
Journal Pre-proofs

Effect of additives in the nucleation and growth of methane hydrates confined
in a high-surface area activated carbon material

C. Cuadrado-Collados, J. Farrando-Pérez, M. Martínez-Escandell, A. Missyul,
J. Silvestre-Albero

PII: S1385-8947(20)30215-1
DOI: https://doi.org/10.1016/j.cej.2020.124224
Reference: CEJ 124224

To appear in: Chemical Engineering Journal

Received Date: 25 November 2019
Revised Date: 21 January 2020
Accepted Date: 24 January 2020

Please cite this article as: C. Cuadrado-Collados, J. Farrando-Pérez, M. Martínez-Escandell, A. Missyul, J. Silvestre-
Albero, Effect of additives in the nucleation and growth of methane hydrates confined in a high-surface area activated
carbon material, Chemical Engineering Journal (2020), doi: https://doi.org/10.1016/j.cej.2020.124224

This is a PDF file of an article that has undergone enhancements after acceptance, such as the addition of a cover
page and metadata, and formatting for readability, but it is not yet the definitive version of record. This version will
undergo additional copyediting, typesetting and review before it is published in its final form, but we are providing
this version to give early visibility of the article. Please note that, during the production process, errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

© 2020 Elsevier B.V. All rights reserved.

https://doi.org/10.1016/j.cej.2020.124224
https://doi.org/10.1016/j.cej.2020.124224


Effect of additives in the nucleation and growth of methane hydrates confined in a 

high-surface area activated carbon material

C. Cuadrado-Collados1,*, J. Farrando-Pérez,1 M. Martínez-Escandell,1 A. Missyul,2 J. Silvestre-Albero1,*

1Laboratorio de Materiales Avanzados, Departamento de Química Inorgánica-IUMA, Universidad de 

Alicante, Spain
2CELLS-ALBA Synchrotron, Cerdanyola del Vallés, Spain 

A high-surface area activated carbon material (PPAC) prepared from a petroleum residue has been used 

as a host structure to promote the nucleation and growth of confined methane hydrates after the 

incorporation of additives. Sodium dodecyl sulfate (SDS), Leucine and Tetrahydrofuran (THF) have been 

evaluated either dissolved in the pre-impregnation media (ultrapure water) or incorporated in the carbon 

surface using a mechanochemical approach. High-pressure methane adsorption isotherms show that the 

mechanochemical approach does not improve the storage performance of the original carbon material 

due to the steric effects by the bulkier organic functionalities. Furthermore, the incorporation of the 

additives shifts the nucleation in narrow pores to higher pressures.  

On the contrary, when the additives are dissolved in water, high-pressure methane isotherms anticipate 

a modification in the kinetics and/or thermodynamics of the nucleation process. Whereas gas hydrates 

grown in large pores and/or the external surface exhibits a significant reduction in the induction time, the 

nucleation process in narrow micropores becomes more uniform and occurs in a narrower pressure 

window, slightly shifted to higher pressures. However, no changes in the total uptake at 10 MPa could be 

found. The situation is different when THF is dissolved in water. In this case, the nucleation takes place at 

pressures below the natural process (< 3-4 MPa), the total amount of methane stored at 10 MPa being 

slightly limited. In-situ synchrotron X-ray diffraction studies anticipate a sI structure for the pure water 

methane hydrates, while a combination of sI and sII is identified for the THF-based system. 

1. Introduction

Nowadays, natural gas storage in the transportation sector is mainly based on compressed (CNG) and 

liquefied (LNG) technologies, working at room temperature and high pressure (25 MPa) or at cryogenic 

temperatures and atmospheric pressure, respectively. Both technologies still present several drawbacks 

and risks associated with their high cost and safety issues that must be minimized [1,2]. An alternative 

approach to storage natural gas (or methane, its main component) constitutes the adsorption of these 



probes in porous materials [3-5]. By taking advantage of the large adsorption potential in narrow pores, 

nanoporous materials can store a large amount of gas, with a high packing density, and under mild 

pressure and temperature conditions [6]. However, actual storage values in porous solids, mainly metal-

organic frameworks and activated carbon materials, exhibit certain limitations, at least in a gravimetric 

basis, to fulfil the new methane targets defined by the US Department of Energy (see DOE MOVE program 

at https://arpa-e.energy.gov/sites/default/files/documents/files/MOVE_ProgramOverview.pdf). Only 

very exceptional materials can reach these numbers to date, although restricted to volumetric basis [5, 7-

9].

