푒푟푤푖푠푒  

     

In this work, the initial estimate of K-Values and mole number of vapor phase are calculated based on 
Wilson and Rachford-Rice equation, correspondingly. These values are then used as basis for reduced 
variables initial estimation. Afterwards the reduced equation system, is solved to calculate the new 
reduced variables. These reduced set of variables, are used to update the new full set of K-value. 
Results and Discussion 
To evaluate the proposed solution technique, two real reservoir samples were selected. The first 
sample was from oil sample, containing 16 components. To examine the algorithm under different 
conditions, the following problems are solved; no non-zero BIC, where the reduced equation number 
is 3. two non-zero BIC with one common component, where the reduced equation number is 6. Three 
non-zero BIC with one common component, where reduced equation number is 7. The second sample 
was taken from samples published in literature by [7], which is a gas condensate sample with 27 
components. For this sample also different conditions were examined; one non-zero BIC where the 
problem dimension: is 5. Two non-zero BICs where reduced problem dimension is 7. Six components 
with non zero BICs with other components where the dimensionality of the problem is 9.For all these 
problems detailed and reduced calculation produced the same equilibrium ratios for a wide range of 
pressure and temprature. 
Conclusions 
The outcomes demonstrated complete match between full flash calculation and reduced flash 
calculation with close number of non-linear iterations. For these two reservoir fluid samples, several 
cases were defined with different number of non-zero binary interaction coefficients. The results 
showed that the suggested reduction technique can successfully perform equilibrium calculation in 
different ranges of pressure and temperature for different types of reservoir fluids. 
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Introduction 
Ref [1] describes an approach for computing binary (phase equilibrium) Txy and Pxy diagrams using, 
as starting point, information on previously computed univariant lines: critical and three-phase lines, 
and pure compound vapor pressure curves. Key points, relevant to the set temperature (or set 
pressure), are obtained from such lines. The key points are the limits of the isothermal (or isobaric) 
equilibrium phase envelope/envelopes, and/or the limits between the segments (liquid-liquid or vapor-
liquid) that make a phase envelope up. In such approach [1], the use of stability tests is minimized. In 
this work, an analogous methodology is tested for the case of ternary systems held at constant 
temperature [ternary isotherm (TI)]. First, key points are obtained, and then proper phase equilibrium 
lines are computed. The goal is to test the performance of the methodology for a case of particularly 
complex ternary phase behavior. 
 
Key Points in Ternary Phase Equilibrium Isotherms  
We understand by TI a set of ternary equilibrium objects whose variables have values which become 
defined once the temperature and some other intensive variable (e.g., pressure) are specified (divariant 
objects). Thus, e.g.,  a ternary two-phase equilibrium does not contribute to a TI because it requires 
three specifications rather than two. To obtain the key points of a TI, the system’s phase equilibrium 
Ternary Characteristic Map (T-CM) [2, 3] has to be known. Ref [2] presents a methodology for 
computing T-CMs. Examples of ternary univariant lines (T-ULs) that contribute to the T-CM are 
ternary critical end lines (T-CELs) and ternary four-phase equilibrium lines (T-4PLs). The TI key 
points are found by searching, along every T-UL (and also along binary and unary ULs), for the points 
at which the temperature equals that of the TI, i.e., by intersecting a constant temperature line (or 
plane) with all univariant lines of the already computed T-CM. It should be clear that once the 
temperature of the TI is set, then, the key points become defined. The TI key points (from which it is 
possible to start off the construction of the lines, or hyper-lines, that make a TI up) are, e.g., Binary 
Critical Points (B-CPs), Ternary Critical end Points (T-CEPs) and Ternary Four Phase Points (T-
4PPs). Eventually, the TI could also contain invariant points, such as a ternary tricritical point (T-
TCP). A known computed key point is used to produce a first converged point of a given line, such as 
Ternary Three Phase Lines (T-3PL) and Ternary Critical Lines (T-CL). Next, the line is computed 
using a numerical continuation method [2]. A line may be limited by two endpoints, or it may have a 
single endpoint and extend indefinitely towards either high or low pressures. 
 
Results and Discussion 
The 330 K TI was calculated for the system CO2+H2O+2-propanol using the Soave-Redlich-Kwong 
model with the interaction parameter values reported in Ref [2]. The 330 K TI key points are obtained 
from the T-CM shown in Figs 1 and 2. The vertical dashed line (330 K) intersects: the T-CELs (d), (a), 
(c) and (e); a T-4PL; and the binary critical line (B-CL) of system CO2 + 2-Propanol. Figs 3 and 4 
show all key points previously identified in Figs 1 and 2. They also show that at each T-CEP [(d), (a), 
(c) and (e)] a T-3PL originates. Notice that a T-3PL is made of three branches when seen in 
projections such as those in Figs 3 and 4. All four T-3PLs end at the T-4PP. Two of the T-3PLs exist 
at pressures above the T-4PP pressure, and the other two at pressures below the T-4PP pressure. This 
is best seen in Fig. 4. The detected B-CP and T-CEPs must be endpoints of a number of T-CLs. Three 



T-CLs were found. Figs 3 and 4 show what follows: (I) The T-CL(1) connects the B-CP (CO2+IPA) 
and the T-CEP(a), (II) The T-CL(2) goes from the T-CEP(c) to the T-CEP(d), and, finally, (III) the T-
CL(3) originates at the T-CEP(e) and extends indefinitely towards high pressures (Fig 3). 
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Figure 1. Pressure-Temperature projection of the calculated T-
CM for CO2+H2O+2-Propanol system. This is Fig 12 of ref [1]. 

Figure 2. Zoom of Fig. 1. This is Fig 14 of Ref [2]. 
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Figure 3. Computed phase equilibrium isotherm. Temperature: 
330 K. System: CO2+H2O+2-Propanol.  

Figure 4. Zoom of Fig. 3.  

     T-CEP-4PL: Ternary Critical End Point of a Four Phase Line. T-TCP: Ternary Tricitical Point. 
 
Conclusions 
By considering a quite complex case study, it has been shown that the methodology of Ref [1] can be 
extended to the case of phase equilibrium calculations for ternary systems.  
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Introduction 

 
The most known cubic equations of state (EoS) can be written under the general following form 
 

푃 =
푅푇
푣 − 푏

−
푎(푇)

(푣 + 휀푏)(푣 + 휎푏)                                                                                                              (1) 

 
where R is the gas constant, 푎, 푏, are the set of parameters which depends on the fluid and 휀, 휎, 
are universal constants. Cubic EoS can be written as third-degree polynomials in 푣 at a fixed 
temperature 푇 and pressure 푃: 
 
푣 + 푣 [푏(휀 + 휎 − 1) − 푅푇 푃⁄ ] + 푣[푏 (휀휎 − 휀 − 휎) − 푅푇푏(휀 + 휎) 푃⁄ + 푎(푇) 푃⁄ ] −
푏(휀휎푏 + 푅푇휀휎푏 푃 + 푎(푇) 푃⁄⁄ )   = 0                                                                                                  (2)                                
 
As a drawback of cubic EoS where 휀 and 휎 are universal constants, the predicted critical molar 
compressibility factor is found to be an universal constant, whereas experimentally, it is specific 
to each pure substance. In an homologous chemical series, the 푍  coefficient diminishes as the 
molecular size increases. For most substances, 푍  is found around 0.27±0.06. Attempting to 
improve this type of EoS, many works [1,2] have related 휀 and 휎 to acentric factor or 푍 , and 
the EoS turns to correlate better liquid molar volume, besides vapor pressures are well 
correlated. However, cubic EoS correlate not so well solubility parameter (훿) [3], and specially 
liquid compressibility is not well correlated although some modifications are made in the 
calculation procedure, such as use experimental instead of calculated molar volumes. Also, 
these authors calculate internal pressure (related to compressibility) and  훿, presenting some 
inconsistency in the relation between the two properties when calculated from classical cubic 
EoS. 
 
Internal pressures (휋) can be obtained from experimental data for density (휌), speed of sound 
(푢), and heat capacity at constant pressure (퐶 ), and are also related to 훿. This work is related to 
the results of the first step of a major study that aims to develop EoS for the prediction of 
thermodynamic properties of heavy oil fractions. Since those heavy fractions do not vaporize, 
we believe that properties of single-phase systems are more appropriate than the usual 
vaporizing data, especially to calculate the 훿. This argument is supported by an extensive 
review of applicable models to heavy fractions available in the literature. 

We propose a new type of parameterization where the constants 휀 and 휎 are functions of 푍 . 
Experimental values of 푇  and 푃  can be used to determine the expressions of 푎 = 푎 훼(푇) and 
푏 = 푏 휏(푇). Thus, in this work, an EoS which presents the ability to describe the solubility 훿 
and the 휋 of pure organic substances from different classes has been proposed. The EoS is 
basically the general cubic equation (Eq. 1), and it is modified by the inclusion of functions 휀 =
푓(푍 ) e 휎 = 푓(푍 ). To reach this objective, the incorporation of different types of functions 
훼(푇) and 휏(푇) in EoS was also evaluated with respect to their ability to reproduce 훿 and 휋 of 



the same organic substances in a temperature range from 293 K to near of melting point of each 
substance.  
 
Equation of state 
 

The state of a fluid is usually defined by its temperature (푇) and molar volume (푣) (Eq. 
1). At the critical point, from equation 2, the following formal relationships can be obtained: 

 

푎 =
푍 − 휀휎(퐵 + 퐵 )

퐵
(푅푇 )
푃

;           푏 =
−3푍 + 1
휀 + 휎 − 1

푅푇
푃

;              퐵 =
푏 푃
푅푇  

=
3푍 + 1
휀 + 휎 − 1

          

 
The first step was to choose the parameters 휀 and 휎 for each substance. In order to maintain 
physical consistency and the required formalism, the following restrictions were obeyed: 
 

휀 + 휎 < 1 →  3푍 > 1 
휀 + 휎 > 1 →  3푍 < 1

휀 − 휎 ≠ 0
            

푍 > 휀휎(퐵 + 퐵 ) 
푍 − 3푍 퐵 − 퐵 (휀 + 휎 − 휀휎) − 퐵 (휀 + 휎) = 0

 

 
The fitting parameters of 훼(푇) and 휏(푇) are determined by using experimental data of 
isothermal and isentropic compressibility (푘 , 푘 ), thermal expansion (훽) and residual internal 
energy (푈 ). These properties were calculated from experimental data of 휌, 푢, 퐶  and 훿. 

 
Results and Discussion 

 
The best fit for the functions ε and σ that satisfies the restrictions imposed by physical 
consistency required by the model was 휀 = −45.208 푍 + 15.678 and 휎 = 12.384 푍 −
6.992 푍 + 0.585. An important result is that the quality of the model predictions is sensitive to 
훼(푇) and 휏(푇) functions chosen, thus several functional forms are being tested. Together with 
this, three numerical methods are being tested to adjust the parameters: Levenberg-Marquardt, 
conjugate gradient and quasi-Newton. We have chosen to show the preliminary results that have 
not been assigned rigid functional forms for 훼(푇) and 휏(푇) functions because many of them are 
still dependent on appropriate numerical strategies, Therefore its derivatives were calculated 
numerically. Figure 1 and 2 show the results for the 훿 and the 휋 from the cubic EoS. 
 

   
Figure 1. 훿   vs 훿 .                       Figure 2. 휋  vs 휋 . 
 
Conclusions 
The proposed state equation was sufficiently able to describe solubility parameter and internal 
pressure of several pure organic substances with 휌, 푢 and 퐶  as input parameters. This indicates 
that the use of single-phase properties can be a viable alternative to systems where the 
vaporization data do not exist or are not available. 
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Introduction 
 
 In many areas of Chemical Engineering, like process development and petroleum fractions 
characterization, the accurate estimate of density of liquid mixtures as a function of composition and 
temperature are particularly important [1]. The knowledge of density, along a sufficient number of 
isotherms and isobars can be used to determine the isothermal compressibility and the thermal 
expansion coefficient of fluids [2]. The accurate measurement of speed of sound plays an important 
role in the characterization of the effect of pressure on thermodynamic properties of liquids [3]. 
 In this work, density, ρ, and speed of sound, u, data reported by Nascimento et al. [4] for 
tetralin and n-hexadecane, as well as for the binary mixture, were correlated with one earlier version of 
the SAFT equation [5], Perturbed-Hard-Chain Theory (PHCT, [6]) and Prigogine-Flory-Patterson 
(PFP, [6]) equations of state. 
 
Calculations 
 
 Over the last few years, the popularity of the statistical associating fluid theory has grown very 
fast. Nowadays this theoretical approach is very popular due to its versatility and the good results 
obtained in different applications [7]. The SAFT equation of state was implemented as proposed by 
Chapman et al. [5] but without the association term. The dispersion term was determined from 
Cotterman et al. [8]. Connection between equation of state properties and speed of sound is through 
equations (1)–(4). 
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where superscripts calc, ig and res stands for calculated, ideal gas and residual, respectively. V is 
molar volume, T is temperature, kT is the isothermal compressibility, α is the thermal expansion 
coefficient, CP is the isobaric heat capacity, R is the gas constant, P is pressure, Z is the 
compressibility factor, U is the internal energy and M is the molecular weight. The ideal gas isobaric 
heat capacities were taken from literature [9]. 
 The method of weighted least squares has been used to fit the values of the three characteristic 
parameters for pure components and the binary mixture interaction parameter in order to minimize the 
following objective function (equation (5)). 
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where i indicates an experimental point, np indicates the number of experimental points, superscript 
exp stands for experimental, and δ means the experimental uncertainty. 



Results and Discussion 
 
 The calculated properties for pure tetralin are presented in figure 1. This substance was chosen 
to be shown here because the models presented a poorer performance for this substance. Figure 1(a) 
shows the results for density and Figure 1(b) for speed of sound. According to the presented results, 
the SAFT model did not correlate so well the density dependency with temperature and did not 
correlate so well the speed of sound dependency with pressure and temperature, and the better results 
were achieved by PFP and PHCT models, with PHCT describing better the temperature dependency of 
speed of sound with pressure. 

  
Figure 1. Calculated properties for pure tetralin: (a) Density; (b) Speed of sound. Symbols are data 
from Nascimento et al. [4] at: ○, T = 313 K; ▲ , T = 323 K; □, T = 333 K. Lines have been calculated 
from: , SAFT model; , PHCT model; , PFP model [4]. 
 
Conclusions 
 
 Within the evaluated pressure and temperature range, the SAFT equation correlated the 
experimental density and speed of sound data with deviations much higher than the experimental 
uncertainty. When compared with results obtained by Nascimento et al. [4] with PFP model, it 
becomes clear the high deviations obtained for density. For speed of sound the models obtained 
similar average absolute deviations, but with different slopes. Although the PFP model performed 
better then SAFT, it does not reduce to the ideal gas equation of state, therefore it is incorrect at low 
densities and cannot be used to represent vapor-liquid equilibrium. However, PHCT model reduces to 
ideal gas equation and indeed performed better than the other models. As continuity to the work, the 
SAFT-VR MIE equation [7] will be evaluated, a modification of the model proposed by Chapman et 
al. [5] which gives a better representation of speed of sound data but needs five characteristic 
parameters to describe the volumetric behavior of a non associative system. 
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Fig. 1 σ-Profile for pure compounds: 1,8-cineole and 
propan-1-ol (isomers I and II) 
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Introduction 
 
The bicyclic ether 1,3,3-trimethyl-2-oxabicycle[2,2,2]octane, also known as 1,8-cineole or eucalyptol 
is considered as a friendly compound in the context of Green Chemistry (low toxicity, great chemical 
stability) with many applications in the fields of pharmacology, biology, agriculture and energy [1]. 
1,8-Cineole is the main component of the essential oils of hyssop (Hyssopus officinalis L.) and 
Spanish sage (Salvia lavandulifolia Vahl.) [2,3]. 1,8-Cineole can be extracted by supercritical fluid 
extraction using carbon dioxide and a cosolvent such as ethanol or propan-1-ol. In order to optimize 
the separation process of the target compound, an accurate knowledge of the phase equilibria of the 
alkanolic mixture is needed. 
 
During the last decades, activity coefficient models based on group contributions provided an 
acceptable VLE treatment for many systems. However, the needed to design new fluids together with 
the development of powerful and accessible computational tools, have increase the interest on 
statistical thermodynamics and quantum mechanical methods. We present here the predictive capacity 
of COSMO-RS, one of the most successful COSMO-based model, applied to the isobaric VLE of the 
binary mixture {1,8-cineole + propan-1-ol} at (33.33, 66.66 and 101.33) kPa. 
 
Calculation Method and Computational Details 
 
The COSMO-RS is a unique method for 
predicting the thermodynamic properties of 
mixtures on the basis of unimolecular 
quantum chemical calculations for the 
individual molecules. Calculations were 
performed using a continuum model with 
DFT in a two-step procedure [5-10]. In a 
first step, molecular geometry was optimized 
for the compounds of interest by adjustment 
of polarization charge density, σ, according 
to the continuous solvation model COSMO 
at BP86/TZVP/DGA1 theory level (Figure 
1). The most stable conformers of propan-1-
ol were considered. In the second step, the 
statistical thermodynamics of the polariza-
tion charge density was applied to quantify the molecular interactions in the liquid phase. For this 
purpose, the parameterization BP_TZVP_C30_1201 was used. The vapor pressures for the pure 
compounds, necessary for the calculations, were obtained from the literature [4]. 



 
Fig. 2 T-x-y diagram for the {1,8-cineole (1) + propan-1-ol (2)} 
mixture at 101.33 kPa: □, VLE experimental data, Torcal et al. 
[4]; ———, COSMO-RS predictions. 

Results and Discussion 
 
As an example, figure 2 shows the 
VLE predictions of the mixture  
{1,8-cineole (1) + propan-1-ol (2)} as 
well as experimental data [4] at 
101.33 kPa. The ADD (Absolute 
average deviation) in temperature and 
in the vapour mole fraction, were 
ΔT = 0.7 K and Δy = 0.0082, respec-
tively. 
 
In general for the system under study, 
the model provides a goog agreement 
with the experimental data found in 
the litterature. It must take into 
account that, for all the working 
conditions, the predicted temperature 
is higher in the low concentration 
range of 1,8-cineole, but at high 
concentrations, the predicted tempera-
ture is slightly lower. 
 
Conclusions 
 
The COSMO-RS model appears as an appropriate tool to predict the isobaric vapour-liquid equilibria 
at low pressure conditions of the system {1,8-cineole+propan-1-ol}. The agreement of the results with 
the experimental data indicates that the development of these models would play an important role in 
the design of processes in the near future.  
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Introduction 
Binary mixtures which are highly asymmetric, with respect to molecular size and/or shape and/or 
attractive forces, may present double retrograde behavior (DRB). DRB usually occurs within a narrow 
range of composition, close to that of the pure lightest component. Available experimental data on 
DRB are scarce [2]. This may be due to the fact that DRB occurs in a very small composition range 
[2]. DRB was first (experimentally) identified by Chen et al. [1], for the methane + n-butane binary 
system. Raeissi and Peters [4] and Deiters [5], analyzed the DRB from a theoretical point of view, 
using the Gibbs-Konowalow equation, which is an extension of the Clayperon equation for multi-
component mixtures. Raeissi and Peters [3] described the DRB in the context of either isothermic or 
isoplethic phase equilibrium diagrams, i.e., they considered the DRB at constant temperature, and the 
DRB at constant composition.  Models of the Equation of state (EoS) are typically used to model the 
phase equilibria of asymmetric mixtures, including those presenting DRB. In Ref [3] the ranges of 
conditions of existence of the DRB has been studied using an EoS,  by computing a number of phase 
equilibrium diagrams, for binary systems. The present work shows that a single, in a way special, 
binary phase equilibrium diagram, computed in a single computer run, makes possible the direct 
determination of the ranges of conditions where liquid-vapor DRB occurs, for a given binary system, 
within the universe of the EoS model chosen to describe its phase behavior. Thus, the goal of the 
present work is to propose and illustrate such methodology. The cricondenbar (CCB) is the maximum 
pressure at which a mixture of given composition (isopleth) can be heterogeneous. Analogously, the 
cricondentherm (CCT) is the maximum temperature at which a mixture of given composition can be 
heterogeneous. A continuous set of binary ispoleths has associated continuous sets of CCBs and 
CCTs. Such binary CCB and CCT sets are hyperlines. This hyperlines can be computed using an EoS. 
The analysis of the CCB and CCT hyperlines (and of some additional information) makes possible the 
detection of the DRB. It is important to note that a CCB point is, simultaneously, a local extremum in 
pressure at constant composition (isopleth), and a local extremum in mole fraction at constant pressure 
(Isobaric Cricondencomp, CCCP). Similarly, a CCT point is, simultaneously, a local extremum in 
temperature at constant composition (isopleth) and a local extremum in mole fraction at constant 
temperature (Isothermal Cricondencomp, CCCT). This means that a CCB line is also a CCCP line and 
that a CCT line is also a CCCT line.  
 
