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a b s t r a c t

Spherical carbon molecular sieves (CMS) have selective adsorptive properties which are suitable for
separation and purification of gas mixtures. Precise methods of characterization are needed to under-
stand the performance of CMS in separation processes. To this end, the pore size distribution (PSD) of
four carbon molecular sieves were evaluated experimentally using immersion calorimetry and com-
plemented with gas adsorption measurements at cryogenic temperatures for N2, O2 and Ar, and at 273 K
for CO2. Theoretical pore size distributions were estimated using two-dimensional non-local Density
Functional Theory (2D-NLDFT) models. Calorimetry results showed that B and C samples had a narrow
pore size distribution with pores below 0.7 nm. Meanwhile, the pore size distributions calculated from O2

and Ar adsorption isotherms, gave an apex in the 0.5e0.6 nm region for all the carbons together with a
growing development of porosity at around 0.8 nm and above for carbons A and D. The agreement
observed between experiments and theory confirmed the validity of the theoretical 2D-NLDFT models to
anticipate the PSD. Carbon C with pores exclusively below 0.7 nm separated CO2 and CH4 while carbon D
with pores in the supermicroporous region separated propane and propylene chromatographically.
© 2019 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Gas phase separations using porous carbon particles are possible
thanks to their tailored textural properties (well-defined pore size
window and pore shape) [1]. For the same reason, small scale
packed bed systems in analytical applications have made use of
porous carbons [2]. Since carbon molecular sieves have been effi-
cient means of separation of molecules with similar molecular
weights and chemistries [3], these carbons were effective adsor-
bents of gas molecules such as CO2, CH4, and light hydrocarbons [4].
Driven by environmental concerns, carbon adsorbents have been
investigated for CO2 sequestration to reduce emissions from flue
gas in generation plants and biogas digesters [5,6]. Separation of
hydrocarbons by pressure swing adsorption (PSA) on carbon mo-
lecular sieves (CMS) has been attractive compared to the energy
u-Marin), Joaquin.silvestre@
.O. Jardim), Jacek.jagiello@
oresigma.com (W.R. Betz),
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intensive distillation separations such that of ethane and ethene
[7], and propane and propylene [8,9]. However, the separation of
small molecules with similar kinetic diameters has been a chal-
lenge for the current separation systems [8]. The design of adsor-
bents with tuned textural characteristics and pre-defined surface
chemistry aims for more efficient separations. The availability of
precise methods of characterization would help to speed up the
development of effective adsorbents for difficult separations.

Traditionally, textural properties of nanoporous solids have
been evaluated using gas adsorption at cryogenic temperatures
(preferentially N2 adsorption at 77 K and Ar adsorption at 87 K)
[10]. These studies showed that Ar at 87 K provides a better
description of the pore size distribution compared to N2 at 77 K due
to the absence of a quadrupole moment in Ar that avoids specific
interactions with the adsorbent surface. Using Ar isotherms
measured at 87 K for the assessment of microporosity was also
recommended by the IUPAC Technical Report [11]. In addition to
argon, oxygen adsorption isotherms were recently proposed for the
PSD analysis [12]. The quadrupole moment of O2 is less than one-
third of the value reported for N2, which makes O2 significantly
less susceptible to specific surface interaction than N2. Oxygen has a
under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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wide liquid-vapor coexistence curve (54e155 K) that allows for
using liquid N2 as a cryogenic bath. Using liquid N2 instead liquid Ar
as a cryogen is practically beneficial due to its lower cost in most
parts of the world. CO2 at 273 K was also proposed as a comple-
mentary probe molecule to improve the description of porous
networks by specifically evaluating narrow microporosity (pores
below 1 nm) in “problematic samples”, i.e. samples which are
prone to exhibit narrow constrictions [13,14].

Textural parameters such as BET surface area, micropore vol-
ume, narrow micropore volume and pore size distribution can be
estimated from the gas adsorption isotherms applying first prin-
ciple theory [15,16]. The 2D-NLDFT characterization method was
based on the adsorption models derived from the two-dimensional
version of the non-local density functional theory. These models
assumed the energetic heterogeneity and roughness of the carbon
surface [17], and were more realistic than the standard slit pore
model considering the smooth and uniform carbon surface. Using
the 2D-NLDFT models for the pore size distributions (PSD) analysis
of carbon adsorption data gives results free from known artifacts
produced be the standard one-dimensional slit pore model.