In nature, methane is also found entrapped in crystalline solids, the so-called methane hydrates. These 

compounds are formed when methane and water come in contact under thermodynamically favorable 

conditions, i.e. high pressure and relatively low temperature, giving rise to an ice-like hydrogen-bonded 

crystalline structure. Under these conditions, natural hydrates crystallize in a cubic structure known as 

type sI. The unit cell of this structure is constituted by cages of two different types: (i) six large cages 

having 12 pentagonal and 2 hexagonal faces (denoted by 51262) formed by 24 water molecules and (ii) two 

small cages having 12 pentagonal faces (denoted by 512) formed by 20 water molecules; resulting in a 

nominal stoichiometry 1CH4 : 5.75 H2O [10]. 

These compounds constitute a potential energy source since 1 liter of methane hydrate can store up to 

164 liters of methane gas. Thus, the development of artificial methane hydrates as fuel storage media 

may be considered as a promising alternative to CNG and LNG, provided that these artificial hydrates can 

be developed under milder conditions than in nature and, the most important aspect, with much faster 

kinetics. In this context, in the last decade many research groups have investigated the formation of 

methane hydrates at laboratory scale [11-13]. In nature, methane hydrate formation is a long geological 

process that took place slowly throughout hundreds of years. Formation of artificial methane hydrates in 

bulk phase was also found to be a very slow process, the associated yield (water-to-hydrate conversion) 

being rather low. This observation is very reasonable since hydrates nucleation and growth takes place at 

the gas-liquid interphase. The limited interfacial area in conventional reactors and the low solubility of 

CH4 in water, limits the gas hydrate nucleation process to the interfacial water layer [14]. Furthermore, 

gas hydrates already grown at the gas-liquid interphase act as a barrier, thus blocking further conversion 

of bulk water-to-hydrate. Therefore, only a small volume of liquid is prone to form hydrates while the rest 

of bulk water keeps free of CH4 without any conversion.

Different methods have been proposed in the literature in order to enhance the solubility of hydrocarbons 

into water. For instance, Kim et al. reduced the induction time for the nucleation of the hydrates and 

https://arpa-e.energy.gov/sites/default/files/documents/files/MOVE_ProgramOverview.pdf


increased the hydrate yield by incorporating mechanical agitation into the system [15]. Nevertheless, the 

energetic cost associated to the agitation is too high and other alternatives must be considered to 

promote the hydrate formation. A potential alternative constitutes the use of additives, dissolved in 

water, able to alter/modify the methane hydrate formation/dissociation processes [16]. Additives can be 

classified in two groups: kinetic and thermodynamic hydrate promoters. The formers have been widely 

applied to increase the kinetics of the bulk water-to-hydrate conversion [17, 18]. Zhong et al. observed 

that the addition of SDS (242 ppm) enhances the hydrate formation rate at 3.89 MPa and 275.2ºC in a 

quiescent system by a factor greater than 700, compared to pure water [19]. Similarly, Veluswamy et al. 

observed that the addition of leucine to water raised the hydrate yield from 12% to 81% at 275.2 K and 

10 MPa [20]. It is widely accepted that in the presence of these additives, solubility of hydrocarbons is 

highly enhanced so that more CH4 is prone to interact with water molecules to form the corresponding 

hydrates. The second group of hydrate promoters have the ability to modify the thermodynamics (hydrate 

phase stability), so that these hydrates can be synthesized under milder temperature and pressure 

conditions [21, 22]. Under these circumstances, it is possible to form new hydrate structures 

(thermodynamic promoters usually participate in the crystal structure) with better stability compared to 

the traditional sI structure found in pure water methane hydrates [16,23]. Generally, these promoters are 

bulkier hydrocarbons such as tetrahydrofuran (THF) or cyclopentane. Kumar et al. evaluated the hydrate 

formation in a THF-water solution under high pressure methane [22]. Powder X-ray diffraction studies of 

the synthesized hydrates confirmed the presence of a sII structure with THF occupying the large cages 

while the small ones remain occupied by CH4 molecules. These mixed CH4-THF hydrates were proved to 

be stable at near atmospheric pressure for more than 2 months.       