Methodology 
Through implicit differentiation it is possible to obtain the necessary conditions valid at a CCB (and/or 
CCT) point. Such conditions are solved in the whole composition range by resorting to a numerical 
continuation method (NCMs). Such continuous set of solutions is a full CCB (or CCT) locus (or 
hyper-line). The CCB and CCT conditions considered in this work are those of local extrema (not just 
local maxima). In other words, the CCB and CCT conditions set in this work encompass a range of 
situations wider than the conventional CCB and CCT definitions do. By studying the behavior of 
computed CCT and/or CCB hyper-lines, multiple local extrema in a given isopleth can be detected. 
The presence of  such multiple local extrema is characteristic of the DRB.   
 
Results and Discussion 
Fig 1 shows, in the CO2-rich region, the CCB line and the critical line computed for the system CO2 + 



n-decane. For the case of the CCB line, the CO2 mole fraction in Fig 1 is that of the saturated phase. 
Fig 1 is appropriate to identify the different types of retrograde behavior which happen either at 
constant pressure (isobars) or at constant composition (isopleths) [6]. Fig. 1 shows how many CCB 
points will be present on the phase envelope of a given isopleth, or how many CCCP points will be 
present in a given isobar. An isopleth (vertical line) of overall composition located between lines VI 
and XI in Figure 1 intersects the CCB line three times, which implies that the isopleth phase envelope 
has three CCB points, i.e., three local extrema in pressure. This number of extrema is indicative of 
potential DRB.  What defines whether DRB is present or not is the relative location of the critical line 
with respect to such extrema [6]. Analogously, an isobar (horizontal line) of pressure located between 
lines ν and µ in Fig 1 intersects the CCB (=CCCP) line three times, i.e., the isobar has three local 
extrema in composition. We again have potential DRB whose existence is established, again, after 
considering the position of the critical line [6]. Fig 2 shows the Temperature vs. mole fraction 
projection, in the CO2-rich region, of the computed CCT line. Fig 2 makes possible to determine the 
number of CCT points present in the phase envelope of a given isopleth,  and/or to determine the 
number of CCCT points present in a given phase equilibrium isotherm. Such numbers are indicative of 
the presence or absence of potential DRB. In the case of potential DRB, also the computed critical line 
has to be considered. 
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Figure 1. Calculated critical and CCB lines. 
Pressure vs. CO2 mole fraction. System: CO2 + n-
decane. Model and mixing rules: Ref [7]. 
 

0.9980 0.9985 0.9990 0.9995 1.0000

240

260

280

300

320

340

κ

π

VIV

LMIN

LMAX -‐1
A

B '

C '
(T =261.12	  K )

T c C O2=304.21	  K

(T =306.69	  K )

X
C
O

2
=
0.
99

84

X
C
O

2=
0.
99

99
9

	  

	  

T
em

pe
ra
tu
re
	  (
K
)

Mola r	  fra c tion	  of	  C O
2
	   	  

	  C C T 	  s a tura ted	  line

LMAX -‐2

 
Figure 2. Calculated CCT line. Temperature vs. 
CO2 mole fraction of saturated phase. System and 
model as in Fig.1. 

Conclusions 
A method to determine the ranges of conditions where vapor-liquid equilibrium DRB is present, for a 
given binary system, as represented by an EoS model, was outlined. The method is based on the 
computation of CCT and CCB lines (each one in a single run). Plots of computed binary CCB and 
CCT lines, also including computed critical lines, make possible to evaluate, at a glance, whether the 
DRB is present. 
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Introduction 
 
Simultaneous correlation of ternary liquid vapor equilibria (LVE) and liquid-liquid-vapor equilibria 
(LLVE) is hardly attempted in literature with common set of parameters. When dealing with ternary 
VLE systems is quite frequent to obtain a different set of parameters for each binary from those 
obtained when correlating the binary data. This situation is more marked when dealing with LLVE 
where different set of parameters are obtained for the VLE data and for the LLVE data, as well as for 
the binaries. The reason for these facts are of different nature, ranging from the lack of flexibility of 
the equations used, the quality and consistency of the experimental data, as well as the calculation 
procedures and the objective functions used. At this respect is very important to assure that real 
equilibrium calculations are run and the necessary conditions to be fulfilled are satisfied. Otherwise 
artifacts rather that useful parameters could be obtained leading to mistaken calculations. This facts 
have a paramount importance when developing models to represent the data as well as when applying 
such models to design or simulation processes. As a consequence of the above mentioned questions, 
there is a widely accepted feeling respect the models to calculate phase equilibrium data that such 
models work fairly well for binary VLE, and their ability decreases for ternary VLE, ternary LLE, 
ternary VLLE and especially for systems strongly departing from ideality. This assertion seems true, 
nevertheless their performance can be significantly improved by the use of simple additional 
correction terms, based on the analysis of the behavior to of the excess functions [1-3]. 
 
Proposed modification 
 
In the present work, a new simple modification of the NRTL equation is proposed including a ternary 
term and a binary correction of the type of the Wohl equation. This modification can significantly 
improve the quality of the simultaneous correlation obtained using thermodynamic models, such as 
NRTL, thus allowing a more accurate representation of the vapor (y) vs. liquid (x) compositions and 
the bubble temperature (T) vs. x and y compositions at constant pressure in all the equilibrium regions 
(LV and LLV). Proposed equations are the folowings: 
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In this point it is important to remark the relevance that has the objective function used in the 
correlation procedure. The objective function should involve the equality of the fugacity of each one 
of the three components in the phases in equilibrium. i.e: in liquid and vapor phases for the VLE 
region and in the two liquids and the vapor in equilibrium in the LLVE region (the LL region would 
involve a variation of the parameters with temperature, which is out of the scope of this work). Thus, 
the objective functions used in the present work, depending on the equilibrium region, are: 

 subject to:         (2) 



 subject to:         (3) 

 subject to:         (4) 

           (5) 

 and       (6) 
Results and Discussion 

The proposed modification has been used to correlate simultaneously the ternary LLV system water 
(1)-ethanol(2)-heptane(3) at 760 mmHg [4]. 3 D representations of the experimental and calculated 
data, according to NRTL and NRTL including the suggested modification, show a significant 
improvement that introduces the proposed modification taking into account that all equilibrium data 
has been simmultaneously correlated using a single set of parameters for all regions. Additionally, the 
3D plots allow the dispersion of the data to be observed. 

a)   b)
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Figure 1. a) Qualitative Tbubble and Tdew versus composition functions for a system involving two binary minimum boiling 

point homogeneous azeotropes and a binary heterogeneous azeotrope. b) 3 D projections of the experimental and calcuated 
data, according to NRTL and NRTL including the suggested modification. 

Conclusions 

NRTL provides a semiquantitative representation of the behavior of this complex system when 
simultaneously correlating all the equilibrium regions using the single set of parameters. Significant 
improvements are obtained when using the ternary term in the expression of the Gibbs excess 
enthalpy, as compared with NRTL. This simple modification might be of great interest in the optimal 
synthesis and design of separation processes where the VLE and VLLE are present and need to be 
correctly reproduced. 
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Introduction 
 
NRTL and similar equations for the liquid phase excess Gibbs enthalpy have proven to have severe 
limitations to represent many types of ternary VLE systems. In fact, and contrarily to what is stated in 
chapter 13, page 58 of the 7th Edition of the Perrys’ Handbook of Chemical Engineers’ [1]: “Residue 
curves can be constructed from experimental data or can be calculated analytically if equation-of-state 
or activity-coefficients expressions are available (e.g., Wilson, binary interaction parameters, UNIFAC 
groups)….”, this type of equation can only represent 78 of the 125 possible cases described. 
Additionally, the correlation provided by this type of equations for ternary systems , as shown in the 
Data collection of DECHEMA Data Series [2] is acceptable when dealing only with the ternary data 
but yield poorer results when attempting the simultaneous correlation of the ternary and binary data. 
This fact has important adverse consequences, especially when dealing with unit operation design or 
simulation problems. Previous works have shown that the analysis of the topology of the GML/RT and 
GMV/RT provide a valuable insight in the causes of the drawbacks of such equations [3-6], and allows 
the suggestion of modification of the equations capable of overcome many of them. The modification 
suggested includes a ternary term in the expression of NRTL of the excess Gibbs enthalpy of the 
mixture of the type of the Wohl equation. 
 
Proposed modification 
 
In the present work, a new simple modification of the NRTL equation is tested including a ternary 
term and a binary correction of the type of the Wohl equation. This modification can significantly 
improve the quality of the simultaneous correlation obtained using thermodynamic models, such as 
NRTL, thus allowing a more accurate representation of the vapor (y) vs. liquid (x) compositions and 
the bubble temperature (T) vs. x and y compositions at constant pressure. The proposed equations are 
the folowings: 

             (1) 

              (2) 
where: 

 (3) 

         (4) 
 
The correlation procedure determines the NRTL binary parameters (eq. 3) and the parameters of eq 4 



through minimization of the objective function (O.F.) used in Dechema Series: 
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Results and Discussion 
 
The proposed modification has been applied successfully to prove that NRTL cannot correlate VLE 
data of ternary systems having a single binary azeotrope and a ternary azeotrope with the correspoding 
separatrix. 

a)  b)  
Figure 1. 3 D Tbubble/x1,x2 and Tdew/y1,y2 graphs of a system with one binary azeotrope and a ternary azeotrope. 

Surfaces generated by the corrected equation and points correlated by NRTL equation: a) minimum boiling 
points, b) maximum boiling points. 

 
Conclusions 
 
NRTL equation cannot reproduce the behavior of a ternary system with one binary azeotrope and one 
ternary azeotrope. The corrections terms included provide the equations of the excess Gibbs enthalpy 
the required flexibility to represent such a behavior. This fact has very important consequences when 
applying this model to real experimental data providing a remarkable improvement in the quality of 
the correlation obtained as will be shown in future work. The proposed equations might be of great 
interest in the optimal synthesis and design of separation processes where the VLE is involved and 
needs to be correctly reproduced. 
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Introduction 

Most chemical processes involve mass transfer operations between one or more streams. In fact, 60-80 % 
of the operating and fixed costs of a chemical plant are due to separation and purification processes. For this 
reason, proper design of the equipment, processes and the minimization of their cost and/or environmental 
impacts will play a vital role in the optimal performance and yield of the plant as a whole. Success will 
partially be determined by accurate correlation or prediction of the phase equilibria using some of the 
available models. Excess Gibbs energy models such as NRTL or UNIQUAC are potentially capable of 
representing the liquid-liquid splitting. The application of these models to the correlation of liquid-liquid 
equilibrium (LLE) has yielded a close approximation to the experimental data for many systems. There are 
many difficulties associated with the complexity of the phase equilibrium behaviour and phase equilibrium 
data correlations, such as convergence, objective function definition, initial parameters value dependence, 
and existence of multiple or metastable solutions. Consequently, obtaining acceptable results can be very 
difficult to for many systems, especially for those far from ideality [1-6]. In this sense, different possibilities 
to avoid inconsistent solutions are: to restrict for instance the NRTL iteration parameters during the 
correlation process depending on the characteristic and type of the system: number of binary pairs partially 
miscible, to limit the composition space for the LLE root determination (using the second derivative of the 
GM function), to use geometrical methods to determine appropriate initial values of variables in LLE or 
LLLE calculation processes, etc [7-12]. 

Nevertheless, there is an additional and recurrent problem in the literature that is the ocasional 
publication of incoherent paramaters for different systems. The inconsistencies detected are of the type of 
unrealistic Gibbs energy of mixing surfaces, or inconsistent behaviour due to values for the parameters which 
predict LL splitting for a homogeneous binary subsystem. This problem could be handled for instance, 
adopting a system as the Thermodata engine by NIST [13], but updated for liquidliquid equilibrium data. 

Thus, the aim of this paper is to refresh the relevant role that has the topology analysis of the GM/RT 
function to avoid false solutions and suggest a procedure that should be adopted by researchers on this topic 
or/and the reviewers and editors of the corresponding journals, in order to confirm the coherence of the 
correlation parameters obtained in the correlation process. The analysis of the GM function can be easily 
done and model, taking into account the actual possibilities of computer calculations. This analysis should 
include the review of the total composition space, the analysis of the individual binary pairs and the analysis 
along the trajectory of each experimental tie line. 

Results and Discussion 

When a phase equilibrium calculation review is made, it is still possible to find in the literature some 
results that should be take carefully. Figures 1a-c show some calculated Gibbs Mixture Energy Surface in the 
whole composition space using the published NRTL parameters [14-16], initial obtained for systems type 1 
in the Treybal Classificacion [17] with only one pair ofcomponents partially miscibles. As it is possible to 
observe, the surface obtained is not coherent with the expected behaviour. The same conclusion can be 
obtained if the behaviour of the binary subsystems and/or the evolution of the GM function along the 
experimental tie lines is analyzed. 

Conclusions 
A single and very easy to implement procedure based on the topological information contained in the 

Gibbs energy of mixing function have been applied in order to ensure the coherence of the correlation 
parameters obtained. Thus, the analysis of the GM/RT surface, the GM/RT for the binaries and the GM/RT in 



planes containing the tie lines should be necessary to validate the obtained parameters for the different 
models for correlating phase equlibrium data. This simple analysis should be implement by the authors and 
tested by the journals reviewing systems in order to publish coherent data and guarantee the adequate 
prediction of equilibrium. In addition, restrictions on NRTL binary parameters have been used in the 
correlation procedure to guarantee the adequate prediction of the total or partial miscibility behavior of the 
binary subsystems. 

a)

Calculated GM

Experimental Tie lines

INCONSISTENT with the experimental data

b)
INCONSISTENT with the experimental data

 

c)

INCONSISTENT with the experimental data

d)

CONSISTENT with the experimental data

 
Figure 1. Calculated Gibbs Mixture Energy Surface using: a-c) Published NRTL parameters [13-15] d) New consistent 

parameters obtained for system A (Table 1). 

Table 1. New consistent parameters obtained for system A using GM topology analysis and Total or partial miscibility 
condition of NRTL parameters [8,9,12] 

i j τij τji α 
1 2 -81.083 87.507 0.2 
1 3 126.410 83.837 0.2 
2 3 1629.2 483.11 0.2 
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Introduction 
 
Classical Gibbs energy models, such as NRTL, though potentially capable of representing the non-
ideality of the liquid phase in vapor-liquid (VLE), liquid-liquid (LLE) and solid-liquid (SLE) 
equilibria, achieve a close approximation to the experimental data for quite a few systems. However, 
the variety and complexity of the phase equilibrium behavior makes it very difficult to obtain 
acceptable results for many other systems, especially for those far from ideal behavior, as discussed in 
Marcilla et al. [1] For instance, sometimes the published parameters describe a LL immiscibility 
region that does not actually exist, yielding a heterogeneous (VLLE) instead of homogeneous (VLE) 
azeotrope point in the system, etc. [2-5]. 
 
Proposed modification 
 
In the present work, we propose a new simple modification that can significantly improves the quality 
of the correlation obtained using thermodynamic models, such as NRTL, thus allowing a more 
accurate representation of the vapor (y) vs. liquid (x) compositions and the bubble temperature (T) vs. 
x and y compositions at constant pressure. This modification has been used to correlate the VLE data 
of several azeotropic and non azeotropic binary systems, at constant pressure, that cannot be 
adequately fitted using any classical thermodynamic model including the non-ideal behavior of the 
vapor phase (using for instance the Virial equation of state), with a significant improvement of the 
results as compared with the standard procedure. 
 
A visual inspection of the data reported in the Vapor Liquid Data Collection by DECHEMA [6], 
reveals a very poor correlation in many cases as well as cases where the calculated vapor phase 
compositions are systematically overestimated respect the experimental data. After a deep analysis of 
the behavior of different existing liquid phase activity coefficient models and several modifications 
and the effect of the objective functions used for correlate such phase equilibrium data, and taking into 
account that some of these problems can be produced for the contribution of the vapor pressure, the 
proposed modification (Eq. 1, where the * indicates the new parameters to be fitted simultaneously 
with the NRTL binary parameters) consists of using in the equilibrium conditions, an effective 
fugacity coefficient (ϕi

*) calculated, for each component, as the ratio between an effective vapor 
pressure and the vapor pressure obtained from the Antoine’s equation (using the corresponding 
Antoine coefficients: Ai, Bi and Ci for the pure components). These effective fugacity coefficients give 
the flexibility searched to the equilibrium calculation algorithm, including a classical liquid phase 
activity coefficient model such as NRTL, to improve the results in the correlation of different 
experimental data of non ideal VLE and VLLE systems at isobaric conditions. 
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In order to clarify the effect of the effective fugacity coefficients, we have analyzed a second case of 
study. In this case, a VLE has been studied at four different total pressure.This system has been 
correlated in the literature by using the NRTL model with a different set of binary parameters for each 
total pressure studied, and presenting how the quality of the fitting worsens as the total pressure 
decreases. However, when we use the proposed effective fugacity coefficients, the results obtained 
improve significantly, even using a single set of binary NRTL parameters simultaneously for all 
pressures.  
 
Results and Discussion 
 
This concept has been applied successfully to correlate the VLE (y/x and T) data of several azeotropic 
and non-azeotropic binary systems, particularly selected because their poor correlation using classical 
models, showing a significant improvement of the fitting. As example, Figure 1 shows a selected 
example. In some cases, the improvement obtained in the mean and maximum deviations, comparing 
with the NRTL model, have been higher than 90%, whereas that the consideration of modifications of 
the GE,L functions and the non ideality of the vapour phase lead to marginal improvements lower than 
10 % and involving a larger number of parameters. This simple modification might be of great interest 
in the optimal synthesis and design of separation processes where the VLE and VLLE are present and 
need to be correctly reproduced. 
 

 
 
Conclusions 
 
A simple modification has been introduced as an effective fugacity coefficient to calculate the VLE 
data. This concept has been applied successfully to correlate the VLE data of azeotropic 
(homogeneous and heterogeneous) and non-azeotropic binary systems, improving very significantly 
upon the results obtained with the NRTL model (or other classical models). The latter is, in some 
cases, completely incapable of reproducing the experimental behavior of the selected systems. The 
proposed equations might be of great interest in the optimal synthesis and design of separation 
processes where the VLE is present. 
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Introduction 
 

The extraction of aromatic compounds from petrochemical products is one of the most relevant 
processes in the pretroleum refinery [1]. Industrially, traditional organic solvents such as sulfolane are 
used as separation agents and even though the processes are well known, these solvents are generally 
volatile, flammable and their recovery is costly and complicated. In order to reduce the environmental 
impact of this kind of solvents, ionic liquids (ILs) have emerged as a sustainable alternative to replace 
them due to their unique properties such as their negligible volatility, their thermal and chemical 
stability and the possibility of tailoring their physical and chemical properties for a specific application 
by the combination of cations and anions. In this work, a study about the application of two 
ammonium-based ILs in the extraction of benzene from its mixtures with long chain aliphatic 
hydrocarbons was carried out. 
 