PSD obtained after application of the NL-DFT models to gas
adsorption isotherms can be complemented in terms of pore size/
shape by immersion calorimetry [18]. In the absence of specific
interactions at the solid-liquid interface, immersion calorimetry
into liquids of different molecular dimensions can also be used to
estimate the surface accessibility for the different molecules.
Despite the precision of the latest methods to characterize the
textural features of an adsorbent; in some cases, the performance of
an adsorbent in the separation of a pair cannot be predicted
accurately. The underlying uncertainties of static measurements
[19,20], theoretical models [21e23], andmeasurements in dynamic
systems [24] might each contribute to differences in separation
behaviors. Equilibrium parameters described adsorbent character-
istics, but separation was primarily driven by adsorption kinetics
[25]. Because the adsorbent particle size, the length to diameter
ratio of the column, the pressure and temperature profiles, the gas
concentrations could all had an effect on the kinetic parameters;
results fromone experimental set up could not always be translated
to another one. Based on these premises, the objective of this study
was to perform the characterization of a series of ultramicroporous
carbon molecular sieves combining both experimental and theo-
retical techniques. The final goal was to predict the CMS separation
performance of gas mixtures such as CH4/CO2, ethane/ethylene,
propane/propylene providing accurate textural characteristics us-
ing different probe molecules, including immersion calorimetry,
and the theoretical predictions based on NL-DFT methods.

2. Materials and methods

Four polymer-based, 30/80 mesh (180-600mm), experimental,
carbons molecular sieves labeled as Carbon A, B, C and D were used
in this study and were provided by MilliporeSigma (Bellefonte,
USA). Intended for separation of small molecules, the selected
carbons were microporous carbons. Preparation of CMS was dis-
cussed in a previous work [26].

XPS experiments were performed using a Physical Electronics
VersaProbe II instrument equipped with a monochromatic Al ka x-
ray source (hn¼ 1486.7 eV) and a concentric hemispherical
analyzer. Charge neutralization was performed using both low
energy electrons (<5 eV) and argon ions. The binding energy axis
was calibrated using sputter cleaned Cu (Cu 2p3/2¼ 932.62 eV, Cu
3p3/2¼ 75.1 eV) and Au foils (Au 4f7/2¼ 83.96 eV). Peaks were
charge referenced to CHx band in the carbon 1s spectra at 284.8 eV.
Measurements were made at a takeoff angle of 45� with respect to
the sample surface plane. This resulted in a typical sampling depth
of 3e6 nm (95% of the signal originated from this depth or shal-
lower). Quantification was done using instrumental relative sensi-
tivity factors (RSFs) that accounted for the x-ray cross section and
inelastic mean free path of the electrons. The carbon samples were
conditioned at 120 �C in a vacuum oven, then stored for 24 h before
analysis in vacuum desiccator. Samples were run in triplicate and
the confidence intervals calculated as 1.96 times the standard error.

Elemental analysis was performed in a LECO (CHN628, St. Jo-
seph, Mich., USA). The samples were preconditioned at 393K for
16 h in a vacuum oven. The reported values are averages of three
measurement replicates. Samples were run in triplicate and the
confidence intervals calculated as 1.96 times the standard error.

Pore size distribution of the carbon molecular sieves were
evaluated experimentally using immersion calorimetry into liquids
of different dimensions. This technique evaluated the enthalpy of
immersion of liquids with different kinetic diameters, and indi-
rectly, the pore size accessibility in the carbon samples; as it
measured the heat released when a liquid or probe molecule
wetted the carbon surface [18]. The experimental pore size distri-
bution was deduced from enthalpy values. The probe molecules
used in this study were: dichloromethane (DCM, 0.33 nm), n-hex-
ane (n-hx, 0.43 nm), 2-methyl-pentane (2-MP, 0.5 nm), a-pinene
(0.7 nm), and 1,3,5-triisopropylbenzene (TIPB, 0.74� 0.85 nm).
Immersion calorimetry measurements were performed in a
Setaram C80D calorimeter working at 303 K. Before the immersion
measurements, samples were outgassed at 523 K overnight under
UHV conditions and sealed under vacuum in a glass reactor. The
deviation in the calorimetric measurements was lower than 5%.

CO2 and high resolution N2 adsorption isotherms were acquired
in a home-built manometric equipment designed and constructed
by the LMA group (Laboratorio de Materiales Avanzados, University
of Alicante, Spain) and currently licensed by Gas to Materials
(G2MTech, Alicante, Spain, www.g2mtech.com). N2 adsorption data
were taken at 77 K, while CO2 datawas acquired at 273 K. Before the
adsorption experiment, samples were outgassed at 523 K over-
night. BET surface area was calculated from the N2 adsorption data
whereas CO2 data was used to estimate the narrow micropore
volume with application of the Dubinin-Radushkevich equation.

The isotherms of N2, Ar and O2 were measured using the high-
resolution Micromeritics 3Flex instrument equipped with a high-
vacuum system, three micropore ports, and three 0.1 Torr pres-
sure transducers. The measurements temperatures were 77 K for
N2 and O2, and 87 K for Ar. These measurements were analyzed
using recently developed 2D-NLDFT models to obtain the PSD
characteristics of our carbon samples [12]. N2 adsorption data were
also used to calculate the micro-/meso- and total pore volume.