Another alternative to modify the thermodynamics and kinetics of the methane hydrate formation 

process concerns the addition of nanoporous materials in the synthesis media. By taking advantage of the 

confinement effects in the inner pores of these solids, methane hydrate formation can be promoted under 

milder pressure and temperature conditions, and the most important, with faster kinetics than natural or 

bulk hydrates. Previous studies from our research group have shown that activated carbon materials 

obtained from petroleum pitch and using KOH as activating agent constitute the most promising 

candidates reported so far to this end [24, 25]. These activated carbon materials combine a proper 

development of porosity and a proper hydrophobicity to promote the preferential nucleation and growth 

of these confined hydrates, with a nearly 4-fold increase in the methane storage capacity compared to 



the dry material. On the contrary, nanoporous solids with a larger hydrophilicity (MOFs or zeolites) does 

not succeed to achieve these excellent values [26, 27]. 

A potential approach to improve these numbers in activated carbon materials could be the use of 

additives, either dissolved in water or anchored in the carbon surface. To our knowledge, no studies have 

been reported in the literature so far concerning the effect of additives in confined nanospace. With this 

in mind, the main goal of this manuscript is the evaluation of the methane hydrate formation process in 

a high-surface area petroleum-pitch activated carbon material (PPAC) before and after the modification 

with additives. To this end, two different approaches will be evaluated: (a) the mechanochemical 

modification of the carbon surface with the additives and (b) the incorporation of the additives dissolved 

in water. Sodium dodecyl sulfate (SDS), leucine and tetrahydrofuran (THF) were selected for this study.    

2. Experimental section

A high-surface area activated carbon (PPAC) was prepared from a petroleum pitch as a carbon precursor 

and using a conventional chemical activation route with KOH. A detailed description of the synthesis 

process can be found elsewhere [25]. Briefly, the synthesis involves the activation of the pyrolyzed 

petroleum pitch with potassium hydroxide (KOH) (KOH: carbon precursor ratio of 6:1) at 800ºC for 2h 

under a nitrogen flow (50 ml/min), followed by a washing step using HCl and H2O until complete removal 

of the chemical agent (neutral pH). 

As mentioned above, the additives selected for this study were leucine, sodium dodecyl sulfate (SDS) and 

tetrahydrofuran (THF) (Table 1). The solid additives (leucine and SDS) were introduced into the activated 

carbon following two different approaches: 

a) Mechanochemical approach: In the first approach both compounds (activated carbon and additives) 

were finely grounded in a ball mill for 30 min at 150 rpm, resulting in a homogeneous fine mixture. Finally, 

the powder was washed with abundant distilled water to remove the excess of the additive and dried 

overnight at 75ºC. At this point it is important to highlight that a similar ball milling was applied to the 

original activated carbon, but in the absence of additives. Samples are labeled PPAC, PPAC@Leucine and 

PPAC@SDS.  

b) Impregnation approach: The second approach consisted in preparing an aqueous solution of the 

additive by using a magnetic stirrer (see Table 1 for further details). Afterwards, the activated carbon PPAC 



was directly impregnated with the solution to a final ratio of Rw = 4.1 gH2O/gAC (oversaturation conditions). 

The obtained samples are labeled PPAC + Leucine and PPAC + SDS.

In the first approach, the main objective was to promote the anchoring of the additive to the carbon 

surface by taking advantage of the energy released during the ball-milling process, while in the second 

approach the additive was solubilized in ultrapure water. For THF as additive, the incorporation was done 

using exclusively the second approach since THF is a liquid compound (sample labeled PPAC + THF).