Results and Discussion 
 

The extraction of benzene from its mixtures with aliphatic hydrocarbons (octane or decane or 
dodecane) has been studied by liquid-liquid extraction with tributylmethylammonium 
bis(trifluoromethylsulfonyl) imide, [N4,4,4,1] [NTf2], and butyltrimethylammonium 
bis(trifluoromethylsulfonyl) imide, [N4,1,1,1] [NTf2], as separation agents. In order to evaluate the 
separation suitability of these ILs as solvents to extract benzene, experimental liquid-liquid equilibria 
(LLE) of the ternary systems {aliphatic hydrocarbon (1) + benzene (2) + IL (3)} were determined at T 
= 298.15 K and atmospheric pressure. An analysis of the influence of the cation of the ammonium-
based ionic liquids and the alkyl chain length of the aliphatic hydrocarbon on the extraction was 
performed. Besides, a study of the influence of the temperature on the extraction of benzene from its 
mixture with octane was carried out through the determination of LLE of the ternary system {octane 
(1) + benzene (2) + [N4,4,4,1][NTf2] (3)} at T = (298.15, 308.15 and 318.15) K and atmospheric 
pressure.  

 
The effectiveness of the extraction of benzene from the studied aliphatic hydrocarbons was 

evaluated in terms of solute distribution ratio (β) and selectivity (S), whose values are plotted in Figure 
1.  

 
 Considering the obtained results, the analysis of the influence of the cation on the extraction of 
benzene shows that those ternary systems containing [N4,1,1,1][NTf2] as solvent present lower β values 
than the ternary systems in which the ionic liquid is [N4,4,4,1][NTf2]. On the other hand, the S values 
present the inverse trend, that is to say, the S values of the systems with [N4,1,1,1][NTf2] are higher than 
those obtained with the other studied ionic liquid.  
 
 Regarding the influence of the alkyl chain length of the aliphatic hydrocarbons, the same 
conclusions can be drawn from the behaviour of the systems containing both ILs. An increase in the 



alkyl chain length of the aliphatic hydrocarbon leads to lower values of solute distribution ratio. On the 
contrary, the selectivity shows lower values when the chain length of the aliphatic hydrocarbon 
decreases. The highest S values were obtained for those ternary systems containing dodecane.  
 
 The analysis of the influence of the temperature on the extraction of benzene from octane shows 
that the change of temperature in the studied range does not appreciably affect the results of the 
extraction, since the values of the solute distribution ratio and the selectivity are quite similar at the 
three temperatures.  
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Figure 1. (a) Solute distribution ratio and (b) selectivity as a function of the mole fraction of the 
aromatic compound in the aliphatic hydrocarbon-rich phase for the ternary systems {octane (1) + 
benzene (2) + [N4,1,1,1][NTf2] (3)} (�),{decane (1) + benzene (2) + [N4,1,1,1][NTf2] (3)} (£),{dodecane 
(1) + benzene (2) + [N4,1,1,1][NTf2] (3)} (r), {octane (1) + benzene (2) + [N4,4,4,1][NTf2] (3)} (�), 
{dodecane (1) + benzene (2) + [N4,4,4,1][NTf2] (3)} (p) at T = 298.15 K and {octane (1) + benzene (2) 
+ [N4,4,4,1][NTf2] (3)} (¿) at T = 308.15 K and {octane (1) + benzene (2) + [N4,4,4,1][NTf2] (3)} (q) at T 
= 318.15 K. 
 
 Finally, the experimental data of liquid-liquid equilibria of the ternary systems were satisfactorily 
correlated with the Non-Random Two-Liquid (NRTL) [2] thermodynamic model. 
 
Conclusions 
 

The extraction of benzene from its mixtures with (octane or decane or dodecane) has been studied 
using two ammonium-based ionic liquids as separation agents. All systems showed selectivity values 
higher than the unity; hence, these ILs could be used for extraction processes. An increase in the alkyl 
chain length of the aliphatic hydrocarbons leads to a decrease in the values of the solute distribution 
ratio. Furthermore, the β values are higher in the ternary systems containing [N4,4,4,1][NTf2]. Finally, 
the LLE data reported were satisfactorily correlated by the NRTL model for all the studied systems.  
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Introduction 
 
Recent developments have led to electrodeposition from supercritical fluids (SCFs).[1] These fluids 
include supercritical carbon dioxide (scCO2) and supercritical difluoromethane (scR32) which are 
used as the solvent in the electrolyte bath. Supercritical fluids have a range of properties that can be 
exploited for this particular purpose such as a wide electrochemical window[2] and zero surface 
tension allowing electrodepostion to take place within confinement, avoiding material deposition 
limited only to the entrance of the pore.[3,4] The exact phase behaviour of these fluids within the 
pores is yet to be fully understood. A grasp of the phase behaviour within a pore will allow the 
properties of these fluids to be tuned via temperature or pressure changes to deposition conditions and 
perhaps co-solvent choices, allowing for optimal electrodeposition into a nanochannel. Spectroscopic 
studies have been undertaken on porous fluids to provide insight into the unique phase behaviour 
present within nanopores.  
 
Near-Infrared Studies of the Depression in Critical Temperture of Confined Fluids 
 
Near-infrared spectroscopy to analyse the phase characteristics of carbon dioxide and difluoromethane 
in the presence of nanoporous MCM-41 and MSU-H silica along with aluminosilicates and the effect 
that confinment has on the critical temperature. 
 
Near-Infrared and Raman Studies of Pore Mixture Compostion 
 
By studying the band ratio between characteristic bands of CO2 /MeCN of bulk mixture in the NIR and 
Raman calibration can take place for compostion. These results can be extrapolated from to determine 
the mixture composition within the porous templates and how they change compared to the bulk. 
 
 
Results and Discussion 
 
It was shown that when confined in these materials, both carbon dioxide and difluoromethane behaved 
as a supercritical fluid under bulk sub-critical conditions showing a significant depression in the 
critical point upon confinement (Figure 1).  
 
Both NIR-FTIR and Raman spectroscopy  have allowed determination of the change in mixture 
composition when CO2 and MeCN are confined within nanopores (Figure 2). 
 
 
 
 



 
 
 
 
 
 
 
 
 
 
Figure 1. Mean Tc  of CO2  and difluromethane  
in a range of pore sizes determined from NIR 

Figure 2. Compostion of CO2 / MeCN mixtures 
confined in silica using NIR and Raman  

 
 
Conclusions 
NIR-FTIR provides insights into the phase behaviour and critical parameters of pure fluids, confined 
in nanopores with mean sizes ranging from of 3.2 to 12.2 nm. The range of critical parameters can also 
be probed and determined via spectroscopy.  
Both NIR-FTIR and Raman have allowed determination of the change in mixture composition when 
CO2 and MeCN are confined within nanopores. 
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Introduction 
 
It is well-known that ionic liquids (IL) are environmentally friendly solvents. Generally they are  
composed of large organic cations and relatively small inorganic anions, whose melting point is below 
T = 373.15 K. This thermodynamic property is a big impediment and define bounderies in order to 
organize the dramatically increasing number of possible applications in chemical processes. These 
substances are seen as potentially environmentally benign solvents due to their almost negligible vapor 
pressure, which essentially eliminates emission to the atmosphere; besides, they present a wide range 
of liquid existence. Ionic liquids are applicable in many areas of chemical engineering mainly 
separation processes, such as recovery of valuable products and remotion of polluting agents in 
effluents and are a new and exciting class of compounds that have the potential to overcome many of 
the problems associated with current CO2-capture techniques [1-5]. 
 
In this work, high-pressure vapor-liquid equilibrium (VLE) of thirty binary mixtures ionic liquid + 
supercritical fluid have been modeled with the Peng-Robinson/Stryjek-Vera (PRSV) [6,7] equation of 
state (EoS) and the Wong-Sandler (WS) mixing rules, including two excess Gibbs free energy models: 
the van Laar and the UNIQUAC [8,9]. Experimental data were obtained from literature and the 
adjustable parameters were fitted by minimizing the errors between predicted and experimental bubble 
pressure. Binary interaction and van Laar and UNIQUAC parameters were regarded as temperature-
dependent. 
 
Phase Equilibrium 
In order to solve the VLE of ionic liquid + gas systems, the bubble point method in combination with 
the gamma-phi approach is applied: 

PyPx ii
sat

iii φγ =              (1) 

where x, γ and Psat are the mole fraction, activity coefficient and vapor pressure for component i in 
liquid phase, y and φ are the mole fraction and fugacity coefficient for component i in vapor phase, and 
P is the pressure system. Activity coefficients were calculated using the van Laar and UNIQUAC 
models and the fugacity coefficients were calculated with traditional thermodynamic relationships. 
 
Critical parameter estimation 
Critical properties and acentric factor for ionic liquids were taken from Valderrama et al. [10], while 
for the supercritical fluids their critical properties were obtained from the DIPPR database [11]. Table 
1 shows the basic properties of some substances involved in this study, where M is the molecular 
mass, Tc is the critical temperature, Pc is the critical pressure, and ω is the acentric factor.  
 



Table 1: Critical properties of some substances used in this work. 
IUPAC name Symbol M Tc (K) Pc (MPa) ω 

carbon dioxide CO2 44.0 304.2 7.38 0.2240 
1-butyl-3-methylimidazolium nitrate  [bmim][NO3] 201.1 946.3 2.73 0.6039 
1-butyl-3-methylimidazolium tetrafluoroborate  [bmim][BF4] 226.0 632.3 2.04 0.8489 
1-octyl-3-methylimidazolium tetrafluoroborate  [omim][BF4] 282.1 726.1 1.60 0.9954 
1-ethyl-3-methylimidazolium hexafluorophosphate [emim][PF6] 256.2 663.5 1.95 0.6708 
1-butyl-3-methylimidazolium hexafluorophosphate [bmim][PF6] 284.2 708.9 1.73 0.7553 
1-hexyl-3-methylimidazolium hexafluorophosphate [hmim][PF6] 312.2 754.3 1.55 0.8352 
1-butyl-3-methylimidiazolium dicyanamide. [bmim][DCA] 205.1 1035.8 2.44 0.8419 

 
Results and Discussion 
 
The optimum binary interaction, van Laar and UNIQUAC parameters are those that minimize the 
deviations between calculated  and experimental pressures. The Marquardt method was applied to fit 
the experimental VLE data. Some results are shown in Table 2. 

Table 2. Temperature-dependent binary interaction, van Laar parameters and pressure deviations 
Solvent Ionic liquid NP κij = A + B/T λij = A + B/T λji = A + B/T 

ΔP A B A B A B 

CO2 + 

[bmim][NO3] 17 -8.3525 2629.2273 4.1387 -1065.8149 -17.5987 6712.5556 2.87 
[bmim][BF4] 20 -0.2720 271.3459 6.3032 -1823.0279 5.4936 -1023.7963 3.51 
[bmim][DCA] 21 -1.2191 519.6327 -0.2767 121.1143 1.2422 262.5392 0.29 
[bmim][TfO] 22 -5.2999 1791.1947 5.1094 -1562.9538 2.0740 261.6662 3.83 
[bmim][PF6] 33 2.5562 -533.4710 -2.0613 718.7347 25.1218 -7394.8084 2.92 
[bmim][Tf2N] 33 -0.6946 314.1467 -1.9409 490.3213 -0.6055 67.9674 2.95 
[bmim][Tf2N] 74 1.6706 -376.6052 1.1452 -580.0365 -14.8176 5007.0412 2.88 

 
Conclusions 
 
It can be concluded that the Peng-Robinson/Stryjek-Vera (PRSV) equation of state (EoS) and the 
Wong-Sandler (WS) mixing rules, in combination with the van Laar and UNIQUAC model, is able to 
predict the VLE of systems including gases and ionic liquids with a good precision. 
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Introduction 
 
Bioethanol is one of possible renewable energy sources that can be produced from several feedstock 
using biotechnology processes. One of the major hurdles in switching to a biomass-based industry is 
the production costs (both, economic and energetic) of the base alcohols. Purifying an alcohol requires 
about 6% of the energetic value of the compound itself, with a large portion used in the separation of 
the alcohol from the fermentation broth, mainly composed of water. Conventionally, separating 
ethanol and water requires a series of distillation columns and it is limited due to the presence of the 
azeotropic point of the binary system. So this method is energetically costly, and much room for 
improvement exists.  
ILs are salts with a melting point below 100 ºC, which are usually composed of a poorly coordinating, 
bulky organic cation, and an organic or inorganic anion. Some of the properties that make them 
advantageous for this application are the negligible vapour pressure, which allows for recovery and 
reuse of the ionic liquid (IL); a large liquid range, which allows for ease of separation; and, finally, a 
versatility which allows the creation of ILs that preferentially select alcohols from water [1-2]. For 
these reasons it has been shown that ILs have the potential for separating alcohol/water mixtures with 
simple liquid-liquid extraction [3], which could be less energetically costly than distillation, and would 
have limited fouling problems. 
A few groups have studied ternary systems of ILs, alcohols and water. Swatloski et al. [4] studied the 
possibility of use as solvents in liquid-liquid extraction some hydrophobic hexafluorophosphate ionic 
liquids and Chapeaux et al. the 1-hexyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide [5]. 
This study focusses on accurately measuring the fundamental data necessary to design and implement 
liquid-liquid extraction for the separation of ethanol from water, presenting the experimental tie lines 
at 303.2 K for the ternary mixtures 1-butyl-1-methylpyrrolidinium bis(trifluoromethylsulfonyl)imide 
([bmp][Tf2N]), ethanol and water. In a recent literature review not LLE data for this system has been 
found. 
 
Experimental method 
 
[Bmp][Tf2N] (w > 0.99) was provided by iolitec.  Ethanol (w = 0.99, assay GC) was supplied from 
Fluka and water was bidistilled. The equipment used and the procedure for the determination of liquid-
liquid data has been described in a previous work [6]. The composition of the sampled liquid phases 
was determined using an equipment developed by our research group (utility model application 
number U201400643, filed at the SPTO, on 25/07/2014) following the steps described below. The first 
step is the separation of volatile compounds by microdistillation. The relative composition of volatile 
compounds is determined using a gases chromatograph. Finally the total amount of volatile 
compounds and ionic liquid on the sample was gravimetrically established after eliminating the 
volatile components from a known mass of sample by total evaporation of them. 
 
 



Results and Discussion 
 
The determination of composition of the 
equilibrium liquid phases for water (1) + 
ethanol (2) + [bmp][Tf2N] (3) system were 
carried out at different temperatures and 
atmospheric pressure. The experimental data 
for the system at 303.2 K are presented in 
Figure 1. All concentrations are expressed in 
mole fractions.  
As can be observed in Figure 1 the liquid-
liquid phase diagrams for the system are type I, 
where only one binary subsystem has partially 
miscibility and two binary subsystems are 
miscible [30]. So, the [bmp][Tf2N] and water 
binary system shows a large immiscibility gap, 
and the binaries ethanol + water, and 
[bmp][Tf2N] + ethanol are completely 
miscible. The ternary systems exhibits a large 
two-phase region meaning from the IL/water 
binary. The size of immiscibility gap is 
adequate for extraction but the slope of tie 
lines is not really suitable. 
Addition of ethanol to the IL/water mixture 
increases the solubility of water in the 
[bmp][Tf2N] rich phase, while only slightly 
increasing the solubility of the ionic liquid in 
the water rich phase.  
The NRTL model is succesfully used to 
correlated the experimental data. 

 

water0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

ethanol

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

[bmp][Tf2N]

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

 
Figure 1 .  Liquid-liquid equilibria of the water 
(1) + ethanol (2) + [bmp][Tf2N] (3) system at 
T = 303.2 K. Experimental data (○) 
[bmp][Tf2N] rich–phase, (●) aqueous phase, 
(— ) experimental tie lines.

 
Conclusions 
 
The determination of composition of the equilibrium liquid phases for the system water (1) + ethanol 
(2) + [bmim][Tf2N] (3) was carried out at diferent temperatures. The size of immiscibility gap is 
adequate for extraction but the slope of tie lines is not really suitable. For this reason, high amounts of 
the ILs would be required for the extraction process, but that should not be considered a drawback due to 
the easiness of their recuperation. The experimental data is successfully correlated using NRTL model. 
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Introduction 
 
Liquid–liquid equilibrium (LLE) data for different systems involving ionic liquids are essential for 
design, optimization and operation of separation processes, such as recovery of valuable products and 
remotion of polluting agents in effluents [1,2]. In this work, the ASOG model [3-6]for the activity 
coefficient is used to predict the LLE for 16 binary and 06 ternary systems at 101.3 kPa and several 
temperatures. All systems includess the ionic liquid 1-alkyl-3-methylimidazolium 
bis[(trifluoromethyl)sulfonyl] imide (with [NTf2] anion) plus alkanes, cycloalkanes, alkenes,  water 
and aromatics. New group interaction parameters were determined using a modified Simplex 
method[7], minimizing a composition-based objective function. This work is the continuation of 
previous others, in which a similar approach was applied to binary and ternary systems including 1-
alkyl-3-methylimidazolium hexafluorophosphate ionic liquids and ternary systems containing ionic 
liquids with the tetrafluoroborate anion[8-10]. The results, in terms of mean deviation between the 
experimental and calculated compositions, are satisfactory with rms deviations of about 9%.  
 
Parameter estimation 
 
For calculation of the activity coefficient, the ASOG thermodynamic model   is used[3-6]. In this 
work, a new group, is proposed. New ASOG group interaction parameters for CH2/CF3, CH2/SO2, 
CH2/N, ArCH/CF3, ArCH/SO2, ArCH/N, Imid/CF3, Imid/SO2, Imid/N, CF3/ SO2, CF3/N, CF3/H2O,  
CF3/C=C,  SO2/N, SO2/H2O and  SO2/C=C have been determined for 16 binary and 06 ternary systems 
using the Fortran code TML-LLE 2.0 [11]; the procedure is based on the Simplex method [7].  
 
 
 
Comparisons between experimental and calculated data can be made through root mean square (rms) 
absolute deviations between the experimental and the calculated composition of each component in 
both phases. These rms deviations are given by:  
 
 
 
 
 
Results and Discussion 
 
The rms deviations of some binary and ternary systems are shown in Table 1. In general, the rms 
deviations between the experimental and calculated compositions for the 32 systems, containing 134 
tie lines, show some values below 5%. The overall value of rms in this work is close to 9%. From 
these deviations, we can conclude that ASOG method was able to predict the phase behavior of the 
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experimental data with a good precision. The figure 1 show the LLE for of heptane + toluene + 
[mpim][NTf2]  system  at T = 303.15 K.  
Table 1: Root mean square, rms, deviations of some binary and ternary systems 
 

N System ND 
rms 
(%) 

1 ethylbenzene + [emim][NTf2]  3 10.70 
2 propylbenzene + [emim][NTf2]  5 7.18 
3 water + [emim][NTf2]  15 1.61 
4 water + [bmim][NTf2]  8 1.17 
5 m-xylene + [emim][NTf2]  3 10.20 
6 p-xylene + [emim][NTf2]  3 9.92 
7 1,2,3-trimethylbenzene + [emim][NTf2]  4 9.01 
8 1,2,4-trimethylbenzene + [emim][NTf2]  5 7.30 
9 1,3,5-trimethylbenzene + [emim][NTf2]  5 6.17 

10 [C10mim][NTf2] + p-xylene 5 4.93 
11 nonane + toluene + [bmim][NTf2]  6 4.51 
12 heptane + toluene + [mpim][NTf2]  6 3.58 
        Fig 1: LLE of heptane + toluene + [mpim][NTf2]   

at T = 303.15 K.   Experimental ▪, ASOG ▫ 
 

Conclusions 
 
LLE data for 22 systems and 134 tie lines including ionic liquids were predicted by the ASOG model 
for the activity coefficient. The group interaction parameters were estimated by minimization of a 
composition-based objective function using the Simplex method. The results of the prediction were 
satisfactory, with rms deviations between experimental and calculated equilibrium compositions in all 
cases, below 5%, with a global value of about 9%. It can be concluded that the ASOG model is able to 
predict the LLE of binary and ternary systems including these ionic liquids with a good precision.  
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Introduction 
 

Ionic Liquids (ILs) are commonly defined as non-conventional solvents. They have been getting 
increasing attention from the scientific community and industry not only due to their green potential but also 
to their unique combination of properties. These properties can be manipulated by altering the nature and 
structure of the composing ions. Characteristics like hydrophobicity, biodegradation or toxicity have to be 
taken into account when designing an ionic liquid to green pharmaceutical and industrial applications [1]. 
Nowadays most of the results published in literature are focused in thermophysical and thermal 
characterization of ionic liquids, but there is scarce information about their effects in the environment and 
human health [2].  
 