CO2 and CH4 high pressure adsorption isotherms were
measured by the LabQMC/Quantachrome Instruments in an
iSorbHP1 (Quantachrome Instruments, Bointon Beach, U.S.).

Dynamic separation experiments for CO2 and CH4 were carried
out in packed chromatographic columns. A, B, C, and D carbons
were each packed in 6 ft x 1/8 in stainless steel chromatographic
columns. Gas mixtures (4.5%CH4, 15%CO2 in N2) as well as pure
components were injected (100 ml) into the columns at 308 K using
20ml/min He as carrier gas. The pressure in the columns was
0.2e0.3 bar. A thermoconductivity detector TCD was used for the
detection of CH4 and CO2 signals. Breakthrough curves of a mixture
containing 5%CO2 and 15%CH4 in Heliumwere obtained passing the
gas mixture on a cartridge filled with 109 g of carbon C. The sample
was dried at 393 K for 2 h before the analysis. The experiment was
performed at 298 K and 10 bar at a flowrate of 1200ml/min in a
mixSorb L (3P Instruments, Leipzig, Germany). The instrument
used a TCD for the analysis of the gas mixture.

Static adsorption of hydrocarbons (methane, ethane, ethylene,
propylene and propane) was evaluated via equilibrium adsorption.

http://www.g2mtech.com
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Static adsorption experiments were performed in a home-built
manometric equipment at 298 K with samples previously
degassed at 523 K overnight. The instrument was designed and
constructed by the LMA group and it’s now licensed by Quan-
tachrome Instruments as VStar (www.quantachrome.com).

Gas chromatographic separation of hydrocarbons was evaluated
using the packed chromatographic columns described above, and
100 ml gas mix of ethane (1%), propylene (0.5%), propane (1%). He-
lium was used as the carrier gas (100ml/min) and the gas signals
were detected using a flame ionization detector (FID). The tem-
perature of the oven was set at 308 K (1min hold) then heated at
8 K/min to 513 K and hold for 30min.
3. Results and discussion

3.1. Surface and elemental analysis of the synthesized carbon
materials

The surface chemistry analysis of the carbon materials showed
that the adsorbents contained oxygen in the surface which was in
agreement with the oxygen content of mildly oxidized carbons
[27]. The O(at%) and O/C wasn’t significantly different among the
four samples and it is not expected to play a role in their separation
performance (Table 1). Consistent with the surface analysis, the
elemental analysis values didn’t show significant differences
among the samples. The nitrogen values in the elemental analysis
came from entrapped air in the carbon particles, and it was
confirmed by the XPS analysis (Fig. 1.1) which didn’t show nitrogen
presence on the surface.
3.2. Immersion calorimetry measurements

In immersion calorimetry measurements, the enthalpy of
adsorption would be larger for probe molecules that access the
pores easily and lower for the opposite case. As it can be observed
in Fig. 1.2, the accessibility for a small molecule such as dichloro-
methane (DCM-0.33 nm) is larger for sample D, followed by A, B
and C, in agreement with the BET surface area. From the calori-
metric datawe estimated the surface area accessed byDCM (using a
carbon black as a reference). SDCM values were close to BET surface
area values, except for samples with narrow micropores (e.g., C)
where there was a larger deviation (Table 2). We believe SDCM was
more precise than SBET because one monolayer of N2 was formed in
the porosity, with the corresponding underestimation in the case of
the BET, while wetting of DCM took place in both sides of the pore.
This difference became smaller for samples A and B due to the
presence of slightly wider micropores able to accommodate up to
two adsorbed layers (in this specific case SDCM ~ SBET). Conversely,
the opposite extreme took place for sample D which had pores that
fit three adsorbed layers; in this case, BEToverestimated the surface
area and SDCM< SBET. After DCM measurements, the enthalpy for a
larger molecule such as 2-MP with 0.5 nm was measured. Because
the 2-MP enthalpy values were close to that of DCM, there was
indication that the porosity waswider than 0.5 nm (since both DCM
Table 1
C, O and C/O concentration in the surface of the four carbons.