Table 1 shows the concentrations used for each sample. These values were chosen following the 

concentrations used before by others in the literature for bulk hydrates [20, 28].

Table 1. Different additives used in the present study and their concentration in the mechanochemical 

and pre-impregnated systems. 

Additives Sodium dodecyl sulfate Leucine Tetrahydrofuran

Samples
[Additive] anchored to 

the PPAC
Samples

[Additive] in the solution

(per g of water)

PPAC ---- PPAC ----

PPAC@SDS 0.3 g/g PPAC + SDS 0.15 wt. %

PPAC@Leucine 0.2 g/g PPAC + Leucine 0.1 wt. %

PPAC + THF 5.56 mol%

Textural properties of the synthesized samples were evaluated by gas physisorption of nitrogen at -196 

ºC. Gas adsorption measurements were performed in a homemade fully automated manometric 

equipment designed and constructed by the Advanced Materials Group (LMA), now commercialized as 

N2GSorb-6 (Gas to Materials Technologies; www.g2mtech.com). The sample (ca. 100 mg) was previously 

degassed for 4 h at 250 ºC under vacuum (10-3 Pa). Nitrogen adsorption data were used to determine: (i) 

the total pore volume (Vt) at a relative pressure of 0.95, (ii) the BET-specific surface area (SBET) and (iii) the 



micropore volume (VN2) by application of Dubinin–Radushkevich equation. The difference between Vt and 

VN2 was used to calculate the mesopores volume (Vmeso). 

Thermogravimetric experiments were carried out in a Mettler Toledo TGA/SDTA, located in the Research 

Technical Services of the University of Alicante (SSTTI). An alumina crucible containing 10 mg of sample 

was heated under 100 ml·min-1 of N2 flow up to 1000 °C, at a heating rate of 10 °C·min−1.

XPS spectra were collected using a Thermo Scientific K-ALPHA with Al-K radiation (1486.6 eV), 

monochromatized by a twin crystal monochromator, yielding a focused X-ray spot with a diameter of 

400 μm, at 3 mA × 12 kV when charge compensation was achieved with the system flood gun that 

provides low energy electrons and low energy argon ions from a single source. The alpha hemispherical 

analyzer was operated in the constant energy mode with survey scan pass energies of 200 eV to measure 

the whole energy band and 50 eV in a narrow scan to selectively measure the particular elements. The 

samples were further characterized by elemental analysis, with a Thermo Finnigan Flash 1112 Series with 

a Microelemental Analyser.

To grow the hydrate structures, the nanoporous carbon PPAC and the modified carbons (PPAC@Leucine 

and PPAC@SDS) were pre-humidified under water-supplying conditions denoted by Rw (Rw, represents 

the mass of water per mass of dry carbon). The Rw value selected is 4.1, that corresponds to the 

oversaturated sample (saturation capacity measured using water adsorption at 25ºC is 2.4 gH2O/gAC). The 

same Rw conditions were applied for both approaches. To this end, water droplets (or water solution 

containing the additives) were added slowly with a syringe to the carbon grains, with manual agitation, 

up to the defined Rw value. High-pressure CH4 adsorption/desorption isotherms were measured at 2ºC 

and -10ºC and up to 10 MPa in a homemade fully automated manometric equipment. Pre-humidified 

samples were frozen at -20 ºC before the outgassing treatment to avoid any water loss.

Synchrotron X-ray powder diffraction data (SXRPD) were collected on the powder diffraction endstation 

of the MSPD beamline at synchrotron ALBA in Spain, using a MYTHEN detector and a wavelength of 0.4129 

Å. The experiments were performed in an ad hoc capillary reaction cell (fused silica capillary, inner 

diameter 0.7 mm, outer diameter 0.85 mm). Thermal oscillations were described using overall Debye-

Waller factor. Before the experiment the water pre-adsorbed carbon samples were placed inside the cell, 

which was connected via a capillary line to a gas-handling and a vacuum line. An Oxford Cryostream 700 

was used to control the temperature of the sample. 