Experimental Method and Results 
 
In this work we determined the Minimal Inhibitory Concentration (MIC) of ionic liquids to the bacterium 
Pseudomonas stutzeri to define their toxicity. We also measured the Effective Dose Concentration (EC50) of 
ionic liquids in different human cells lines (CaCo-2, HepG2).  
A set of distinct ionic liquids based on imidazolium, pyridinium and cholinium cations and some fluorinated 
and aminoacids anions will be tested. The results obtained allow us to identify the cations and anions that 
correspond to a “greener combination”. 
 
Conclusions 
 
The results obtained show that it is possible to achieve ecoenvironmentally-friendly ionic liquids with 
potential pharmaceutical and industrial application. 
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Ionic liquids (ILs) are salts entirely composed of ions, usually an organic cation and an organic or inorganic 
anion. Characteristics like hydrophobicity, biodegradation or toxicity can be manipulated through the 
conjugation of the different composing ions take into account the final industrial application desired. These 
unique properties combined with their nonvolatile nature allow the development of new and more 
economical and sustainable processes attractive for industrial applications [1].  
Fluorinated Ionic Liquids (FILs) are a specific family of ILs characterized by having fluorine tags longer 
than four carbons. Although the number of publications in ionic liquids had grown tremendously, there are 
scarce information about this specific familly [2]. The presence of a fluorinated domain in FILs enables their 
use in extraction processes to separate perfluoroalkyl acid contaminants from industrial effluents. With this 
aim in mind we show how the balance between the three domains (polar, nonpolar and fluorinated) [3] in this 
specific family influences the thermal and thermophysical properties, namely density, viscosity, iconicity, 
conductivity and melting and decomposition temperature. Also the octanol-water partition coefficient was 
measured to evaluate the hydrophobic and hydrophilic nature of the compounds. This information was also 
essential to determine the ecotoxicity of FILs and the impact of their use in the environment.  
In conclusion, the final aim of this study is to create knowledge that allows the design of fluorinated ionic 
liquid with desired properties for a specific application. 
 
References 
 
[1]	  Rogers RD, Seddon KR. Ionic Liquids – Solvents of the future?. Science. 2003;302(5646):792-793. 
[2] Pereiro AB et al. Fluorinated ionic liquids: Properties and applications. ACS Sustain Chem Eng. 
2013;1(4):427-439. 
[3] Pereiro AB, et al. On the formation a Third, Nanostructured Domain in Ionic Liquids. J Phys Chem B. 
2013;117(37):10826-33. 
 
Acknowledgements 
 
This work has been funded by Fundação para a Ciência e Tecnologia, FCT, through projects PTDC/EQU-
FTT/118800/2010, PTDC/CTM-NAN/121274/2010 (including a post-doctoral grant of P. Reis), and PEst-
OE/EQB/LA0004/ 2013. A.B. Pereiro, J.M.M. Araújo, K. Shimizu and J.M.S.S. Esperança gratefully 
acknowledge FCT for Post-Doctoral grants SFRH/BPD/84433/2012, SFRH/BPD/65981/2009 and 
SFRH/BPD/94291/2013, and a contract under the Investigator FCT program, respectively 



Apparent Molar Volumes of Ionic Liquids + Methanol/Ethanol at 298.15 K 
 

Rafaela Rocha Pinto1, Silvana Mattedi2, Martin Aznar1 
1Department of Chemical Engineering/University of Campinas (UNICAMP), Brazil 
2Department of Chemical Engineering/Federal University of Bahia (UFBA), Brazil 

*rafarocha@feq.unicamp.br 

Scientific topic: Ionic Liquids 
 
Keywords: apparent molar volume, ionic liquids, alcohols, density 
 
Introduction 
 
Ionic liquids form a class of organic salts that are normally liquids at temperatures below 
373.15 K. They are also called design solvents due the huge range of possible combinations of 
organic cations and organic or inorganic anions. This new class of materials has attracted 
interest as substitutes to traditional solvents due to their potential applications and its low 
vapor pressure [1,2,3]. 
In order to develop ionic liquids application, it is essential to determine their physico-
chemical properties, both as pure materials and as mixtures with traditional solvents. Volume 
changes observed in mixtures are the result of changes in the solution packaging and the 
intermolecular interactions in the system. Volume changes can be used as a parameter to 
assess how a particular system deviates from ideality. The concept of molar property is very 
important in the study of solutions, since it reflects the variation of a particular property with 
the composition. From standard thermodynamics, a partial molar quantity of a determined 
substance is its contribution (per mole) to the mixture property. Composition variations led to 
changes in the thermodynamic properties of mixtures [4]. 
In this context, this work aims to determine the density of binary mixtures (ionic liquids + 
methanol and ionic liquids + ethanol), at 298.15 K and atmospheric pressure. The ionic 
liquids 2-HEAB, 2-HEAP and 2-HEAB were used. From the densities of binary mixtures, 
both the apparent molar volume Vϕ,1 and the limiting apparent molar volume Vϕ

0 were 
determined. 
 
Experimental Procedure 
 
Binary mixtures of ionic liquid + methanol and ionic liquid + ethanol were prepared at 
various compositions and the density was measured at 298.15 K. The samples were prepared 
in glass vials and the mixtures were then stirred for 30 minutes to ensure a total molecular 
interaction between the compounds. Densities of all binary mixtures were measured using an 
Anton Paar oscillating U-tube density meter (DMA 5000) with a measuring precision of ± 5 × 
10−6 g.cm-3. 
 
Results and Discussion 
 
The densities results were used to calculate the apparent molar volumes, Vϕ,1, using the 
Equation 1. The values are showed on Figure 1. 

Vϕ ,1 =
M1

ρ
+
1000
m

ρ2 − ρ
ρρ2

"

#
$

%

&
'
         (1) 

where ρ and ρ2 are the densities (g.cm-3) of the solutions and water, respectively, M1 is the 



molar mass of the ionic liquid, and m is the molality (mol.kg-1) of the ionic liquid + alcohol 
solution. 
The apparent molar properties reflect interactions and structural changing characteristics 
induced by little quantities added of a second compound. The most significant change 
occurred in the alcohol-rich region. After ionic liquid mole fraction if 0.5, the variation of Vϕ,1 
is less apparent. 
The limiting apparent molar volume is calculated by fitting Equation 1, as a function of 
molality, to the Redlich-Meyer polynomial expansion, Equation 2 [5], and the results are 
presented on Table 1: 
Vϕ ,1 =Vϕ

0 + Sv m +BVm          (2) 
The slope, Sv, is always positive, suggesting strong interactions between ion-solvent and ion-
ion for these systems. 
 

 
Figure 1. Apparent molar volume versus ionic liquid mass 
fraction at 298.15 K, 2-HEAB (●); 2-HEAP (▲); 2-HEAH 
(■); filled symbols: methanol; empty symbols: ethanol. 

Table 1. Coefficients of the Redlich-Meyer 
equation for apparent molar volumes of ionic 
liquid + alcohol mixtures at 298.15 K 

Mixtures V�
0 Sv Bv 

2-HEAB + methanol 123.848 2.745 -0.110 
2-HEAP + methanol 140.467 2.867 -0.120 
2-HEAH + methanol 157.184 3.195 -0.137 
2-HEAB + ethanol 130.695 1.420 -0.056 
2-HEAP + ethanol 146.769 1.614 -0.066 
2-HEAH + ethanol 162.716 2.196 -0.099 

 

 
Conclusions 
 
Interactions and structural changing characteristics, as well as apparent molar volumes, 
showed that the most significant change occurred on the alcohol-rich region, where the 
positive and high apparent molar volumes values suggest strong ion-solvent interaction. In the 
ionic liquid-rich phase, the results showed a tendency to be constant, suggesting a decrease in 
the ion-solvent interactions. These results are useful for characterizing the influence of 
composition on volumetric properties of mixtures and also to understand and interpret the 
interaction that occurs during the process of mixing ionic liquid in widely used solvents on 
industries, such as methanol and ethanol. 
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Introduction 
 
The presence of long alkyl chains in the ions of ionic liquids can proportionate them surfactant 
properties. Surface active ionic liquids can show complex aggregation behavior, with formation of 
structures at nanoscale such as micelles and vesicles [1]. Just as an example, the aggregation behavior 
of 1-alkyl-3-methylimidazolium-based surfactant ionic liquids has been recently studied by several 
authors [2-4]. As a contribution to this research, a novel surface active ionic liquid is synthesized , 1-
dodecyl-3-methylimidazolium acetate [C12mim][OAc]. The critical micelle concentration (cmc) is 
determined from measurements of surface tension and electric conductivity of aqueous solutions of 
ionic liquid as a function of composition. Other aggregation and adsorption parameters are calculated 
from the measured properties. 
The feasibility of using [C12mim][OAc] as surfactant in Enhanced Oil Recovery (EOR) is also 
investigated. To this aim, dynamic interfacial tensions of systems with real crude oil and aqueous 
solutions of this surfactant ionic liquid (using either distilled water or brine) are measured 
experimentally. The influence of additives in the water-oil interfacial tension is also analyzed. 
 
Materials and Methods 
 
A reaction of metathesis between the bromide ionic liquid, [C12mim][Br], and potassium acetate was 
carried out to obtain the [C12mim][OAc]. Surface tensions of aqueous solutions of the ionic liquid 
were measured on a Kruss K11 tensiometer applying the Wilhelmy plate method. A Basis 30 Crison 
electric conductivimeter connected to a Selecta Ultraterm thermostatic bath was used to measure the 
electric conductivity of the solutions. Dynamic interfacial tension measurements were carried out on a 
Kruss SITE 100 spinning drop tensiometer, connected to a Julabo F12 thermostatic bath. 
 
Results and Discussion 
 
Experimental surface tension as a function of the molar concentration of [C12mim][OAc] at 25ºC is 
shown in Figure 1. Surface tension values decrease with the increasing concentration of the ionic 
liquid up to a certain value, from which it remains nearly constant. This behavior indicates the 
formation of micelles, and the concentration of the breakpoint is the cmc. This parameter is also 
measured through conductivity measurements. The electric conductivity increases linearly with 
composition, but a breakpoint with a change in the slope is observed at the cmc due to the different 
electrical conductivity of the monomeric surfactant ionic liquid and its micelles. The cmc was 
calculated by the model proposed by Carpena et al [7]. Moreover, these measurements were carried 
out at different temperatures, from 15 to 45 ºC, allowing the calculation of the thermodynamic 
functions of micellization. Besides, other important parameters related to the efficiency of the 
micellization or excess surface adsorption were obtained from the experimental data.  
Comparison of the obtained results with literature indicates that micellization for the [C12mim] cation 



paired with acetate anion is obtained at lower concentrations than with chloride or bromide [5,6]. 
Nevertheless, the micellization is slightly less spontaneous with this anion. Moreover, the cmc/C20 
ratio obtained shows that the exchange of chloride or bromide for acetate facilitates adsorption at the 
surface over micellization. 
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Figure 1. Left: Surface tension as a function of concentration of [C12mim][OAc] in aqueous solutions at 25 ºC. 
Lines are linear regressions. Right: Experimental electrical conductivity as a function of concentration of 
[C12mim][OAc] at several temperatures. Lines are regressions from the model of Carpena et al. [7]. 
 
Dynamic interfacial tensions between [C12mim][OAc] aqueous solutions (500 ppm, approximately 
twice the cmc) and crude oil were measured at 25, 45 and 65 ºC, using either water or 4 wt% NaCl 
brine solutions are shown in Figure 2. Equilibrium values are in the range 4-7 mN·m-1 using water, 
decreasing as temperature increases. Salt addition produces a further reduction in the interfacial 
tension, and reduces the effect of temperature. 
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Figure 3. Left: Dynamic interfacial tension of crude oil-aqueous systems (distilled water or 4% NaCl brine). 
Circles: 25 ºC; triangles: 45 ºC; squares: 65 ºC. Filled symbols: systems with distilled water, empty symbols: 
systems with 4% NaCl brine. Lines drawed only to guide the eye. Right: Detail of dynamic interfacial tension of 
crude oil-brine solutions. 
 
Conclusions 
 
The aggregation behavior of [C12mim][OAc] in aqueous solution was evaluated and characterized by 
means of surface tension and electrical conductivity. Values of cmc determined by both methods are in 
good agrement. The interfacial tension between crude oil and aqueous solutions of [C12mim][OAc] 
was measured in dynamic experiments up to equilibrium. The use of additives can help to obtain the 
ultra-low interfacial tensions required in EOR. 
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Introduction 

Among many other attractive properties, one of the most appealing characteristics of 
ionic liquids is their ability to truly dissolve substances that are hard to dissolve by 
conventional solvents.  This is the case, for instance, of solutes such as cellulose and 
lignocellulosic biomass.  An archetypal ionic liquid for the dissolution of these materials is 1-
ethyl-3-methylimidazolium acetate ([C2mim][OAc]) [1,2].  This ionic liquid is liquid at room 
temperature, non-corrosive, with an acceptable thermal stability and a low toxicity, and 
presents excellent yields of cellulose and lignocellulose dissolution. 

Due to the non-volatile character of ionic liquids, the recovery of non-volatile solutes 
from ionic liquid media can not be done by evaporation of the solvent and other strategies are 
required.  A plausible approach is the use of an antisolvent (for the intended solute), miscible 
with the ionic liquid.  For the precipitation of cellulose of lignocellulose fragments from a 
[C2mim][OAc] solution, water has been the most common antisolvent of choice in the 
literature [2].  However, water is a liquid with a very high specific heat and a relatively high 
boiling point, which pose a serious issue in the form of an energy penalty in the regeneration 
of the ionic liquid for its sustainable use in a continuous process. A potential alternative to 
water for the antisolvent role is the use of light alcohols.  These organic compounds have a 
lower specific heat and boiling points notably lower than that of water.  In addition, they are 
fully miscible with [C2mim][OAc], do not dissolve cellulose or lignocellulosic polymers, and 
present acceptable green credentials.  The characterisation of the system formed by the ionic 
liquid and these light alcohols is necessary in order to assess a preliminary evaluation of the 
suitability of this combination of solvent and antisolvent. In this work, thermal and physical 
properties were determined as a function of composition and temperature for the binary 
systems [C2mim][OAc] + (methanol or ethanol or 1-propanol or 2-propanol). 
 
Experimental Section 
 Mixtures of [C2mim][OAc] and the corresponding alkanol were prepared 
gravimetrically.  The thermal stability of the mixtures was determined dynamically by 
thermogravimetric analysis using a TA Instruments Q500 TGA.  Densities were measured 
with an Anton Paar DMA 5000 vibrating U-tube density meter.  Dynamic viscosities were 
calculated as the product of densities and kinematic viscosities, determined from efflux times 
(measured via a PVS1 photoelectric cell system by Lauda) in capillary glass viscometers 
manufactured and certified by Schott.  Surface tensions were determined by means of the 
Wilhelmy plate method in a Krüss K11 tensiometer.   
 
Results and Discussion 
 In the TGA dynamic runs, it was observed that the mixtures decomposed in two 
distinct stages.  It was assumed that the first step corresponds to the evaporation of the 



alkanol, whereas the second step is related to the decomposition of the ionic liquid.  Indeed, 
the percentage of remaining sample mass in between steps correlated quite well, in general, 
with the mass fraction of ionic liquid in the studied sample.  Interestingly, the thermal stability 
of the ionic liquid was not particularly affected by the presence of the alkanol. 
 Density and surface tension decreased linearly or almost linearly with increasing 
temperature, while the evolution of viscosity with this variable was well correlated by the 
exponential Vogel-Fulcher-Tammann equation.  Satisfactory correlation of the associated 
excess and deviation properties, as a function of composition, was achieved by means of 
Redlich-Kister polynomials.  For the excess molar volume and the viscosity deviation, a 
decrease was observed, at a given temperature, with increasing the length of the alkanol chain 
(see Figures 1 and 2). 
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Figure 1. Excess molar volume (VE) at 
298.15 K for the binary systems 
[C2mim][OAc] + methanol (♦), or ethanol (■), 
or 1-propanol (●), or 2-propanol (▼), as 
function of the molar fraction of 
[C2mim][OAc] (xIL). Lines represent 
correlations by Redlich-Kister polynomials. 
 

Figure 2.  Viscosity deviation (∆η) at 298.15 K 
for the binary systems [C2mim][OAc] + 
methanol (♦), or ethanol (■), or 1-propanol (●), 
or 2-propanol (▼), as function of the molar 
fraction of [C2mim][OAc] (xIL). Lines 
represent correlations by Redlich-Kister 
polynomials. 

Conclusions 
 A recovery of [C2mim][OAc] from its mixtures with light alcohols is possible upon 
heating at a temperature above the boiling temperature of the alcohol and below the 
decomposition temperature of the ionic liquid.  The presence of the alcohol, and additionally 
an increase in temperature, cause a significant decrease of the viscosity of the ionic liquid 
medium.  From the analysis of the volumetric measurements, attractive forces between the 
ionic liquid and the alcohol can be inferred. 
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Introduction 
 
CO2 emisions from power plants are responsible for more than 30% of the greenhouse- effect gases 

released to the atmosphere.  In post combustion capture, the CO2 concentration and partial pressure in 

the exhaust gas is low and physical solvents can not compete with the chemical absorption processes. 

However, when the CO2 is removed prior to combustion, as it is done in synthesis gas plants, with 

water gas shift conversion, the pressure and concentration of CO2 in the product is high and there is an 

opportunity for the  use of physical absorption solvents. The solvent search is guided by a set of  

desirable solvent properties[1] like solvent capacity, water solubility, the binary CO2 – solvent phase 

equilibria behavior, selectivity with respect to hydrogen, light hydrocarbons, carbon monoxide and 

other gases, etc. 

 Results and Discussion 

Alkanes are the backbone of potential organic solvents for absorption of CO2. The effect of molecular 

weight  on the type of  phase behavior, after the classification of van Konnynenburg and Scott, give us 

a clear picture of the non-ideality of CO2 – alkane binaries, in which complete miscibility (Type I) is 

only observed up to hexane  (Table 1). If we look for solvents of low volatility to avoid solvent losses 

in absorption processes, we run into Type III systems that depict LL immiscibility. The homologue  

serie of n-alkanols indicate immiscibility behavior for even lower carbon numbers. The alkyl-benzenes 

are clearly better solvents than alkanes because complete miscibility is observed from toluene to octyl 

benzene.  

Table 1. Binary phase behavior of  CO2 with homologous series of organic compounds [2]. 

Solvent Type I Type II Type IV Type V Type III 

n-alkanes C1-C6 C7-C12 C13  C14-C32 

n-alcohols C1-C2 C3-C4 C5  C6-C14 

alkyl-benzenes C1-C8 C9-C12   C13-C22 

 

The main difficulty to figure out the phase behavior of binaries with CO2 system is the limited amount 

of high pressure experimental data available in the literature. Five articles published in Fluid Phase 

Equilibria summarize most of the published data in the time period 1978-2008 [3]. The difficulty in 



finding data for a particular system, raise the importance of knowing the phase behavior of CO2 within 

homologues series of different organic compounds. For instance Byun et al.[4] have measured the 

homologue series of CO2 with alkyl acetates and found type I behaviour up to the higher acetate 

investigated (hexyl acetate). The acetate group is considered a CO2- phylic group, as well as the ether 

and  ketone groups. These groups combined with paraffinic and aromatic groups can lead to a great 

variaty of potential solvents.  