Sample Elemental analysis (%)

C H N

A 95.6± 0.1 0.74± 0.02 0.49± 0.07
B 95.5± 0.1 0.82± 0.01 0.47± 0.05
C 94.9± 0.2 0.87± 0.03 0.38± 0.04
D 95.2± 0.2 0.69± 0.03 0.43± 0.1
and 2-MP were able to enter the porosity). Only in the case of
sample C, the enthalpy for 2-MP was low, the open question was:
Why a molecule with 0.5 nm was not able to access the porosity?
were pores uniform and with a pore size less than 0.5 nm? to
answer these questions for sample C, in a second step, wemeasured
the enthalpy for an intermediate molecule, n-hx. If n-hx enthalpy
had been similar to that of DCM, thenwe could have confirmed that
the sample had uniform pores below 0.43 nm, i.e. pores where n-hx
could enter but not 2-MP. However, calorimetry showed that also
n-hx was partially excluded, thus confirming that part of the pores
in sample C were larger than 0.43 nm and smaller than 0.5 nm.
Finally, alpha-pinene with 0.7 nm was completely excluded from
the porosity in sample C. Consequently, these results confirmed
that sample C contained exclusively ultramicropores and that these
micropores were in the 0.43e0.5 nm range. Note that calorimetry
measurements were able to identify differences among the samples
below 5 Å. Concerning sample B, the enthalpy of immersion also
decreased with an increase in the kinetic diameter of the probe
molecule although pores were slightly wider than C (in fact, 2-MP
has a large accessibility and alpha-pinene do so). Calorimetry
measurements showed that pores were wider for samples A and D
since all molecules evaluated exhibited a significant accessibility.
We then tried to measure the enthalpy for a molecule like 1,3,5-
triisopropylbenzene with a diameter of 0.85 nm in samples A and
D. Surprisingly, results were like those for alpha-pinene with a
lower kinetic diameter (or even similar for sample B). Considering
that 1,3,5-TIPB is a flat molecule (0.74 nm in width), the similarity
with alpha-pinene gave an indication of the pore shape in these
CMS; likely, these carbons had a slit-shape rather than a cylindrical
shape allowing 1,3,5-TIPB and a-pinene similar accessibility.
3.3. N2 adsorption data at 77 K

The textural properties of the Supelco® carbons were evaluated
using nitrogen adsorption at 77 K. Isotherms in linear (Fig. 1.3) and
logarithmic scale (Fig. 1.4) are shown for the four samples evalu-
ated. As it can be observed in Fig. 1.3, sample D exhibited the largest
adsorption capacity followed by samples A, B and finally C. More-
over, the knee of the nitrogen isotherm (see linear scale) at low
relative pressures is narrower for sample C anticipating a narrow
micropore size distribution, and it widens for the other samples
with some development of mesoporosity (a hysteresis loop can be
appreciated above p/p0¼ 0.5) preferentially for sample D. When
plotted in logarithmic scale, (Fig. 1.4), all samples exhibited a
similar adsorption profile at low relative pressures (<10�4) except
sample C with a higher adsorption capacity due to the presence of a
stronger adsorption potential associated with the presence of nar-
rowermicropores; this observation suggested thatmicroporosity in
sample C was narrower compared to the other carbon samples.
During N2 adsorption data collection, the time needed at the
manifold to reach equilibrium in each adsorption point was
recorded. Althoughmonitoring this timewas not a standard kinetic
analysis since gas doses were expanded into an already pressurized
sample holder (from the previous isotherm dose), the evaluation of
Surface analysis (at%)

O C O O/C

3.2± 0.1 96.0± 0.4 3.4± 0.3 0.04± 0.01
3.3± 0.1 96.9± 1.0 2.4± 0.4 0.02± 0.01
3.9± 0.2 94.4± 1.7 3.0± 1.0 0.03± 0.01
3.7± 0.3 97.1± 0.5 2.5± 0.2 0.03± 0.01

http://www.quantachrome.com


Fig. 1. XPS spectra (1.1). Pore size distribution obtained experimentally from enthalpy measurements at 303 K (1.2). High resolution N2 adsorption isotherms at 77 K; linear scale
(1.3), logarithmic scale (1.4). CO2 adsorption isotherms at 273 K (1.5). CO2 adsorption isotherm at 273 K at low pressures (1.6).

Table 2
Enthalpy of immersion into liquids of different dimensions.

Sample/Liquid DHimm (J/g) SBET (m2/g) SDCM (m2/g) % deviationa

DCM (0.33 nm) n-hx (0.43 nm) 2-MP (0.5 nm) a-pinene (0.7 nm) 1,3,5-TIPB (0.74� 0.85 nm)

A �101.8 e �91.0 �63.3 �51.7 902 983 9.0
B �95.0 e �73.2 �26.9 �27.9 762 843 10.6
C �76.0 �41.6 �22.8 �1.4 e 558 674 20.8
D �138.4 e �140.3 �124.3 �115.3 1313 1228 �6.5

a Deviation between the surface area estimated from the N2 adsorption data (after application of the BET equation) and the surface area estimated from dichloromethane
(from the calorimetric measurements).