3.  Results and discussion

3.1. Characterization of the mechanochemically modified carbons



Figure 1 shows the N2 adsorption/desorption isotherms at -196ºC for the PPAC sample before and after 

the mechanochemical modification with the different additives. As it can be appreciated, unmodified 

activated carbon exhibits a widely developed micro- and mesoporous structure with a total pore volume 

slightly below 3 cm3/g and a BET surface area above 3600 m2/g. These exceptional textural properties are 

associated with the optimum performance of KOH as a chemical activating agent to create a widely 

developed porous network. The presence of mesoporosity is also reflected in the desorption branch with 

a small hysteresis loop at p/p0 =0.5.     
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Figure 1.  N2 adsorption (full symbols)/desorption (open symbols) isotherms at -196ºC for the evaluated 

samples

The samples modified through the mechanochemical approach with additives exhibit a significant 

reduction in the N2 adsorption performance, thus reflecting the successful incorporation of the additive 

into the carbon structure. As shown in Table 2, the BET surface area decreases 22% and 36% after 

incorporation of Leucine and SDS, respectively, compared to the value for the unmodified activated 

carbon (even though this sample was also submitted to the ball-milling, but without additives). The larger 

decrease observed for the SDS-modified sample is in close agreement with the larger molecular size of 

this additive compared to leucine.  

A closer look to the nitrogen adsorption isotherms suggests that the incorporation of the additives does 

not affect the shape of the isotherm but rather the total adsorption capacity, with a clear downshift over 

the whole relative pressure range evaluated. This observation reflects a preferential blocking of the 



microporosity after the anchoring of the additive, as confirmed in Table 2. Most probably, the additives 

are anchored to the defects at the micropore entrance, thus explaining the preferential blocking of these 

pores, while mesopores remain less affected (above p/p0 = 0.4, all isotherms are rather similar).  

  

Table 2. Textural properties of the evaluated samples obtained from the N2 adsorption data at -196ºC.

The preferential blocking of the microporosity can also be appreciated in the pore size distribution (PSD) 

profiles described in Figure 2. QSDFT model describes a bimodal PSD, with a sharp contribution in the 

microporous range (around 1 nm) and a broad contribution in the wide microporous/small mesoporous 

region, with a maximum at around 3 nm. The preferential blocking of the micropores versus mesopores 

is evident from the PSD profiles after the anchoring of the additives.
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Figure 2. Pore size distribution obtained after application of the QSDFT method to the N2 adsorption 

data at -196ºC (slit-shaped; equilibrium model on carbon materials). 

sample
SBET

(m2/g)

Vtotal

(cm3/g)

Vmicro

(cm3/g)

Vmeso

(cm3/g)

%V 

micro

%V 

meso

% micro

lost

% meso

lost

PPAC 3690 2.44 1.20 1.24 51 49 - -

PPAC@Leucine 2860 2.00 0.80 1.20 40 60 33 4

PPAC@SDS 2350 1.75 0.65 1.10 37 63 46 12



Although the presence of a significant structural blocking, even after an extensive washing step, can be 

considered a priori as a proof of the success of the mechanochemical approach, these samples have been 

further characterized using thermogravimetric measurements (TG), elemental analysis and X-ray 

photoelectron spectroscopy (XPS). 

Figure 3a and 3b show the thermogravimetric analysis under N2 for (a) the pure compounds and (b) the 

activated carbons modified with the additives. In the specific case of the PPAC activated carbon, the TG 

profile is rather flat with a large thermal stability under inert atmosphere up to 800ºC. This result is in 

close agreement with the thermal fingerprint of these kind of samples submitted to a high temperature 

thermal activation treatment (800ºC for 2h). Concerning the additives, the TG profiles show a similar 

performance for both organic molecules, their decomposition starting at around 200-230ºC and reaching 

a plateau at around 300ºC. Whereas the decomposition of leucine at 280ºC generates no residue, the 

decomposition of SDS at 260ºC gives rise to a residual mass of 27% attributed to Na2S.  

Figure 3. Thermogravimetric analysis under N2 flow for (a) pure compounds, and (b) PPAC activated 

carbons modified with additives.  