The Group Contribution Equation of State with Association (GCA-EoS) [5] is applied to the Computer 

Aided Molecular Design of solvents. The primary solvent properties and their general phase 

equilibrium behavior is investigated for several families of organic compounds that are built with CO2 

phylic groups. The generated solvents lists are ranked on the basis of volume of solute absorbed per 

volume of liquid solvent at the process conditions and screened on the basis of  selectivity, solvent 

loss, water solubility, etc. The binaries LL immiscibility is explored as a way to partly recover CO2  at 

high pressure. 

Conclusions 

A computer aided solvent design procedure using the GCA-EoS is an efficient tool for the design of 

physical solvents for CO2 capture.  
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Introduction 
Alkylimidazolium ionic liquids with chloride and acetate anions are susceptible to dissolve cellulose 
and other natural polymers allowing their green processing [1]. Nevertheless high viscosities of ionic 
liquids in general and thoise with a chloride anion in particular is a limitation for this processes, and 
this viscosity is increased with cellulose or other polymer is dissolved in the IL. Nevertheless for many 
of this process other molecular solvents are added to the mixture: i.e. water and sometimes acids for 
hydrolysis process are added in amounts low enough to prevent cellulose precipitation [2]. And it is 
known that viscosity of ionic liquids is in general decreased with increasing concentrations of 
molecular solvents such as water or organic solvents [3]. 
In this work the density, and dynamic viscosity, of different binary mixtures of water and the ionic 
liquids 1-ethyl-3-methylimidazolium acetate and 1-allyl-3-methylimidazolium chloride at wide 
temperature and composition range at atmospheric pressure. 
 
Experimental 
Materials. The ionic liquids used, 1-ethyl-3-methylimidazolium acetate (EmimAc) 95%  purity and 1-
allyl-3-methylimidazolium chloride (AmimCl)  98% purity were  purchased by Iolitec. Water ACS 
reagent was supplied by Sigma Aldrich. Ionic liquids were treated by vacuum evaporation to dry them 
and to remove the residual volatile impurities at 95 ºC for at least 48 h.  
 Methods and Procedures. Mixture of IL and water were prepared by mass using a high-precision 
analytical balance Sartorius CP 224S with a reproducibility of ± 1·10-4g. The binary mixture was 
completely mixed by using magnetic stirrer and a Branson 3210 ultrasonic bath at room temperature 
for at least 3h. Karl Fisher titration was used for verify water content in triplicate using KF Mettler 
Toledo C20 immediately before density and viscosity measurements.  
An Anton Paar (model SVM 3000) automated rotational Stabinger viscometer-densimeter was used to 
carry out the measurements of viscosity and density of IL + water binary mixtures in a wide range at 
atmospheric pressure. With this apparatus measurements can be done from 233.15 to 373.15 K in a 
viscosity range from 0.2 mPa·s to 20000 mPa·s and in a density range from 0.65 g·cm-3 to 2 g·cm-3. 
The temperature uncertainty is ± 0.02 K from (278.15 to 343.15) K. The relative uncertainty of the 
dynamic viscosity is ± 0.35 %, and the standard uncertainty of the density is ± 0.0005 g·cm−3. The 
SVM 3000 Stabinger viscometer has a cylindrical geometry, and it is based on a modified Couette 
principle with a rapidly rotating outer tube and an inner measuring bob that rotates more slowly. The 
SVM 3000 apparatus also has a density measuring cell that employs the oscillating U-tube principle. 
Both density and viscosity cells are filled in one cycle, and the measurements are carried out 
simultaneously. 
Water content was measured before and after the measure finding significant changes in the water 



composition. 
 
Results and Discussion 
Densities and viscosities of the ionic liquids AmimCl and EmimAc are presented in figure 1. It is 
observed that AmimCl present viscosities almost one order of magnitude higher than EmimAc. For 
both ILs viscosities decrease when increasing temperature and water concentration as described in 
literature with viscosities of molecular solvents + ionic liquids. 
Densities of AmimCl and EmimAc are of the same order of magnitude. In both ionic liquids densities 
decrease with temperature, but in the case of AmimCl density slightly decrease with the molar fraction 
of water while in the EmimAc density slightly increase with water molar fraction. 
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Figure 1. Densities and viscosities of the ILs AmimCl and EmimAc at atmospheric pressure as a 
function of temperature and water molar fraction 
 
Conclusions 
Densities and viscosities of aqueous mixtures of ionic liquids EmimAc and AmimCl were 
experimentally dtermined for various temperatures from 298 to 363 K and water concentrations at 
atmospheric pressure. 
As expected viscosities of both ILs decrease with temperature and water molar fractions. Densities 
decrease with temperature, nevertheless slight variations are found with water concentrations, in such 
a way that density is decreasing with water concentration in AmimCl and increasing in the case of 
EmimAc. 
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Introduction 

Ionic liquids are being explored as solvents and electrolytes for chemical systems and devices 

that use carbon-nanomaterials. The stabilization of carbon-nanomaterials in suspension is still 

not sufficiently well understood, in terms of fundamental physical-chemistry of colloids and 

interfaces, thus hindering the development of large-scale applications. Moreover, in ionic 

liquids there is a balance between electrostatic and van-der-Waals interactions, due to the 

presence of non-polar groups such as alkyl side chains, which leads to structured liquids with 

persistent heterogeneities at nanometer-length scales that offer distinct salvation environments.  

In this work, we use polycyclic aromatic hydrocarbons (PAHs), which are compounds 

consisting of two or more fused aromatic rings, as models to understand deeper the interactions 

that govern their solubility in ionic liquids.  

Experimental  

A new HPLC protocol was used to measure the solubility of the PAHs in pure ionic liquid.  

The model compounds chosen were naphthalene, anthracene, phenanthrene, pyrene and 

coronene. A large variety of ionic liquids was used to understand how the type of cation or 

anion would interfere in PAHs solubility. Moreover, the effect of the alkyl chain length or the 

functional groups attached to both cation and anion were also studied.  

Ab-initio calculations and Molecular Dynamics simulations have also been used as valuable 

tools to unravel the interactions between the aromatic moieties and the selected surface active 

ionic liquids. 

Results and discussion 

The experimental results show that it is possible to change the solubility of PAHs in pure ionic 

liquids by altering both the cation and anion of the ionic liquid. However, the solubility limits 

depend mostly on the PAHs structure than on the ionic liquid tested.  



The solubility of these compounds in ionic liquid is much higher than their solubility in water.  
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Introduction 

Polyaromatic hydrocarbons are pollutants that can be found mainly in soils and sediments as a result of fuel 

combustion. They are almost insoluble in water and novel bioremediation processes have to be designed to 

reduce the risk of exposure to these compounds. 

Ionic liquids have been known as designer solvents with solubility behaviour that can be tuned through 

changes in both cation and/or anion. Moreover, they can also present surfactant behaviour that enhances their 

potential as co-solvents. 

In this work, we have used ionic liquids as solubilisers of hydrophobic polyaromatic hydrocarbons.  

Experimental  

HPLC was used to measure the solubility of the polyaromatic hydrocarbons in both pure ionic liquid as well 

as ionic liquid aqueous solutions. The polyaromatic hydrocarbons solubility behaviour was mapped in all 

range of concentrations of ionic liquid in water. We have used ionic liquids based on imidazolium and 

cholinium cation and chloride, sulfate, sulfonate and perfluorosulfonate anions. The model compounds 

chosen were anthracene, phenanthrene and pyrene. 

Ab-initio calculations and Molecular Dynamics simulations have been used as valuable tools to unravel the 

interactions between the aromatic moieties and the selected surface active ionic liquids. 

Results and discussion 

The experimental data prove that below the critical micellar concentration (CMC) of each ionic 

liquid the solubility is almost null. However, as the CMC is surpassed, the solubility enhances 

drastically.  

Increasing the alkyl chain length reduces the CMC making the ionic liquid more attractive for 

solubilizing PAHs in aqueous medium.  

Moreover, the type of micelles formed is also relevant to control the solubility of PAHs in water. 



In some cases the solubility of PAHs in water is more than 25 times greater than that in 

conventional anionic surfactants, like sodium dodecylbenzenesulfonate. 
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Introduction 
 
Microstructures, electronics, nanotechnology are large fields of research and development. Recently, 
newly commercialized products indicate the innovative potential and future applications [1]. As an 
example to explain its potential significance, heterogeneous catalysis was cited as a successful 
application that has great benefits for society. Thus, it is reasonable to expect that the explosion in new 
developments in nanoscience and nanotechnology would have a significant impact on the 
understanding, practice, and applications of catalysis [2]. Catalysis is of tremendous importance for 
the chemical industry. Approximately two-thirds of the chemical products and ~90 % of the chemical 
processes involve catalysis (e.g., homogeneous, heterogeneous, or enzymatic type) [3]. The fusion 
between porous materials and nanoparticle technology is potentially one of the most interesting and 
fruitful areas of this interdisciplinary research. The potential for increased efficiency from nanoparticle 
catalysts, in combination with the advantages of such heterogeneous supports, increases the “green” 
credentials of the process, with higher selectivity, conversion, yield and catalyst recovery being 
proposed advantages and targets [4].  
Methods of synthesis of metal nanoparticles using alternative techniques have attracted the interest of 
many researchers. The method of deposition or impregnation in supercritical fluid has been used to 
synthesize metal nanoparticles supported [5,6]. This method involves the dissolution of the metal 
precursor in supercritical fluid, the diffusion and impregnation of the solution into the pores of the 
support, and adsorption of the metal precursor on the walls of the channels after depressurization 
followed by a chemical or thermal reduction process of the solid material (support + metal precursor). 
The objective of this work is to synthesize palladium nanoparticles supported on silica using carbon 
dioxide as a solvent, in different conditions of temperature and pressure. 
 
Experimental 
 
Phase equilibria measurements of the metal precursor into carbon dioxide 
The experimental measurements of phase equilibria at high pressures were carried out in a variable 
volume view cell based on synthetic static method whose use is widely documented in the literature 
[7-9]. Solubility measurements of the Pd(hfac)2 in CO2 were carried out in the temperature range of 35 
to 60 °C and pressures up to 115 bar. 
 
Impregnation of the metal precursor on silica using supercritical carbon dioxide 
The impregnation of Pd(hfac)2 was applied to the SiO2 deposition technique by supercritical fluid in a 
batch type reactor, the experimental apparatus was similar to that described by Tenório et al 2012 [10]. 
Two experimental condition of temperature and pressure were used to impregnation, the first was at 60 
°C/101.6 bar and the second was at 80 °C/120.8 bar in 8 h. Under these conditions the impregnation 
was carried ou with the precursor totally soluble in CO2. The amount of Pd supported on silica was 
determined by inductive coupled plasma-optical emission spectroscopy (ICP-OES). 



Results and Discussion 
 
Figure 1 shows the results of phase equilbria for the binary system CO2 + Pd(hfac)2 in five percentage 
by weight of percursor investigated, where it can be observed the occurrence of vapor-liquid 
equilibrium only, with transitions as dew point (DP), characterized by the solution turbidity.  
Pd percentages obtained by ICP-OES indicate that temperature of impregnation influence the metal 
content in the silica. As temperature increase the solubility of Pd precursor decrease in the fluid phase 
leading to more effective inpregnation. Three models were adjusted (see Fig. 2): Langmuir, Modified 
Langmuir and Freundlich for both isotherms. Langmuir and Modified Langmuir gave the best fit on 
the isotherms investigated. 
 

 
Figure 1. Experimental P-x-y diagram for the 
binary system CO2 (1) + Pd(hfac)2 (2). View of 
the system with night vision infrared webcan. 

 
Figure 2. Adsorption isotherms for Pd(hfac)2 
on SiO2. Palladium percentages by ICP-OES. 
 

 
Conclusions 
 
Phase equilibrium measurements for the binary system CO2 + Pd(hfac)2 were reported in this work. It 
was experimentally observed that the addition of precursor in system does lead to changes in transition 
pressures. For both adsorption isotherms Pd(hfac)2 on silica experimental data were well correlated 
with the adsorption models employed. 
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Introduction 
 
Supercritical anti solvent precipitation has been used as a very attractive technique for producing 
nano- and micro-sized particles of various materials as polymers [1], catalysts [2], explosives [3], 
drugs [4], bioactive agents [5]. 
In the non-conventional technique named Solution Enhanced Dispersion by Supercritical fluid 
(SEDS), a liquid solution of a solvent and a solute is injected into a supercritical fluid which acts as an 
antisolvent. This leads to a supersaturation of the solute which is compensated by nucleation and 
particle growth [6]. The most attractive advantage of SEDS is the ability to control particle size and 
morphology which can result in better physical and chemical performance of the particles. Control is 
achieved by regulating the process parameters such as the pressure, the temperature, the precursor 
solution concentration and the flow rate of the precursor solution and supercritical fluid [7]. 
The objective of this work is to synthesize silica (SiO2) microparticles using the SEDS technique with 
carbon dioxide (CO2) as antisolvent in different conditions of temperature and solution flow rate. 
 
Experimental 
 
Supercritical anti solvent precipitation 
For silica precipitation the SEDS technique was used as described by Franceschi et al. 2008 [8]. Based 
on the work of  Montes et al. 2013 [9] it was prepared an solution a 7 mL of tetraethyl orthosilicate 
(TEOS) and acid water mixture (100 mM), with a molar ratio of 1:4 and pH = 1 and, diluted in ethanol 
(total volume of 100 mL). After the solution was maintained at 24 and 96 hours aging times prior to 
precipitation step.  
 
Results and Discussion 
 
Table 1 summarizes the experimental conditions investigated on the silica precipitation with CO2, as 
anti solvent, together with the mean particle size obtained in each run. Figure 1 shows the morphology 
of SiO2 particles of runs 1 to 4. Spherical microparticles, but with a medium level of agglomeration, 
were obtained after SEDS processing. Figure 2 shows the particle size distribution for runs 1 to 4. 
 
Table 1. Experimental conditions and mean particle sizes of SiO2 by the SEDS technique. 

Run 
Aging 
Time 

 (hours) 

Solution flow 
rate 

(cm3/min) 

CO2 flow 
rate 

(cm3/min) 

Pressure 
 (bar) 

Temperature 
 (°C) 

Mean 
diameter 

 (µm) 
1 24 2 

50 85 

40 0.73±0.31 
2 96 2 40 1.45±0.54 
3 24 2 50 1.01±0.36 
4 24 5 40 2.88±1.37 



 

 

 

 
Figure 1. The SEM images of silica (SiO2) 
microparticles processed by SEDS process. 

 

 

 

 
Figure 2. Particle size distribution of SiO2. 

 
Conclusions 
 
SiO2 spherical microparticles of different size distribution were synthesized using the SEDS technique. 
The all runs microparticles of spherical morphology and agglomerated appearance were obtained. Due 
to the temperature increase (40 °C to 50 °C) the size of the silica particles increases, the same effect 
was observed with the increase of solution flow rate (2 to 5 cm3/min). The increase in aging time (24 
to 96 h) doubles the size of the silica particles. 
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Introduction 
 
Crocus sativus L. (saffron) is a plant species belonging to the subfamily Crocoideae. It is the most 
representative species of the genus Crocus,which is distributed in Europe, North Africa, and from 
Southwest Asia to Western China [1,2]. Saffron is traditionally exploited to obtain the dried stigmas of 
the flower. Nevertheless, to obtain just 1 kg of this so-called “red gold” approximately 2000 kg of 
saffron by-products with little or no commercial value are obtained. This renders the crop very little 
profitable in terms of biomass and makes desirable the search of new uses of such by-products for a 
more sustainable management of the crop. 
 
In this work, we analize the extraction yield of bioactives from 
saffron corms by combining a traditional process (organic 
solvent) and a clean process: the supercritical antisolvent 
technology (SAS) with carbon dioxide. To evaluate the ability of 
the SAS process, the study focusses on the extraction and 
separation of three target compounds: 2(5H)-furanone, (S)-β-
hydroxy-γ-butyrolactone and palmitic acid. Response surface 
methodology (RSM) using central composite design (CCD), 
Table 1, was employed to identify the optimun working 
conditions (pressure and CO2 flow rate) at 313.15 K [3,4]. 
 
Materials and Methods 
 
Material treatment 
Crocus sativa corms were obtained from saffron plants cultivated free of any chemical treatments in 
the region of La Mancha (Spain) by a local farmer. They were ground and sieved following the 
ANSI/ASAE S319.4 standard. This material were vacuum stored at – 18 ºC until further use. 
 
Traditional extractions 
Macerations were carried out at ambient temperature under stirring for 24 hours in absolute ethanol. 
After the maceration, the solution was filtered to avoid solid particles. An aliquot was evaporated to 
determine its dry content and its composition. 
 
Supercritical antisolvent fractionation process 
SAS tests were performed using a computerized laboratory scale plant (Figure 1).The extraction vessel 
of 500 cm3 internal volume has a filter on the bottom for the collection of the solid matter. A separator 

Table 1. Data Matrix 
N.º	  Exp. X1 X2

1 0.0000 1.4142
2 -‐1.0000 -‐1.0000
3 1.0000 -‐1.0000
4 0.0000 -‐1.4142
5 -‐1.0000 1.0000
6 0.0000 0.0000
7 -‐1.4142 0.0000
8 0.0000 0.0000
9 0.0000 0.0000
10 1.4142 0.0000
11 0.0000 0.0000
12 1.0000 1.0000
13 0.0000 0.0000  

X1 = P; X2 = QCO2 



made of stainless steel working at 
lower pressures is located 
downstream from the vessel and 
allows the recovery of the ethanol 
at time controlled intervals, 
whereas, the gaseous CO2 exits 
through the top of the separator. 
The operation conditions (low and 
high level factors in the 
experimental design) were selected 
to work in supercritical 
homogeneous phase of the mixture 
CO2+ethanol.  

 
GC Analyses 
The analysis of the target 
compounds was determined using a 
Trace GC 2000 Series Termo Quest 
with a flame ionization detector (FID) and a split injector equipped with a capillary column of fused 
silica (DB-5, 30 m × 0.25 mm × 0.25 µm). The temperature programming was 70 °C (1 min), then 70–
310 °C at 5 °C/min. Samples of 0.1 µL were injected with a split ratio of 1:50.  
 
Results and Discussion 
 
SAS is based on the complete miscibility between the selected liquid solvent (ethanol) and carbon 
dioxide, at the process conditions; whereas, some components of the extract have to be not soluble in 
the supercritical mixture. Response surface methodology (RSM) using central composite design 
(CCD) was a useful tool to determine the effect of pressure and CO2 flow rate on optimum working 
conditions. MINITAB 17.1.0 software was used for data analysis and modelling. 
 
Conclusions 
 
Experimental design have been used to optimize SAS process to fractionate bioactives from Crocus 
sativus corms. SAS technology allows to concentrate (S)-β-hydroxy-γ-butyrolactone and palmitic acid 
up to 35% and 75%, respectively. It is also remarcable the complete separation of 2-(5H)-furanone in 
the precipitation vessel. 
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Figure 1. Scheme of the SAS lab scale plant. CO2 Pump (PCO2); 
Liquid pump (PLIQ); Cooling bath (CB); Heat exchanger (HE); 
Precipitation vessel (E); Automatic back pressure regulator (ABPR); 
Manual back pressure regulator (MBPR); Downstream collector (S); 
Manometers (M); Temperature control (T) 



 
Fig. 1. Lab. scale SAF plant 
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Introduction 
 
Opuntia ficus-indica (L.) Mill is a species of cactus that belongs to the Cactaceae family, the order 
Centrospermae, and the genus Opuntia [1]. This plant is native to Mexico but has been domesticated 
in other countries and proliferates today on dry and stony lands of the five continents where the 
production of more succulent food plants is severely limited [2]. This adaptation to arid and semiarid 
climates allows them to be an interesting agricultural resource [3]. 
 