D. Grau-Marin et al. / Carbon 157 (2020) 495e505498
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the time required to reach equilibrium provided insight about the
presence of kinetically restricted constrictions in these samples. In
the relative pressure range 10�6 up to 10�2 which corresponds to
the filling of the narrow micropores, sample C required the longest
time to reach equilibrium, followed by B with long equilibrium
times in certain sections of the isotherm. On the other hand, the fact
that for samples A and D, the different gas doses were equilibrated
relatively fast indicated that A and D didn’t exhibit kinetic limita-
tions for N2. Even though, the time taken for the manifold was not a
true kinetic measurement, these observations highlighted the
problems of nitrogen to access narrow porosity at low relative
pressures. A summary of the equilibrium time in the relative
pressure range from 10�6 up to 10�2 was illustrated in Fig. 2.
3.4. CO2 adsorption isotherms at 273 K

The porosity of the carbon samples was also evaluated using CO2

adsorption at 273 K. Under these conditions, CO2 adsorption takes
place up to 0.03 relative pressure, thus filling only the narrow mi-
cropores (those below 1 nm). Consequently, CO2 adsorption com-
plemented nitrogen adsorption in the evaluation of
ultramicroporosity due to: i) the smaller size of the probe molecule
(0.33 nm vs. 0.36 nm for N2), and ii) the higher temperature of the
measurement (273 K vs. 77 K). These two characteristics make CO2
a suitable gas for samples where kinetic restrictions can be ex-
pected [13]. As it was observed in Fig. 1.5, CO2 adsorption isotherms
exhibited differences among the evaluated samples; the CO2
Fig. 2. Time required at the manifold to reach equilibrium for
adsorption isotherm in sample C exhibited a highly concave shape,
thus denoting the presence of a strong adsorption potential, in close
agreement with the nitrogen adsorption data described above. CO2
adsorption in sample C exhibited a slightly higher adsorption ca-
pacity at low relative pressures (as in it can be seen in the zoom-in
part of the isotherm Fig. 1.6). Samples C and B were slightly above
sample A. Once narrow micropores were filled in sample C, the
isotherm set on a plateau because wider micropores (0.7e1.0 nm)
were not present. The adsorption isotherm of A, B, and D contin-
uous to increase at mid pressures and exceeded that of C. Whereas,
the total adsorption capacity was rather similar for samples A, B
and D, the total capacity was the lowest for sample C. These ob-
servations agreed with the exclusive presence of ultra-
microporosity in sample C. Concerning sample D, CO2 adsorption
results showed a lower concave shape, thus anticipating the pres-
ence of awider pore size distribution in this sample and theweaker
adsorption potential for CO2 at low relative pressures. Sample D
also exhibited the largest BET surface area, followed by A, B and
finally C. The surface area and total micropore volumes trends
agreed with the assumption that N2 adsorption estimated the total
micropore volume while CO2 only provided the narrow micropore
volume (<1 nm). With CO2 data, the Dubinin-Radushkevich equa-
tion was applied to estimate narrow micropore volume (Table 3).
For sample C, the CO2 volume was larger than the N2 volume
showing that C was a carbon molecular sieve with accessibility
limitations for N2 at 77 K. Some micropores in this sample were
inaccessible to N2, in agreement with the larger equilibration times
each individual point in the nitrogen adsorption isotherm.



Table 3
Total micropore volume, ultra and supermicropore volume obtained from the N2, O2 and Ar adsorption and calculated 2D-NLDFT models. CO2 Narrowmicropore volumewas
obtained after application of the DR equation.

Sample SBET (m2/g) Total micropore volume (cm3/g) Ultramicropore volume (cm3/g) Supermicropore volume (cm3/g)

O2 Ar N2 CO2 O2 Ar N2 O2 Ar N2

A 902 0.39 0.37 0.38 0.33 0.25 0.23 0.26 0.15 0.13 0.12
B 762 0.32 0.28 0.29 0.30 0.25 0.21 0.25 0.07 0.07 0.05
C 558 0.22 0.20 0.21 0.24 0.20 0.16 0.18 0.02 0.04 0.03
D 1313 0.55 0.55 0.51 0.40 0.22 0.23 0.24 0.33 0.32 0.27
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described in Fig. 2. In sample B, the similarity between both pore
volumes (0.29 cm3/g for both N2 and 0.30 cm3/g for CO2 adsorption)
anticipated that sample B was also a carbon molecular sieve with
narrow micropores (although exhibited less kinetic restrictions for
N2 accessibility at 77 K than carbon C); both N2 and CO2 filled a
similar porosity. Meanwhile, samples A and D didn’t exhibit any
kinetic limitation and the larger volume for N2 versus CO2 antici-
pated a wider pore size distribution. Although, CO2 measurements
didn’t account for the pore volume in pores larger than 1 nm;
samples A and D contained a larger proportion of pores above 1 nm,
as it was confirmed using 2D-NLDFT calculations (Table 3).
3.5. Ar and O2 adsorption isotherms at cryogenic temperatures