The first economic importance of this plant relies on the production of edible fruits. It is mainly 
consumed fresh or converted into drinks (nectars, juice), jams or marmelades [2]. In Algeria they are 
used mainly for human food, exclusively as fresh fruit, but also for livestock forage and planted as 
ornamentals or for fencing [4]. This food transformation generates a large amount of by-products 
(seeds an peels). Seeds constitute about 10–15% of edible pulp and are usually discarded in the food 
industry as waste after pulp extraction. Prickly pear seeds provide edible oil (yield of 5.8–13.6%) with 
a high degree of unsaturation in fatty acids (83%, omega-6 content of 73.4%) [5,6]. Recently, the 
research has been directed towards natural antioxidants in the seeds. Indeed, seeds from Opuntia sp. 
were shown to be rich in polyphenols, flavonoids and tannins, the concentrations of those molecules 
being always higher than in the fruit pulp [7]. 
 
This study goes within the framework of the valorization of the Algerian Opuntia ficus-indica (OFI) 
seeds after traditional oil extraction by using supercritical carbon dioxide as a green solvent. For this 
purpose, Supercritical Antisolvent Fractionation (SAF) has been selected because of it allows good 
fractionation of bioactive compounds [8-10]. The quality of the recovered extracts can be investigated 
by analyzing the extracts to determine the proportion of the valuable compounds. 
 
Materials and Methods 
 
Material treatment 
OFI seeds were crushed and sieved (ANSI/ASAE S319.4 
standard) to select an average particle diameter of 250-500 µm. 
Later, this material was macerated in absolute ethanol 
(10g/100mL) for 24h to obtain the solution feed for the SAF 
experiments. 
 
Supercritical antisolvent fractionation process 
The apparatus, Fig. 1, is formed of two main parts: a pumping 
section and a supercritical fluid separation section. The 
temperature control is achieved by means of resistances, 



thermocouples and a controller. On the bottom part of the vessel precipitator a metallic filter collects 
insoluble compounds. A downstream collector is used to save the organic solvent (ethanol) and the 
compounds that are still dissolved in the mixture CO2-solvent. Both fractions were analyzed.  
 
HPLC Analyses 
The HPLC analyses were carried out in an e-Alliance 2695 System HPLC-PDA (Waters 
Technologies). The used column was a XBridge C18, 4.6 x 75 mm and particle size of 5 µm. The 
mobile phase flow, 0.3 mL/min, consisted of two solvents: water–acetic acid (2%) (A) and water–
acetic acid–acetonitrile (48/2/50) (B). Separations were performed at room temperature and the 
injection volume was 10 µL. 
 
Results and Discussion 
 
SAF is based on the complete miscibility between the selected liquid solvent and the supercritical 
fluid, at the process conditions; whereas, the solutes have to be not soluble in the supercritical 
medium. Therefore, when the liquid solution (solvent plus solutes) is atomized in the precipitator, the 
liquid is rapidly extracted by the supercritical antisolvent and the solute precipitates as a powder at the 
bottom of the vessel. Response surface methodology (RSM) using central composite design (CCD) 
was employed to determine the effect of two factors (pressure and CO2 flow rate) on the fraction yield 
and to identify optimum working conditions. For data analysis and model establishing the software 
MINITAB was used. 
 
Conclusions 
 
SAF process has been developed to extract and recover antioxidants from Opuntia ficus-indica by-
products. In this manner, in a single step, it was possible to recovery powderous and solventless 
bioactives.  
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Introduction 
World natural gas demand is expected to increase in the coming years. The depletion of conventional 
gas fields is the driving force for the exploitation of more technically challenging reservoirs, which 
might contain as high as 35% sour gas. Chemical absorption with aqueous solutions of alkanolamines 
are usually preferred technology to reduce the concentration of the sour gases carbon dioxide (CO2) 
and hydrogen sulfide (H2S) to ppm levels. Because the solvent recovery step is highly energy 
demanding, it makes the process non-economically viable when large concentrations of sour gas are 
present. 
 
Ionic liquids have been proposed as alternative solvents for absorption of sour gas. They have unique 
properties such as negligible vapor pressure and high thermal and chemical stability. New ionic liquids 
such as the 1-hexyl-3-methylimidazolium tetracyanoborate ([hmim][TCB]) have been reported as 
potential candidates due to their low viscosity [1] and their high selectivity of CO2 over methane (CH4) 
[2].  
 
The highly non-ideal interaction between the ionic liquid – a large organic polar molecule – with the 
polar H2S and the small non-polar CO2, CH4, ethane (C2H6) and propane (C3H8) molecules makes the 
thermodynamic modeling very challenging. Binary gas + ionic liquid systems have been successfully 
modelled using the Peng Robinson equation of state (PR EoS) [3] and a Group Contribution equation 
of state (GC EoS) [4] with pressures up to 11 MPa [5,6]. Extension to multicomponent mixtures is 
presented in this contribution. The impact of the model chosen to predict the gas separation in ionic 
liquids is studied. 
 
Results 
 
The removal of sour gases from natural gas streams using ionic liquids aims to capture the CO2 and 
H2S, minimizing the dissolution of hydrocarbons. Therefore, the selectivity of CO2 over CH4 has been 
determined at temperature and pressure ranges of 280 to 370 K and 0.5 to 8 MPa. The highest 
separation of CO2 from CH4 occurs at low temperature and moderate pressure (up to 5 MPa). It was 
found that the selectivity at 303 K predicted by PR EoS (10.1) is lower than the selectivity of GC EoS 
(12.3). The latter is closer to the selectivity calculated using the coefficient of experimental Henry’s 
constants of CO2 and CH4 in [hmim][TCB] (14.2).  
 
The separation of a natural gas mixture containing CO2, CH4, C2H6 and C3H8 in [hmim][TCB] has 
predicted using both EoS. The results confirm that mostly CO2 is capture in the liquid, although a the 
percentage of C2H6 and C3H8 dissolved in [hmim][TCB] increases at higher pressures. However, GC 
EoS and PR EoS predict different degree of separation, with differences higher than 10%.  
 
 



The lack of experimental multicomponent data hinders the comparison with modeling results and 
limits its analysis. 
 
The binary interaction parameter models were correlated to the same range of temperature, pressure 
and composition of binary systems [5,6]. The average relative deviation between the calculated and 
the experimental bubble pressure of both models was very similar. Yet, the discrepancy between the 
results of PR EoS and GC EoS when they are used to model multicomponent mixtures is remarkable. 
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Introduction 
 
Ethyl lactate (ethyl 2-hydroxy-propanoate) is a bio-renewable agrochemical solvent, very suitable and 
environmentaly benign for food applications, permitted by the U.S. Food and Drug Administration as 
pharmaceutical and food additive. Applications of ethyl lactate are related with extraction of 
carotenoids from different sources [1, 2], γ-linolenic acid from Spirulina [3] and caffeine from green 
coffee beans [4], to name just a few. This work explores the solubility of caffeine and feruic acid in 
ethyl lactate + water mixtures, at ambient temperature and pressure. To the best of oue knowledge 
experimental solubility data for these system have not been reported previously. The solubility of both 
solid solutes in the mixed solvent were correlated applying activity coefficient models.  
 
Solubility measurement and modeling  
 
Experimental method: The solubility of the two solutes in the liquid ethyl lactate + water solvent were 
measured at 298 K and atmospheric pressure as a function of the ethyl lactate / water ratio.  The liquid 
solvent and solute in excess were placed into glass vessels (10 ml) with a magnetic stir bar.  The 
vessels were put inside a water bath heated by a magnetic hotplate stirrer which was used to agitate the 
samples during 24 h under fixed temperature, controlled by an electronic contact thermometer with 
probe with an accuracy of 0.2 K. After equilibrium reached, stirring was stopped and the vessels were 
left still for more than 48 hours to allow a complete phase separation. Samples of clear saturated liquid 
solution (100 µL) were taken using a micropipette, filtered through a 0.20 µm filters and placed into 
glass vials. Samples were appropriately diluted for HPLC analysis. 
 
Thermodynamic modeling framework: The simplified expression for calculating the solubility of a 
solid solute in a liquid solvent is derived from basic well-known thermodynamic relations assuming a 
unique pure solid phase: 
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Thus, the solute solubility ( ix ) is primarily a function of the solid solute pure compound physical 

properties (melting temperature Tm and enthalpy of fusion fusHΔ ), the system temperature T and its 
activity coefficient iγ . The latter is calculated with activity coefficient models.  
 
Results and Discussion 
 
The expereimental solubility of caffeine and ferulic acid in ethyl lactate + water, measured in this 
study are shown on Figures 1 and 2, respectively. The solubility of caffeine and ferulic acid in the 
mixed solvent is considerably higher than that in pure ethyl lactate or water. That is, the addition of 



water to the ethyl lactate solvent can substantially increase caffeine solubility, attaining a maximum at 
around 8 % mass for a mixed solvent comprising (20-40) % mass of water. This solubility value is 
around 2.7 fold higher than the solubility in pure ethyl lactate and 4.0 fold higher than in water. These 
conclusions can also be established for the solubility of ferulic acid in ethyl lactate + water mixtures.  
 

0

1

2

3

4

5

6

7

8

9

0 10 20 30 40 50 60 70 80 90 100

So
lu

bi
lit

y 
(m

as
s 

fr
ac

tio
n 

%
)

Water (mass %)  
Figure 1. Solubility of caffeine in ethyl lactate 

+ water mixtures. 
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Figure 2. Solubility of ferulic acid in ethyl 

lactate + water mixtures. 
 
The solubility of caffeine and ferulic acid in ethyl lactate + water mixtures were correlated using the 
modified (Dortmund) UNIFAC and the UNIQUAC method. While the two solvents and ferulic acid 
can be readily structured from existing UNIFAC functional groups, the caffeine molecule cannot, 
owing to the lack of parameter for cycl-CO group. Thus, the caffeine molecule was instead represented 
as a combination of existing functional groups that we considered most closely resemble it. This 
representation, of course, is not precise. Moreover, and this should be underlined, different choices of 
UNIFAC functional groups yield different predictions which is an illustration of a major uncertainty 
associated with the use of UNIFAC. The application of UNIQUAC was straightforward as all basic 
molecular structure parameters binary interaction parameters could be readily estimated.  
Caffeine and ferulic acid melting temperatures and enthalpy of fusion, required for the modeling were 
determined by differential scanning calorimetry [5]. 
 
Conclusions 
 
A substantial increase of the solubility of high valued biomolecules (caffeine and ferulic acid) in ethyl 
lactate + water mixed solvent was observed. This behaviour can be exploited in the extraction 
aproaches applied for recovering bioactive food ingredients from natural matter. 
The UNIQUAC model provided a very good description of the solubility data, while UNIFAC 
predictions should be considered only qualitative. 

 
Acknowledgments 
D. Villanueva acknowledges the predoctoral contract (JAE) given by the Consejo Superior de 
Investigaciones Científicas (CSIC) of Spain. This work was financed thanks to AGL2011-29857-C03-
01 (Ministerio de Economía y Competitividad) and ALIBIRD-CM S2013/ABI-2728 (Comunidad 
Autónoma de Madrid) projects. 
 
References 
[1] B. K. Ishida, M.H. Chapman, J. Agric. Food Chem. 57 (2009) 1051-1059. 
[2] I. F. Strati, V. Oreopoulou, J. Food Sci.Technol. 46 (2011) 23–29. 
[3] M-T. Golmakani, J. A. Mendiola, K. Rezaeic, E. Ibáñez, J. Supercrit. Fluids 62 (2012) 109–115. 
[4] D. Villanueva Bermejo, P. Luna, M. Manic, V. Najdanovic-Visak, G. Reglero, T. Fornari, Food 
and Bioproducts Processing 91 (2013) 303-309. 
[5] M. S. Manic, D. Villanueva, T. Fornari, A. J. Queimada, E. A. Macedo, V. Najdanovic–Visak, J. 
Chem. Thermodynamics 48 (2012) 93–100. 



Rheological behaviour of the ionic liquid [N444H][NTf2] 
 

Angela Lamas1 and Teófilo Graber2*  
1Chemistry Engineering Department/Research Institute, Antofagasta University, Chile 

2* Chemistry Engineering Department/Research Institute, Antofagasta University, Chile, 
*teofilo.graber@uantof.cl 

 
Scientific topic: Ionic liquids, Measurement of Thermodynamic Properties. 
 
Keywords: Ionic Liquid, Rheological behaviour, Viscosity 
 
Introduction 
 
Ionic liquids are organic salts composed enterly by ions with a melting point below 100 °C. Since they 
are salts, they have very low vapor pressure, large liquidus range and high thermal, chemical and 
electrochemical stability[1].  
Quaternary ammonium salts are economically advantegeous class of industrial compounds and 
represent a promising group of ionic liquids (ILs). Many quaternary ammonium ILs have been 
synthetized and thermal and physicochemical studies were published[2]. Tributyl–ammonium cation 
were studied before for electrochemical applications. There are few studies concerning the 
measurement of ILs basic physical and transport properties, particularly for ammonium based ILs for 
the thermal properties. 
 
Experimental 
 
Synthesis of the ionic liquid ([N444H][NTf2]) 
 
[N444H][NTf2] was synthesized in two steps. The first step was to synthesized the tributyl chloride 
([N444H]Cl). This was initially done by adding dropwise chloridric acid (MERCK, HCl, 37.0%) to a 
well stirred tributyl amine (MERK, TBA, ≥98.5%).  
The [N444H][NTf2] ionic liquid, was synthesized from [N444H]Cl and Li[NTf2] (Sigma Aldrich, LiNTf2, 
≥99.0%) by a metathesis reaction. Each component were first dissolved in distilled water. The two 
solutions were added together and mixed vigorously for at least 24 hours. After reaction, chloroform 
(CLF) was added to dissolved the product, [N444H][NTf2], forming two phases, the organic phase was 
separated from aqueous phase, and washed with water many times to remove any residual LiCl. 
Finally the CLF was rmoved under reduced pressure, and the remaining [N444H][NTf2] was dried under 
high vacuum for 5 days. 
1H NMR, 13C NMR and AE were used to characterize the [N444H][NTf2]. Water content was 
determined by the Karl-Fisher analysis to be < 0.05wt%. 
 
Measurement of the rheological behaviour 
 
The rheological behaviour of [N444H][NTf2] was studied by using a DV-III ULTRA rheometer 
(Brookfield). Visvocity curves were measured to characterize the flow behaviour with respect to the 
shear rate. The measurement were based on the controlled rotational speed and temperature with the 
shear rate. 
 
Results and Discussion 
 
Figure 1a shows the shear rate as a function of shear stress for [N444H][NTf2] from 25°C to 70°C, ΔT = 
5°C. The linear relationships between the shear rate and shear stress suggest Newtonian behaviour of 
the IL at the different temperatures. Figure 1b indicated a strong temperature effect on the fluid. This 
is demostrated more clearly in Figure 2 where the shear viscosity plotted against temperature. As 



expected the viscosity of the IL showed a decrease with increasing temperature[3]. The viscosity data 
were fitted using the modified version of the Vogel-Fulcher-Tammann (VTF) equation that 
characterizes glass-forminf liquids[4, 5]: 

𝜂 = 0.5642 ∗ 𝑇!.! ∗ 𝑒
!"

!!!"#         (1) 
 

 
Figure 1. Rheological behaviour of [N444H][NTf2]: (a) shear rates as a function of shear stress and (b) 

Viscosity of as a function of shear rate. Both from 25 °C to 70 °C, ΔT = 5°C 

 
Figure 2. Viscosity of [N444H][NTf2] as a function of temperature 

Conclusions 
The rheological properties of [N444H][NTf2] has been characterized for the first time. The ionic liquid 
shows Newtonian  behaviour under the conditions of this work. Viscosity exhibet a decrease in with 
an increase in temperature in the range of temperature studied. VTF equation were used to fit the 
experimental data of the measured viscosity, reuslting in good agreement. 
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The unique physical properties of ionic liquids (ILs) make them valuable alternatives to traditional 
compounds for different applications. In particular, aqueous ILs systems are of high interest for 
different applications, such as in absorption refrigeration and in separation and purification processes 
through the use of aqueous biphasic systems [1]. The presence of water involves highly complex 
interactions that affect the thermophysical properties of these mixtures. Classical equations of state are 
limited to describe important physical effects, such as hydrogen bonding and other short associating 
interactions, becoming in a lack of accuracy when describing those systems. 
 
In this work, the soft-SAFT equation of state (EoS) [2] has been used to describe water activities and 
the vapor-liquid equilibrium (VLE) of a wide range of water + IL systems covering different families 
of ILs. Soft-SAFT has been proven to be a successful approach to model ionic liquids and has already 
been used to study the liquid-liquid equilibria of some ILs in water [3-5]. Here, the equation has been 
extended to the calculation of activity coefficients, whose knowledge allows a better comprehension of 
the non-ideal behaviour and the solute-solvent interactions of those systems. New fully miscible 
aqueous ILs have been modeled here using a minimum amount of binary data. The information 
obtained has been used to discriminate among different sets of molecular soft-SAFT parameters for 
new ILs never modeled before using soft-SAFT. Finally, the new proposed molecular models have 
been transferred to similar aqueous ILs systems for which less experimental data are available, in 
order to predict their phase behavior.  
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Introduction 
 
Synthetic dyes are one of the main groups of the pollutants widely used in various industries. Hence, 
the treatment of effluents containing dyes has been a challenging problem among environmental 
technologies and it has always been necessary to find dye-removal efficient methods [1]. There is a 
growing interest in developing low-cost and high efficiency technologies for wastewater treatment. 
Biosorption has shown good potential to replace conventional treatment methods for the removal of 
dyes and/or metals and it is an alternative for decontamination of dye-containing effluents, especially 
for the treatment of low-concentration effluents. Non living leaves of Posidonia oceanica (renewable 
material, available in large quantities in the beaches of the Mediterranean Sea) were used as an 
inexpensive and efficient biosorbent for the removal of dyes from aqueous solutions. The aim of this 
work is to evaluate the equilibrium sorption isotherms for the removal of isolan red (IR) on Posidonia 
oceanica and to examine the applicability of Langmuir, Freundlich, Sips and Redlich Peterson 
isotherm models to biosorption equilibrium data. 
 
Experimental method 
  
Adsorbent.  
Non living leaves of Posidonia oceanica were collected from the beaches of Mediterranean Sea at the 
Region of Murcia, washed repeatedly with tap water to remove sand and salt, dried in an oven at 50-
60ºC, ground and sieved to obtain the size fraction 0.5-2.5 mm. 
 
Adsorbate.  
Isolan red SP-G provided by DyStar Textilfarben was used without further purification and stock 
solutions were made in distilled water. 
 
Equilibrium sorption studies.  
Batch sorption experiments were carried out at constant temperature (25 ºC, 40  ºC and 55 ºC). Flasks 
containing 0.1 g of adsorbent and 50 mL of dye solution with predetermined initial dye concentrations 
were sealed and agitated in a thermostatic water bath at the desired constant temperature and at pH = 2 
until equilibrium was reached. Initial and equilibrium concentrations of dye solutions were measured 
by UV VIS spectrometry.Theoretical Background or any other appropriate title can be used to clearly 
specify what has been done in this work. Subheadings can be used to differentiate the different parts in 
this section. 
 
Results and Discussion 
 
The experimental equilibrium data (Figure 1) were well described by all the isotherm models studied. 
The best average relative errors were obtained, generally, for the Freundlich model ( ARE < 6.5 %). 
The values of Freundlich parameters are shown in Table 1. The n values (≈ 1.6) were in the range from 
1 to 10 and indicate favourable sorption. The maximum sorption capacity increased approximately 
from approximately 50 mg·g-1 at 10 ºC, 25 ºC and 40 ºC to 99 mg·g-1 at 55 ºC.  
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Figure 1. Freundlich sorption isotherms and experimental equilibrium data. 

 
 

Table 1. Freundlich isotherm parameters 
 

 Temperature 
10 ºC 25 ºC 40 ºC 55 ºC 

KF 

(mg(n-1)/n·L1/n·g-1) 
1.30 1.25 1.29 1.53 

n 1.62 1.61 1.63 1.41 
ARE (%) 3.9 3.6 6.5 4.9 

 
 

Conclusions 
 
The results revealed that Posidonia oceanica has a high uptake capacity for isolan red. 
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Introduction 
 
The use of dyes often can cause serious water pollution problems that require pretreatment prior to 
disposal into receiving water bodies or urban wastewater treatment plants. Biosorption has been found 
an attractive alternative to replace or supplement the present dye removal processes from dye 
wastewater. Activated carbon adsorption is an extended removal procedure, but this sorbent is 
expensive and the problem of regeneration has limited its commercial applications. This fact led to the 
search for low cost, renewable, locally available materials suitable for being used as sorbents. The aim 
of the present work has been to study the use of a brewing process by-product (spent brewery grains) 
as alternative biosorbent material for the removal of methylene blue (MB) from aqueous solutions. 
The effect of pH and adsorption kinetic results are presented here. 
 
Experimental method 
 
Adsorbent.  
The beer brewery waste used was the residue obtained after the extraction of fermentable 
carbohydrates (spent grain). It was supplied by a local brewery and was washed thoroughly with 
distilled water, dried at 50 ºC-60 ºC, crushed and sieved to obtain particle size from 0.09 mm to 
1.5 mm. 
 
Adsorbate.  
Methylene blue (Basic blue 9), a model compound for basic (cationic) dyes, provided by Sigma, was 
used without further purification and stock solutions were made in distilled water. 
 
Sorption studies. 
Batch sorption experiments were carried out at constant temperature to evaluate the influence of pH 
and contact time on the sorption of MB onto brewery waste. Weighed amounts of biomass were added 
to glass flasks containing MB solutions. The mixtures were stirred magnetically and their pH was 
continuously adjusted to the desired value using small volumes of HNO3 or NaOH dilute solutions. To 
investigate the effect of pH on the biosorption of MB, the pH of solutions were adjusted to values 
between 2 and 10 (adsorbent dosage = 4 g·L-1, initial dye concentration= 200 mg·L-1). Kinetic studies 
were carried out at 10 ºC, 25 ºC, 40 ºC and 55 ºC (adsorbent dosage = 4 g·L-1, pH= 6.7, initial dye 
concentration= 500 mg·L-1). Samples were collected from the flasks at predetermined time intervals 
for analyzing the residual dye concentration in the solution using UV/VIS spectrometry. MB uptake 
(q, mg·g-1) was calculated according to a mass balance on the dye concentration. 
 
Results and Discussion 
 
Effect of pH. 
The Figure 1 indicates that the biosorption of MB is weak in acidic medium (qe ≈ 17 mg·g-1 at pH = 2). 
As the pH increases, the biosorption capacity for MB increases (qe ≈ 50 mg·g-1 at pH > 6.6). This result 
may be due to change in the surface charge of the dye molecules and the functional groups of 
biosorbent. 
 



Kinetic of methylene blue removal. 
The influence of contact time on dye removal at different temperatures is presented in Figure 2. In 
order to examine the controlling mechanism of MB biosorption onto brewery waste, pseudo-first- and 
pseudo-second-order, Elovich and intraparticle diffusion models were used to adjust the experimental 
data using non linear regression (Pérez-Marín et al., 2010). The pseudo-second-order model provides 
the best correlation (average relative error < 8.5 %). The values obtained of biosorption capacity (qe) 
are very similar to those found experimentally (76 mg·g-1, 86 mg·g-1, 95 mg·g-1 and 99 mg·g-1 at 10 ºC, 
25 ºC, 40 ºC and 55 ºC, respectively). The initial sorption rate varies from 1.3  mg·g−1 min−1 at 10 ºC to 
17.4 mg·g−1·min−1 at 55 ºC. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Conclusions 
 
The experimental results shows that spent brewery grains has considerable potential as adsorbent for 
MB removal from aqueous solutions. The adsorption of MB is strongly pH-dependent. The MB uptake 
increase notably when the pH raise from 2.0 to 6.5 and don’t change significantly up to pH 6.5. 
 
Experimental kinetic data show good agreement to the pseudo-second order kinetic model for different 
temperatures, confirming the chemisorption of MB onto brewery waste. When the temperature raises, 
the qe values increase, indicating the endothermic nature of adsorption. 
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Introduction 
The recently proposed activity coefficient model known as F-SAC [1,2] was used to correlate the non-
ideal behavior of the ethanol-water-glycerol mixture in the simulation of the extractive distillation 
process to obtain anhydrous ethanol. This mixture is of great interest in the industry because the most 
common entrainer used, ethylene glycol, is an oil derivate, and glycerol is a byproduct in the biodiesel 
production. Vapor Liquid Equilibria (VLE) and Infinite Dilution Activity Coefficient (IDAC) data 
were used to optimize the model parameters. The extractive distillation of ethanol has been studied for 
several researches in the last years, seeking for energy and investment savings as well as dynamic 
studies for process control [3,4,5,6]. In this work, the extractive distillation process using glycerol as 
entrainer was optimized using the F-SAC thermodynamic model and a higher energetic efficiency was 
found. 
 

Methodology 
Thermodynamic Modeling 
The F-SAC model combines the functional group principle with the COSMO-RS contacting surface 
theory. Thus, the model assumes that each molecule consists in a combination of segments and the 
parameters of these segments are responsible for predicting the behavior of the mixtures. The 
molecular formula of the substances investigated in this work and the respective segment of each 
molecule are: Glycerol C3H8O3, 1xC3H8O3; Ethanol C2H6O, 1xCH3 and 1xCH2OH; and Water H2O, 
1xH2O. Using the methodology proposed by Possani et al. (2014)[7], the F-SAC parameters were 
optimized to experimental data containing the groups in study. The quality of the predictions were 
evaluated by the Average Absolute Deviation (AAD), calculated as: 

𝐴𝐴𝐷 =
|y!"# − y!"#!|!"

!!!

𝑁𝑃  
 Equation 1 

where NP represents the number of experimental points and y the vapor fraction for the experimental 
and calculated points. 
 

Process Optimization 
The best configuration of extractive distillation 
obtained by Erricoet. al. (2013a)[5], shown in 
Figure 1, was considered in the present study. 
The simulation was accomplished using 
theiiSE software[8]. The process was 
optimized using the Nelder-Mead method with 
the following Objective Function (OF): 
𝑂𝐹

= 𝑄!"#!
!

!!!

∗ 𝑐!"#   

+   𝐹!"#$%&'"𝑐!"#$%&'" − 𝐹!"!!"#$
∗ 𝑐!"!!"#$ 

Equation 2 

where 𝑄!"#! represents the reboiler energy of 
the columns of the process in MW, 𝐹 is the 
mass flow in kg/s and 𝑐 is the cost with heat, 
glycerol and ethanol, respectively. Equation 2 

tends to find the best solution reducing the cost 
with reboilers heat in the distillation columns 
and make up with glycerol, increasing the 
ethanol incomes. 

 



Results and Discussion 
Experimental data of ethanol-water-glycerol mixtures were used to evaluate the prediction power of 
the F-SAC model. The data and NRTL results, adjusted to these mixtures by Souza et. al. (2014)[9] 
can be seen in Figure 2. In the same figure the F-SAC, UNIFAC (Dortmund)[10] and UNIFAC 
(PSRK)[11] predictions are also shown. 

   
Figure 2 - Experimental data of ethanol-water-glycerol mixtures to three different Solvent to Feed 
ratio (S/F)= 0.5, 0.7 and 0.9. 
 
Table 1 – AAD for the experimental data and the models prediction showed in Figure 2

Experiment F-SAC NRTL* UNIFAC (Do) UNIFAC (PSRK) 
S/F=0,5 0,0278 0,0531 0,1939 0,5836 
S/F=0,7 0,0454 0,0593 0,2240 0,1704 
S/F=0,9 0,0296 0,0334 0,2150 0,1578 
*Obtained by Souza et. al. (2014) [9] 

As can be seen in Table 1, the results for the AAD were always smaller for the F-SAC model when 
compared with the three other models. Poor results were obtained with UNIFAC (Do) and UNIFAC 
(PSRK). When comparing F-SAC with NRTL, the differences were very small, but still the AAD 
values were 47.17% better in the first case, S/F=0.5, 23.73% smaller in the second case, S/F=0.7 and 
9.09 in the S/F=0.9 case for the F-SAC model. 
In the distillation process optimization using glycerol as entrainer, the results obtained were 
approximately 10% smaller in the total energy index when compared with the results showed by 
Errico et al. (2014a) [5]. The reboiler energy savings to obtain ethanol with 99.9% molar purity 
reaches values of 7.55%, representing a consumption of 4.17 MJ of energy to obtain 1 kg of ethanol. 
 

Conclusions 
In this work, the parameters of the activity coefficient model F-SAC were adjusted to experimental 
VLE and IDAC data for the substances in study.A better prediction was obtained when compared with 
other group contribution based models. Deviations obtained in this investigation from experimental 
VLE data were up to 47% smaller. Optimized extractive distillation using glycerol as entrainer was 
found to reduce the energy consumption of the process in nearly 10%, when compared with the 
literature results using ethylene glycol. 
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The composition of petroleum, crude oil or -more generically- reservoir fluids, is usually known 
from a combination of laboratory procedures involving gas chromatography for the lighter 
fractions, and standard distillation methods for splitting the rest into cuts named C6, C7, C8 and so 
on, depending on temperature ranges which are defined in terms of the normal alkanes boiling 
points. At present, it is common practice to quantify cuts until C19, while the heavier residue is 
known as C20+.  
In the equation of state (EOS) modeling of phase behavior and PVT or thermodynamic properties 
for these fluids, the word characterization is commonly used to express the procedures and/or 
strategies implemented for representing those heavy cuts through a set of pseudo-components and 
their EOS parameters, based on the quantitative information obtained in the lab and the densities 
and average molecular weights for the different cuts and the residue CN+. This characterization 
may involve different steps, correlations and lumping procedures, but probably the more sensitive 
part, which can have important effects on the prediction of different fluid properties, wax 
appearance temperatures, asphaltene onset pressures, etc., is the assumption of a specific 
distribution for the CN+ residue, tipically C20+. 

In this work we analyze the possibilities and limitations of the two probably most applied methods 
for obtaining such distributions, both in academia and industry, namely the Pedersen and the 
Whitson methods. Although they are similar in terms of mathematical functionality, and the first 
could be considered as a particular case of the second, there are important differences regarding the 
way they are usually applied and the restrictions imposed in each case. We discuss the importance 
and necessity of some specific restrictions, specially in relation to molecular weight distribution, 
proposing variants and presenting results for different reservoir fluids with information available in 
the literature. 
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Introduction 

To reduce the energy costs and in so doing make the use of bioethanol more competitive, a new 
process is proposed. Instead of dehydrating the ethanol completely and then only blending it 
with gasoline, the fuel blend is obtained directly at the same time the dehydration takes place. A 
heterogeneous azeotropic distillation step, in which petrol fractions are used as entrainers to 
dehydrate a water-ethanol mixture, would permit the obtaining of such a gasoline-ethanol blend. 
Several previous works [1,2] have been published on the use of individual petroleum 
hydrocarbons as entrainers that show how hydrocarbon-ethanol mixtures low in water can be 
obtained. The use of a more complex mixture as entrainer, such as naphtas from refineries, 
therefore represents the next step in testing the process and achieving a fuel blend that is truly 
ready for direct use in vehicles.  

Experimental 

The bioethanol for the above distillation step was provided by Abengoa plant and has a water 
content of 8.6% w/w. Two different naphtas supplied by Repsol, one obtained by direct 
distillation (N1) and the other (N2) obtained through catalytic cracking of a higher boiling point 
petrol fraction, have been tested as entrainers. The temperatures of evaporation for 50%V/V of 
N1 and N2 were 116.7 ºC and 118.2 ºC, respectively. Both naphtas were tested in different 
azeotropic distillation experiments in a pilot-plant distillation column. The procedure has been 
described previously[1]. Flowrates consistent with the hydrodynamics of the column geometry 
were fixed as follows: 44.4g/min and 42.5 g/min for the N1 and N2 respectively and 4.2 g/min 
for the ethanol. It was desired to obtain a mixture with an ethanol content ranging between 5 
and 10%, in order to comply with European biofuel regulations [3]. The heating power supplied 
to the boiling chamber was varied in all of the experiments to study its effect on the process. 
The distillate was decanted and all of the organic phase was returned to the column while the 
aqueous phase was discharged. The desired product leaves the column in the bottom stream. 
The ethanol and water content of both products were measured by gas chromatography coupled 
with a thermal conductivity detector. The water content of the bottom product was checked 
against the Karl Fischer technique.   

Results 

Figures 1 a, b, c, and d plot the different variables measured during the experiments as a 
function of the heating power. 



 

 

Figure 1: Flow rates (a) and compositions (b,c,d) of products obtained using naphtas 1 and 2 

As can be seen in figure 1(d), beyond a heating power of 150 W, a mixture of ethanol-naphta is 
obtained that contains less than 100 ppm of water. If the power is then increased, only a slight 
improvement in dehydration is observed. On the other hand, the more power supplied, the more 
ethanol and naphta ends up in the distillate, resulting in losses of valuable compounds that could 
and should be recovered. Consequently, an optimum heating power appears to maximize the 
dehydration and at the same time minimize the losses of valuable compounds. 

Conclusion 

It has been found that it is possible, directly via azeotropic distillation using petrol fractions as 
entrainers, to obtain an ethanol-naphta mixture that contains very little water. The process costs 
seem at first sight to be more economic than those of existing dehydration processes. However, 
a detailed study to analyze the costs will be necessary. 
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Introduction 
 
Biobutanol is generally produced by fermentation of organic matter. The bacteria normally involved in 
the process are the clostridium acetobutylicum, even though research is being done in the biochemical 
area to obtain new strains because of the limitations of the former. On the one hand, these bacteria not 
only produce butanol, they also form ethanol and acetone in the process. On the other, butanol is toxic 
to the bacteria and when a certain concentration is reached, production stops. As a result, the butanol 
has to be separated from the other compounds present in the fermentation broth. The butanol needs to 
be separated from the solids (organic matter feed, bacteria cells), the other solved organic compounds 
and especially the water. 
A possible separation sequence starts with a filtration step to eliminate the solid, followed by liquid-
liquid extraction(s) where some of the organic compounds might be separated using organic 
entrainers. Finally, the organic phase obtained in the extraction could be subjected to heterogeneous 
azeotropic distillation to obtain an entrainer-butanol mixture that is low in water content. This last step 
is similar to the process proposed previously for the dehydration of ethanol [1]. An ideal entrainer 
would be gasoline, as the final product could directly be used in engines without further modification. 
Due to its complexity, it would be advisable to first test the constituents of gasoline as entrainers in 
order to verify their suitability for the process. 
 
Experimental method 
 
In this study we have tested the separation of butanol from water using hexane and cyclohexane as 
entrainers. For the sake of simplicity, the presence in low concentrations of the other compounds has 
not been taken into account. The objective of this work was to test the viability of the above-proposed 
process. 
This process would in a first step consist of liquid-liquid extraction of the fermentation broth 
combined with heterogeneous azeotropic distillation using a single hydrocarbon as entrainer. 
To determine the composition of the feed to the column, the UNIQUAC parameters obtained in 
previous works ([2], [3]) were used to simulate the whole process. The feed composition from the 
simulation was subsequently used to test the distillation step in a pilot plant distillation column.  
To simulate the extraction process, a mixture of water and 1-butanol at the maximum allowable 
concentration (maximum toxicity level, that is, 0.0045 molar fraction [4]) was mixed with a n-hexane 
or cyclohexane stream. The simulation was carried out to optimize the flux rate of both feeds as well 
as the energy use of the process. Different objective functions and restrictions were taken into account: 
minimization of the amount of entrainer, water content of the product, and energy use per mass of 
dehydrated butanol, and the butanol/water ratio in the final product needed to be within the legal limits 
[5]. Both processes (extraction and distillation) were simulated at the same time whilst varying the 
input fluxes since the product of the extraction step has a significant influence on that of the 
distillation. 
The distillation process was also tested experimentally in a semi-pilot plant scale distillation column 
connected to a decanter. The composition of the column feed was determined from a simulation of the 
extraction step of each hydrocarbon, while the feed flux was determined by the hydrodynamic 
characteristics of the column’s geometry (40 g/min for hexane and 37 g/min for cyclohexane). Finally, 
the energy in the reboiler represented the variable that was to be tested. In all cases, the temperatures, 



flow rates and compositions were recorded.  
 
Results and Discussion 
 
It has been established experimentally that a butanol-hydrocarbon mixture of low water content can be 
obtained by means of the proposed process. The butanol and hydrocarbon compositions do not vary 
very much with the reboiler duty. Figure 1 shows the evolution of the water content of the bottom 
product with the reboiler duty. As can be seen, the amount of water rapidly decreases as the power 
increases. From above 140 W the amount of water in the bottom product is less than 100 ppm in all 
cases. By contrast, the relative proportion of butanol and hydrocarbons in the bottom product remains 
almost constant in all the experiments. Within the experimental range, the variation with heating 
power of the distillate and bottom product flow rates is negligible. 
  

 
Figure 1. Experimental water content of the bottom product  
 
Conclusions and future work 
 
It has been verified by simulation and experimentally that is possible to obtain biobutanol-hydrocarbon 
mixtures that contain less than 100 ppm water, with both hexane and cyclohexane as suitable 
candidates for performing the separation. The products could be mixed with other hydrocarbons, even 
gasoline, to obtain a fuel containing 10% w/w butanol (legal upper limit) for use in conventional 
vehicles, on condition that all the other properties of the fuel meet legal requirements. However, 
further tests would have to be carried out to establish whether gasoline could be used directly as 
entrainer. 
Despite the fact that this preliminary research appears to confirm the economic viability of the process, 
a detailed cost analysis will still have to be done. In addition, research into the extraction and filtration 
of a true fermentation broth will be necessary to assess the toxicity of the extractant, due to the 
bacteria that participate in the process. 
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Introduction 
 
Processes catalyzed by hydrolytic enzymes such as amylases are at the forefront of enzymatic research 
in sectors as varied as the petrochemical, pharmaceutical or food industries [1]. The industrial 
production of biofuel is mainly tackled by fermentation of starchy feedstocks such as rice, wheat and 
corn.  
Since starch fermentation to produce bioethanol is not possible, a pretreatment is required, which 
consist of an acid or an enzymatic-catalyzed hydrolysis. Usually, enzyme-catalyzed hydrolysis is 
preferred due to economic advantages, because is necessary the use of expensive corrosive-resistant 
equipment. The effectiveness of the activity of amylases is paramount for the development of more 
efficient and sustainable technologies for hydrolyzing starch.  
Ionic liquids (ILs) are considered greener solvents with appealing physicochemical properties which 
can be fine-tuned according to the desired application. In this sense, the extraordinary biomass and 
biopolymer solubilisation capacity of some ILs [2] have made them the choice for different biorefinery 
applications, since pretreating biomass with ILs would increase enzyme accessibility and bioreaction 
conversion. 
Moreover, since information about the behaviour of α-amylases in the presence of ILs is scarce [3], we 
decided to use a large set of distinct ILs to interpret the effect of both the cation and the anion on the 
activity and stability of the enzyme.  
In this work, ILs belonging to ammonium, pyridinium and imidazolium families were screened in 
order to elucidate the most biocompatible candidates in terms of the activity of α-amylase from 
Bacillus amyloliquefacien . Both the structural stability and biocatalytic potential was ascertained and 
discussed on the basis of the ILs relevant physical properties.  
 