To confirm the textural properties observed with immersion
Fig. 3. Experimental adsorption isotherms of argon at 87 K, oxygen and nitrogen at 77 K mea
are shown as continuous lines.
calorimetry, and N2 and CO2 adsorption, Ar and O2 isotherms were
measured at 87 K and 77K, respectively. The pore size distributions
for the CMS were calculated from N2, Ar and O2 isotherms using
recently developed 2D-NLDFT models [12]. Fits of the corre-
sponding models for all N2, Ar and O2 data using SAIEUS software
[28] were plotted in Fig. 3. The PSDs calculated from N2, Ar and O2
exhibited similar values for all samples in terms of differential
(Fig. 4) and cumulative (Fig. 5) PSDs. The 2D-NLDFT calculations
showed, using models for N2, Ar and O2, that all the carbons were
microporous only and that sample C had the narrowest pore size
distribution followed by B, A and D, respectively. The PSD suggested
that sample C possessed ultramicropores only (below 7 Å), whereas
the other samples had pores above 7 Å; this result was in agree-
ment with the calorimetric data. Based on both theoretical pre-
dictions and calorimetric data, the PSD above 0.7 nm widens from
sured for all four samples are shown as circles. Fits of the 2D-NLDFT models to the data



Fig. 4. Differential pore size distributions calculated from the adsorption isotherms of argon at 87 K, oxygen and nitrogen at 77 K for samples A, B, C, and D.
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sample B to A and D. The PSD for sample D showed a larger
development of supermicropores, the presence of super-
microporosity in sample D explained the smaller CO2 capacity at
low relative pressures.

The micropore volume was obtained from the adsorption data
for all probes used, O2, Ar, N2 and CO2 (Table 3). According to the
IUPAC classification, the total micropore volume was the volume of
gas adsorbed below 20 Å [11]. The ultramicropore volume is the
volume gas adsorbed below 7 Å while the supermicropore volume
is that between 7 and 20 Å29. The results obtained with O2, Ar and
N2 probes were similar and showed the same trends for all carbons;
the total micropore volume was larger for sample D, and was fol-
lowed by A, B and C as also illustrated by Fig. 5. Carbons A, B, and D
(0.25, 0.24, 0.23± 0.02) showed similar volumes of ultra-
microporosity followed by samples C (0.18± 0.01). The larger dif-
ferences among the carbons were observed in the
supermicroporous region. The three probes O2, Ar, N2 predicted the
absence of pores between 7 and 20 Å for sample C (0.03± 0.01)
followed by sample B (0.06± 0.02). Sample B and C had most of the
available micropore volume in the ultramicroporous region <7 Å,
while those of samples A, and D showed a larger proportion of
supermicropores (7e20 Å). Micropore volume data showed that O2,
N2, and Ar molecules predicted the lowest supermicropore volume
for sample C. Sample C was the only carbon of the series that was
exclusively ultramicroporous.
3.6. Potential application of the synthesized carbon materials

3.6.1. High-pressure CH4 and CO2 isotherms at 298 K and dynamic
tests

The equilibrium adsorption of these carbon materials was
complemented with measurements of high-pressure adsorption.
Isotherms for carbon dioxide and methane at 298 K at high pres-
sure (up to 30 bar) showed the same trend observed in the textural
characteristics (Fig. 6.1 and Fig. 6.2). Samples A and D have a larger
capacity for CO2 and CH4 compared to samples B and C that became
saturated at mid pressures. The ratio of CO2 uptake with respect to
CH4 at 30 bar was calculated in molar basis as 1.57 for sample A,
1.44 for sample B, 1.38 for sample C and 1.65 for sample D. Ac-
cording to these uptake results, samples A (1.57) and D (1.65) which
had larger pores and larger surface areas were better candidates for
preferential adsorption of CO2 over CH4. The larger capacity of the
carbons with wider porosity seemed to contradict reported results
shown for porous carbons where carbons with larger ultra-
micropore volume adsorbed more CO2 molecules than carbons
with lower ultramicropore volume [30e32]. In this work, all car-
bons tested had both similar ultramicropore volumes
(0.20e0.25± 0.02 cm3/g) and surface chemistry; therefore, the
differences in CO2 adsorption capacity were most probably due to
the higher packing of CO2 molecules compared to CH4 in larger
micropores compared to samples with smaller micropores where



Fig. 5. Comparison between pore structures of studied carbon samples; PSDs calculated from oxygen at 77 K (5.1), cumulative pore size distributions calculated from Ar, O2, and N2

(5.2).
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only a single layer could be adsorbed. On the contrary to the
equilibrium adsorption results, the retention times for CO2 fol-
lowed the pore size distribution order; the dynamic test using gas
chromatography experiments showed that carbon C having only
ultramicropores retained CO2 longer (85min) than the carbons
with developed supermicroporosity: carbon B (73min), C (56min)
and D (30min) (Table 4). A plot correlating, supermicroporous
volume with respect to the difference in retention time was
depicted in Fig.6.3. Even though, carbon D had larger capacity for
CO2 adsorption and larger volume of supermicropores, it was the
absence of wider microporosity in carbon C that allowed it to
adsorb CO2 longer than CH4 in dynamic conditions. The presence of
supermicropores in carbon D explained why the retention time for
CO2 in carbon D was 55min shorter than for carbon C. In carbon D,
these wider micropores permitted CO2 molecules to go in and out
the pores faster than in Carbon C. The chromatographic separations
of CH4 and CO2 were sensitive to pore size of the adsorbent;
therefore, performance differences were evident among similar
adsorbents. Consequently, the chromatographic test also gave in-
formation on the pore size distribution of carbon adsorbents. In this
case, the performance of carbon C for the separation of CO2/CH4
indicated a smaller pore size distribution than the rest of carbons A,
B, and D. Although pore size distributions measured and calculated
by static systems showed small texture differences among the
carbons evaluated, the pore size differences were enhanced when
the carbons were tested in packed beds. O2 adsorption at 77 K gave
the lowest value of supermicroporosity for carbon C compared to
N2 or Ar.; although the difference was not significant, the super-
microporosity values indicated that O2 might have given a more
accurate evaluation of carbon materials with similar textural
properties. Adsorption in the microporous region occurred due to
enhanced interactions of the gas and solid phases [29]. Presence of
mineral matter on an adsorbent could cause unwanted interactions
of a gas probe such as O2 with the solid. Consequently, care must be
taken in the evaluation of samples containing inorganic contami-
nants (large ash content), since the presence of specific interactions
of the O2 molecule with metals can give rise to erroneous
interpretations.

In agreement with the chromatographic results, the break-
through curves for a CH4 and CO2 (Fig. 6.4) showed a rapid (15min)
breakthrough of CH4 through the carbon column packed with
carbon C while it took the CO2 molecules 40min to pass through.
The separation of CO2 and CH4 yielded a “rollover effect” for
methane; meaning that it seemed it was a larger volume fraction of
CH4 at the outlet compared to the inlet. The reason for this rollover
effect was 5%CO2 missing in the gas outlet during the overshoot
period. Another reason for the rollover effect was displacement of
adsorbed CH4 with preferentially adsorbed CO2; the desorbed CH4
also contributed to the seemingly higher CH4 concentration. The
selectivity for CO2 was calculated as 3.67 for a flow rate of 1200ml/
min, thus indicating ability of the ultramicroporous carbon C to
separate CH4 and CO2. According to this elution order, in a pressure
adsorption system CO2 would be adsorbed (heavy component)
while CH4 would be recovered as the non-adsorbed (light)
component.
3.6.2. Hydrocarbon adsorption and dynamic separation in activated
carbons C & B

Carbon molecular sieves C & D were also evaluated for static
adsorption of hydrocarbons (see Fig. 6.5 for data in sample C). The
adsorption capacity for light hydrocarbons increased with the va-
por pressure of the adsorbate molecule, going from a slightly
concave performance for highly volatile methane to a type I
isotherm for condensable C3 isomers. Only sample C, with a smaller
pore size distribution showed potential for equilibrium separation
of the propane and propylene pair. Carbon C had larger equilibrium
adsorption capacity for propylene compared to propane, which
agreed with studies that showed propylene was preferentially
adsorbed compare to propane on another CMS [33]. On the con-
trary, carbon D with wider micropores showed similar equilibrium
capacity for ethane/ethylene and propane/propylene. Table 5 con-
tains a summary of the data obtained for the different hydrocar-
bons under equilibrium conditions for both samples (C & D). As
described above, selectivity to the unsaturated hydrocarbons
(C2H4/C2H6& C3H6/C3H8) was close to 1 for a carbonmaterial with a
wide micropore size distribution (i.e., sample D), whereas the
exclusive presence of narrow constrictions (i.e., sample C) favored
the propylene/propane separation with an increase in the selec-
tivity up to 1.3. However, when tested in a dynamic mode using gas
chromatography, the pair propane and propylene couldn’t be
resolved using carbon C and left the column as a single peak. Pro-
pane and propylene had difficulties entering the ultramicropores in



Fig. 6. High pressure adsorption isotherms for CO2 (6.1) and CH4 (6.2), the isotherms were measured at 298 K using pure gas; isotherms with square markers correspond to sample
D, circles to A, triangles to B, and diamonds to C. Correlation of supermicroporous volume and retention time of CO2 (6.3). CO2 and CH4 breakthrough curves at 1MPa and 298 K on a
column packed with carbon C (6.4). Adsorption of hydrocarbons at 298 K methane (circles), ethane (squares), ethylene (triangles), propane (diamonds), and propylene (stars) using
Carbon C (6.5). Chromatographic separation of a gas mix containing ethane (1%), propylene (0.5%), propane (1%) using carbon D (6.6).