Experimental methods 

Amylase structural stability	  

Amylase structural stability was studied by differential scanning fluorimetry (DSF) by means 
of monitoring the fluorescence of Sypro Orange using a real-time PCR instrument. 

Amylolytic activity assay by DNS reaction 

The amylolitic activity of α-amylase was determined using an aqueous solution of starch as 
substrate at pH 6.9, 25 ºC and a reaction time of 3 minutes [4]. 

Amylolytic activity assay by starch-iodine method 

The amylolytic activity was also determined by the starch-iodine assay, in accordance with the 
spectrophotometric assay detailed by Yoo et al. [5]. 
 



Results and Discussion 
 
DSF and spectrophotometric analysis confirmed higher suitability of ammonium-based ILs to 
be used as medium for biocatalysis. Besides, carboxylate-based ILs proved to be optimum to 
avoid typical deactivation and destabilization processes triggered by other hydrophilic ILs 
families.  
The analysis of the experimental data for a the amylolytic enzyme in the presence of a set of different 
ILs revealed that the most suitable combination is that made up of an ammonium cation and a 
carboxylate anion. Both data sources were analyzed and discussed in the light of structural data 
obtained from a high throughput DSF method recently proposed [6]. 
This study confirms that ionic liquids can be applied advantageously in the biocatalytic treatment of 
starchy biomass.      
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Introduction 
 
Microbial lipases are one of the most widely used class of enzymes in biotechnology [1,2], due to their 
appealing features such as their chemo-, regio- and enantioselectivity, broad substrate specificity and 
ability to be active in aqueous and organic media. These enzymes are known to perform its catalytic 
action both in hydrolytic and synthetic reactions like esterifications, transesterifications, alcoholysis, 
etc [3]. In these latter cases, the pursuit of an optimum non aqueous biocatalytic medium is requested, 
so ionic liquids (ILs) have been suggested as a viable alternative. One of the challenging trends in this 
field is the search for ILs able to maintain the enzyme native state. 
Initially, a screening for bio-compatibility and protein stabilisation was done by the analysis of the 
functional and structural effects of a library of 82 different ILs over the Thermomyces lanuginosus 
lipase (TlL). This analysis showed that solvents that affect the native state are mostly damaging to the 
enzymatic activity [4]. 
We designed new environmentally friendly neoteric solvents, more specifically, functionalized 
ammonium-based ILs containing cholinium-based cations and amino acids anions.  
In this work, the effect of different concentrations of aqueous solutions of amino acids, cholinium 
chloride and amino acid-based ILs, synthesised in-house, in the biocatalytic and structural response of 
TlL was investigated.  
 
	  

Experimental methods 

Lipolytic activity  

The lipolytic activity was determined spectrophotometrically by means of monitoring the hydrolysis of 
p-nitrophenyl esters at pH 7.0, 25ºC and 20 min reaction time.  

Differential Scanning Calorimetry (DSC) 

Enzyme structural changes in were followed by DSC. DSC measurements were carried using an 
enzyme solution in the selected solvent (water or IL). Heating rates of 1 ºC min-1 were used from 40 
to 90 ºC.  

Differential scanning fluorimetry (DSF)  

The conformational changes in the enzyme structure were also evaluated by DSF. DSF data were 
obtained monitoring the fluorescence of the exogenous probe Sypro Orange, using a real-time PCR 
instrument.  
 
 
 



Discussion 
 
This work points out that, per se, structural results are not enough to analyze the influence of ionic 
liquids on the activity of an enzyme. The observed ILs-induced structural changes do not compromise 
at all the enzyme activity, but reinforce it. This study shows for the first time that new biocompatible 
amino acid-based hydrophilic ionic liquids can enhance enzyme activity, acting as a special media to 
be concomitantly used in enzyme extraction and biocatalysis. More specifically, we show that water + 
hydrophilic ILs mixtures enhance (up to 50%) the enzymatic activity of lipases [5]. 
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Introduction 
 
Synthetic polymers can be used in biotechnology for various important applications, including gene 
transfer [1,2] and drug delivery.  In these applications, experimentally characterizing the 
thermodynamics of the polymer self-assembly or the polymer-genetic material complexation is crucial 
for optimizing the efficiency of the process.  Two important tools for this characterization are atomic 
force microscopy (AFM) [3] and light scattering [4]. 
 
Experimental Section 
 
A Cypher ES atomic force microscope from Asylum Research Inc. / Oxford Instruments, and a CGS-3 
Compact Goniometer System from ALV GmbH were used for characterizing the polymer samples 
using AFM and multi-angle dynamic and static light scattering, respectively. 
 
Results and Discussion 
 
Several polymeric systems were synthesized in our laboratories using controlled polymerization 
chemistries.  These systems included linear and hyperbranched block copolymers which would self-
assemble in solution or in the bulk, and also cationic polymers which would form complexes with 
DNA, RNA or metals.  The morphology and structure of these systems was studied using two 
complementary techniques, AFM and light scattering. 

One of the polymeric systems comprised a family of block copolymers of vinylpyridine (VP) 
and styrene, prepared via reversible addition-fragmentation chain transfer (RAFT) polymerization, 
having a constant overall nominal degree of polymerization of 1000, and varying composition.  Some 
of these samples were quaternized at the VP block using methyl iodide.  Although most samples gave 
spherical micelles in dilute toluene solution, a particular quternized diblock copolymer exhibited a 
vesicular structure; such structures can be exploited for the delivery of drugs and other biologically 
important molecules. 

Another system was composed of complexes of DNA or RNA with cationic 
polymethacrylates grafted with short chains comprising primary and secondary amine groups.  When 
the number of amine groups in the grafts was even, the DNA-polymer complexes displayed a spherical 



morphology.  However, the complexes between DNA and polymers with an odd number of amine 
groups in the side-chain consistently exhibited rod-like morphologies.  The structure of these 
complexes proves crucial for their uptake by cells. 
 
Conclusions 
 
Two complementary techniques, AFM and light scattering, were employed to characterize the 
equilibrium structures of modern polymer systems with potential applications in biotechnology. 
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Introduction 
Important molecules used for medical purposes, such as aspirin, morphine and codeine, have been 
discovered from plants. Currently, many phytochemicals with antioxidant, anti-inflammatory and 
antitumor activities are being studied in order to target new therapeutic apporaches to cancer desease 
[1]. On the other side, pancreatic cancer is one of the most lethal tumors, representing the five and 
fourth cause of cancer-related mortality in males and females respectively in developed countries [2]. 
New complementary therapeutic approaches are desirable in order to improve efficacy of current 
therapies and quality of patients’ life.  
In this work, the antiproliferative activity of supercritical extracts obtained from Lamiaceae (Melissa 
officinalis and Origanum majorana) and Asteraceae (Achillea millefolium and Calendula officinalis) 
plants is investigated on a human pancreatic cancer cell line. Also, main compounds present in the 
extracts were identified. 
 
Materials and methods    
Supercritical CO2 extraction. Extractions were carried out using a pilot plant supercritical fluid 
extractor at 14 MPa, 40 °C, 180 min and CO2/plant ratio of 20-30 kg/kg. All extractions were carried 
out by duplicate.The part of the plant used in each case was as follows: inflorescences and upper 
leaves of Achillea millefolium, flowers of Calendula officinalis, leaves of Melissa officinalis and the 
entire plant in the case of Origanum majorana. All vegetal raw materials were ground to a mean 
particles size of 500 µm and packed and stored at room temperature until utilization.  
GC-MS analysis. Supercritical extracts were analyzed by GC-MS. A GC System  was employed 
comprising a MS detector. The system used a GC column Agilent 19091S-433; 30 m x 250 µm, and 
film thickness 0.25 µm. Analysis was carried out using helium (2.4 ml/min). Oven temperature 
programming was from 60 ºC to 220 ºC at 9 ºC/min and from 220 ºC to 300 ºC at 3 ºC/min. The 
injection and mass detector temperature were 260ºC and 350 ºC respectively. The identification of 
compounds was by comparison with the mass spectra from NIST MS 2.0. library. 
Cell viability assay.The antiproliferative activity of cell extracts in human pancreatic tumor-derived 
cells (MiaPaca2) was measured by MTT assay. Cells in the exponential growth phase were placed in 
96 well plates were treated with different concentrations of each extract for 48 h. The number of viable 
cells was determined by colorimetric assay. 50 µL of MTT solution (5 mg/mL in PBS) was added to 
each well and incubated for 3 h; subsequently, the medium was removed and 200 µL of dimethyl 
sulfoxide (DMSO) was added to lyse the cells and resuspend the formazan (the metabolic product of 
MTT). Quantities of formazan product, which are directly related to the number of viable cells, were 
measured at 560 nm using a scanning spectrophotometer microplate reader (UVM 340 Biochrom, 



Cambridge, UK). Concentration values corresponding to cell sensitivity (concentration inhibition 50%, 
IC50) and cytotoxic effect (Lethal Concentration 50%, LC50) were calculated according to the NIH 
definitions using logistic regression.  
 
Results and Discussion 
The extraction yields (mass of extract / mass of raw material x 100) are given in Table 1. The main 
compounds identified by GC-MS analysis in each plant extract are in acordance with other works [3-6] 
and are listed in Table 1.  
Biological activity of supercritical extracts regarding effect on pancreatic cancer cells viability 
including cell death induction is shown in Table 2. As it can be observed in the table, Asteraceae 
(Achillea millefolium and Calendula officinalis) extracts were significatively more efficient against 
pancreatic cancer cells than Lamiaceae extracts obtained using the same method of extraction.  
 
Table 1. Extraction yield  and main compounds identified in the supercritical extracts. 

 Origanum majorana Melissa officinalis Achillea millefolium Calendula officinalis 
SFE-1 1.62 0.67 0.81 2.63 
SFE-2 
(duplicate) 1.40 0.62 0.77 2.92 

Main  
compounds 
identified 

eucalyptol, linalol, borneol, 
terpineol, carvacrol, 

caryophyllene, butil-catecol, 
elemol, spatulenol, ledol, 

esudesmol 

carvacrol,             
caryophyllene and             

spatulen 

cineol, borneol, 
carvacrol, cubenol, 

spatulenol, α-curcumene, 
viridiflorol 

α-amyrin, lupeol, γ- 
and β-kadinene, α- and 
T-cadinol, eudesmol, 

canabidiol 

 
Table 2. In vitro response of MiaPaca2 (pancreatic cancer cell line) to different plants depending on 
the extraction method. IC50 and LC50 were calculated according to the NIH definitions using a 
logistic regression. Data represent mean ± s.e.m. of two independent experiments, each performed in 
quadruplicate. 

 Origanum majorana Melissa officinalis Achillea millefolium Calendula officinalis 
IC50 (µg/mL) >100 >100 23.41 ± 5.1 38.55 ± 7.6  
LC50 (µg/mL) >100 >100 74.14 ± 10.6 76.76 ± 1.8 

 
Conclusion 
Extracts of Astereaceae and Lameaceae plants were produced using supercritical CO2 and applying the 
same extraction conditions. Asteraceae (specially Achillea millefolium) supercritical extracts 
were significatively more efficient against pancreatic cancer cells than Lamiaceae plant extracts. 
Quantification of the composition of the extracts is under development in order to interpret this 
behavior.   
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Introduction 
	  

The understanding of physical properties such as surface tension is of great utility for both fundamental 
research and industrial engineering applications. Within the wide variety of fluids than can be used in 
these applications, alcohols are one of the most used classes of solvents in organic chemistry and the 
biochemical industry [1-3].   
 
One of the main problems to solve in the abovementioned applications is how to access to reliable and 
accurate surface tension data for the fluids involved [2].  For many compounds, the data can be found 
in books and reviews [4-6], but all of them have to be carefully checked before being used since 
agreement between different sources is far from guaranteed [7-11]. 
Once the data have been selected and filtered, there are many empirical correlations that can be used to 
fit the surface tension data versus the temperature. In fact, several studies have been published about 
the performance and accuracy of the commonest empirical correlations or models used for various 
kinds of fluids [7-12].  Nevertheless, none of those studies includes a large number of different classes 
of alcohols.  

 
The correlation and the main sources of data  
	  

In previous works [9,11] we summarized the data available for common fluids, and gave new 
coefficients for the correlation considered in the REFPROP computer program [13]. In the present 
work, we construct a wide database for the surface tension data for 92 alcohols belonging to three 
different families (cycloaliphatic, aromatic, and polyols, according to the DIPPR scheme classification) 
and propose new accurate correlations to represent its temperature dependence when possible. The 
main sources of the data employed to perform the fit are the DIPPR and DETHERM databases [14,15], 
as well as Wohlfarth and Wohlfarth’s book [6]. Besides, after an exhaustive bibliographic revision, 
additional sources of data were added to complete the collection of data [16]. 
 
The available data for each fluid were checked carefully. When the same set of data was used in 
different sources, we took it into account only once. Also, when a datum or a set of data from different 
sources were practically identical, they were considered only once. In the case that a datum or set of 
data were in clear disagreement with most of the rest of the data, they were excluded from 
consideration. In several cases we have found two very different trends for the data proceeding from 
different sources. When it was justified, we decided to fit only one of the trends. Finally, as we were 
going to use the percentage deviations to fit the data, we also decided to exclude from the computations 
those data corresponding to temperatures very close to the critical point, where the surface tension is 
zero.  
 
The finally selected data were fitted to the following expression: 
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!!!

!!!
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𝑇
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!!
                (1) 

where σi and ni are adjustable coefficients and Tc is the critical temperature. We have used 2 or 4 
coefficients and the value of the critical temperature given in the DIPPR database [14].  
 



To check the accuracy of the proposed correlations, we calculated the percentage deviation (PD) 
between the correlation value from Eq. (1) and the data, as well as the mean absolute percentage 
deviation or error (MAPD) for every fluid: 
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                                    (2) 
being N the number of data.  
 
Results 
 
From all the alcohols studied, only in the case of 2-phenyl-2-propanol it was not possible to make an 
appropriate fit to the data. We had two different sources of data available for this fluid but 
unfortunately they were in clear disagreement with each other and it was not possible to take a decision 
about the correct trend of the data.  
Similarly, in the case of 1,2-butanediol we found important disagreements among the selected data but 
we finally proposed a fit to Eq. (1) by using only 2 adjustable coefficients and giving an MAPD = 
2.76%. High disagreements can also be found in the data selected for benzyl alcohol, and consequently 
the MAPD for this fluid reaches 2.60% (using 4 adjustable coefficients). 
For the remaining 89 alcohols, the MAPD is always below 1.7%, taking values below 1% for 76 of 
them. 
 
The main conclusions obtained are: i) A database including the surface tension data for 92 fluids has 
been built; ii) Several important disagreements were found in some cases between the different sources 
of data. When it was possible, we discarded discordant data; iii) Some of the employed databases need 
to be actualized and/or improved for several fluids; iv) New parameters for Eq. (1) are proposed for 91 
of these alcohols, and we recommend their future use in computer programs as REFPROP.   
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Introduction 
Acylglycerols have many applications as emulsifiers and surfactants[1]. Moreover, new applications 
are being developed for this byproducts in the food/beverage as well as pharmaceutical sector [1,2]. 
Fatty acid esters (FAE) and acylglycerols mixtures can be produced by a partial transesterification of 
vegetable oils with methanol or ethanol. In that respect, the non-catalytic supercritical alcoholysis is 
one the most studied alternative technologies that have been proposed to improve the conventional 
transesterification process [3]. In the supercritical alcohol transesterification it is possible to obtain a 
complete conversion of triglycerides with products containing FAE and a high concentration of ACs 
[4]. In addition, these reaction products require fractionation and supercritical CO2 extraction is a 
green technology that is gaining importance over conventional techniques to process natural 
substrates. In a previous work [4] it was shown through a phase equilibrium engineering analysis that 
FAE and ACs can be effectively fractionated using CO2 under liquid or supercritical state. 
 
In this work, FAE and AC mixtures obtained by supercritical ethanolysis were fractionated 
experimentally in a modified high pressure Soxhlet apparatus by liquid-liquid (L1-L2) crosscurrent 
extraction using liquid CO2. The condenser and heater temperatures were set at 278K and 403 K, 
respectively. This gives an operating pressure of around 43bars, which corresponds to an extraction 
temperature of near 283K. Finally, a thermodynamic and mass transfer models, combined with the 
experimental information, were applied to study the crosscurrent extraction process. 
 
Experimental 
Materials 
CO2 (99.99 wt.%) was purchased from Air Liquide (Argentine). FAEs and AC mixtures (FAEs: 88.8 
wt.%) were obtained by supercritical transesterification of Sunflower oil of high oleic acid content 
(Dow-Agrosciences, 87 wt.%) and ethanol (Dorwill, 99.9 wt.%), according to the procedure described 
elsewhere [4,5].  
 
Experimental Equipment 
Figure 1 shows a schematic diagram of the equipment used in the fractionation of FAE and ACs. 
Basically, it consists of a high pressure vessel with a quick clamp closure system. An external 
electrical heating element at the bottom and an internal cooling system at the top of the apparatus 
allows for the internal recirculation of the solvent. A modified Soxhlet type glass extractor was placed 
inside the high pressure vessel to perform the liquid-liquid separation process. Two modifications 
were introduced to the Soxhlet apparatus in order to allow an appropriated fractionation of the oily 
mixtures. The side arm that allows the liquid reflux was extended to avoid the reflux of the raffinate 
phase to the boiler, and a funnel was place inside the extraction chamber to enhance mass transfer of 
FAE compounds from the raffinate phase to the CO2 extract phase.  
 
In a typical experiment, a given amount of the fatty mixture was first loaded into the extraction 
chamber of the modified Soxhlet apparatus and it was introduced inside the high-pressure extraction 
vessel. Liquid CO2 was charged to start the fractionation experiment and by activating the cooling and 
heating systems, the solvent was recycled through the Soxhlet apparatus. The CO2 vapors from the 
bottom distillation flask rise up through the vessel reaching the top cooling system. The drops of the 
condensed solvent fall into the extraction chamber being directed by the glass funnel to the bottom of 



the modified Soxhlet. As the solvent blends with the fatty mixture, two liquid phases appear, a heavy 
phase and a light phase. When the extraction chamber is almost full, the upper CO2 and FAE liquid 
phase is siphoned back to the boiler through the side arm designed to avoid the reflux of the heavy 
phase, rich in ACs. Solvent vapors from the boiling distillation flask continue to rise up to the 
condenser and fresh solvent drops fall into the extraction chamber, repeating the cycle. A 
thermocouple located in the extraction chamber allows establishing the number of cycles that take 
place in the process. 
 
Results and discussion 
Several extraction processes were carried out by increasing the number of crosscurrent extraction 
stages, at the same operating conditions along the complete set of experiments. Initial studies were 
done without using the glass funnel inside the Soxhlet apparatus. An important mass transfer 
enhancement due to the direct contact of the liquid CO2 with the raffinate phase was observed in the 
different experiments when the funnel was placed in the extraction chamber. Figure 2 shows some 
extraction results in terms of FAEs recovery.  
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Figure 1. High-pressure extraction vessel used in 
the fractionation experiments. 
 

Figure 2. FAEs yield of extraction at 283K and 
43bar as function of CO2 consumption (lower 
axis) or stages (upper axis).  

 
 
Conclusions 
 
In this work liquid-liquid extractions were carried out with CO2 in a modified high pressure Soxhlet 
apparatus to study the fractionation of FAE and ACs mixtures. The results show that it is technically 
feasible to perform a liquid-liquid extraction to purify ACs from a biodiesel mixture, obtaining a 
raffinate phase enriched in ACs compounds. Most FAE present in the system can be recovery using a 
mass ratio of 30 g CO2/ g FAE. The extract phase exhibit a high FAE concentration without pigments 
and minor components normally observed in biodiesel samples. The GCA-EOS model was a useful 
tool to study the liquid-liquid-vapor equilibria of the ternary system and to evaluate the liquid-liquid 
separation process through a simple mass transfer model. 
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