Table 4
Equilibrium (298 K, 30 bar) and Kinetic adsorption of CO2 and CH4 (308 K, 1 bar).

Sample Amount adsorbed Static Dynamic Retention time

CO2 (mmol/g) CH4 (mmol/g) SCO2/CH4 S CO2/CH4 CO2 (min) CH4 (min)

C 4.31 3.12 1.38 3.67 85 9
B 5.70 3.96 1.44 -a 73 12
A 7.04 4.47 1.57 -a 56 11
D 9.77 5.90 1.65 -a 30 8

a Breakthrough curves were measured only for carbon C.
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Table 5
Adsorption capacity at equilibrium for ethane, ethylene, propane and propylene,
selectivity C2H4/C2H6 and C3H6/C3H8 at atmospheric pressure under equilibrium
conditions and gas chromatography retention times.

Sample Amount adsorbed (mmol/g) Selectivity Retention
time (min)

C2H6 C2H4 C3H8 C3H6 SC2H4/C2H6 SC3H6/C3H8 C3H6 C3H8

C 2.23 2.38 1.98 2.51 1.07 1.27 40.3 40.3
D 5.46 5.69 4.06 3.75 1.04 0.92 50.6 54.6
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carbon C under dynamic conditions; both molecules broke through
the column simultaneously. Shorter retention times in carbon C
indicated that the ultramicropores were not utilized by the gas
molecules; the molecules bypassed the narrow pores and spent
more time in the interstitial space of the packed bed. Conversely,
Carbon D which contained both ultramicropores and super-
micropores separated the propane/propylene pair. The presence of
supermicropores promoted the access of gas molecules into the
ultramicropores. The propylene molecules moved quicker in and
out of the micropores compared to propane molecules which
allowed separation of the pair. Moreover, a longer retention time
(50.6min) in carbon D compared to 40.3min retention time for
Carbon C evidenced the utilization of the ultramicropores by the
gas molecules. As expected in chromatography profiles [34], pro-
pylene eluted earlier than propane since small size molecules
(propylene 4.0 Å) eluted faster than larger molecules (propane
4.3 Å) (Fig. 6.6). Similar results were reported in packed bed ex-
periments which showed propane broke through the column later
than propylene in another CMS and it was explained by the slower
diffusion of propane in small pores [25]. At high concentrations
such those used for PSA systems, the propylenewas adsorbed in the
pores and therefore retained longer, in this case, propylene was the
heavy compound and it was recovered during the desorption step
[8].
4. Conclusions

The combination of gas adsorption with immersion calorimetry
into liquids of different kinetic diameter allowed the evaluation of
textural properties (pore size distribution and pore shape) in car-
bon materials. The pore size distributions from theoretical 2D-
NLDFT models using O2 Ar and N2 as probe molecules agreed with
the results from immersion calorimetry. PSD profiles obtained us-
ing O2, Ar and N2 isotherms were similar and showed the same
trends for the four CMS analyzed. O2 probe demonstrated textural
differences among molecular sieves with similar textural porosity.
The theoretical calculations as well as the calorimetry tests showed
that sample C had the narrowest pore size distribution followed by
B, A and D, respectively. PSD revealed that sample C was micro-
porous with most of the available volume in the ultramicroporous
region, while samples B, A, and D exhibited a larger fraction of
supermicropores. The textural properties of the carbons helped to
explain the performance of these carbons during gas separation
studies. For separation of CO2 and CH4 at pressure, carbons A and D,
which had supermicropores, showed an increased equilibrium
adsorption capacity for CO2 and CH4 at 30 bar compared to carbons
B and C which containedmostly ultramicropores; However, sample
C with narrow pores showed longer retention times for CO2 in gas
chromatographic experiments at 0.3 bar. The kinetic selectivity of
carbon C for CO2 vs. CH4 was also estimated as 3.67 and indicated
ability of the ultramicroporous only carbon to separate CH4 and CO2
in a continuously fed column. For the separation of small hydro-
carbons, even though sample C showed larger equilibrium capacity
for propylene vs. propane, carbon D containing supermicroporous
achieved the separation of propane and propylene from a hydro-
carbon mixture under dynamic conditions.
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