Regarding the TG analysis of the modified carbon materials (Figure 3b), clear differences can be 

appreciated compared to the original PPAC sample. In the mechanochemically modified samples the 

decomposition of the additives starts at slightly higher temperatures, 250-300ºC, but contrary to pure 

compounds, here the mass loss is more gradual and remains until 425ºC. Apparently, the confinement 
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effects in carbon materials improve the stability of the anchored species. Interestingly, the performance 

is rather similar for both additives, the overall mass loss at 600ºC being approximately 20% for both 

samples.  For the specific case of the carbon modified with SDS, considering that 1 g of sample contains 

0.3 g of Leucine (30 wt.%), and that pure SDS losses only 70% (Figure 3a) of its initial weight, the theoretical 

weight loss will be 21%, in close agreement with the observations. In the specific case of the leucine, the 

20 wt.% loss perfectly agrees with the theoretical amount incorporated, assuming complete 

decomposition of leucine below 600ºC (Figure 3a).  

Table 3 shows the elemental analysis of the different activated carbons evaluated, including the analysis 

of the additives. All values have been compared with the theoretical ones. 

Table 3. Elemental analysis composition (wt.%) of evaluated samples and pure components. (*) 

Theoretical values are deduced from the chemical formula.

As it can be appreciated, experimental and theoretical values for the pure additives are practically 

identical, with the exception of the oxygen and sulphur elements. It is well known that elemental analysis 

is especially useful for the determination and quantification of elements such as nitrogen, carbon, 

hydrogen. However, the amount of oxygen present in the samples is obtained as the difference with 

respect to the rest of elements, with the associated uncertainty in the quantification. In the same way, it 

is well-known that the quantification of sulphur is also quite difficult through elemental analysis, thus 

explaining the divergencies observed for these two elements. 

Regarding the original activated carbon, it shows a very rich carbon content (around 95%), with very little 

content of heteroatoms, mainly oxygen due to the pyrolysis step and the subsequent activation at 800ºC. 

SAMPLE Nitrogen

(%)

Carbon

(%)

Hydrogen

(%)

Sulphur

(%)

Oxygen

(%)

SDS theoretical* 0.00 50.00 8.68 11.11 22.22

SDS 0.00 50.45 8.88 0.00 40.67

Leucine theoretical* 10.70 55.00 9.92 0.00 24.43

Leucine 10.80 55.76 10.43 0.00 23.00

PPAC 0.04 94.84 0.00 0.00 5.12

PPAC@SDS 0.00 84.35 1.85 0.00 13.80

PPAC@Leucine 3.44 85.26 7.21 0.00 4.09



The incorporation of SDS decreases the carbon content, while the amount of oxygen and hydrogen 

increases. A similar situation takes place after incorporation of leucine with the detection of nitrogen and 

hydrogen from the organic additive. These numbers confirm the presence of the additive in the inner 

porous structure, with a rather similar percentage to the nominal values (Table 3; assuming an additive 

loading of 20 wt.% and 30 wt.%, for PPAC@Leucine and PPAC@SDS, respectively, theoretical amount of 

nitrogen and sulphur must be around 2-3 wt.%).

To further analyze the chemical composition of the modified carbons, the three samples have been 

evaluated using X-ray photoelectron spectroscopy (XPS). Since XPS is a surface-sensitive technique, it can 

be very useful to estimate the dispersion of the additives in the carbon structure by comparison with 

elemental analysis. Table 4 shows the surface composition for the evaluated samples. As expected, the 

original carbon material (PPAC) exhibits a rich carbon content (> 97%), in close agreement with elemental 

analysis. The successful incorporation of the additives is confirmed by the decrease in the carbon content 

and the associated detection of sodium and sulphur (for PPAC@SDS), and nitrogen and oxygen (for 

PPAC@Leucine). In summary, these results confirm the presence of additives in the carbon structure 

homogenously distributed (in the surface and in the bulk), most probably anchored to the carbon 

structure.   

Table 4. Surface composition of evaluated samples obtained from XPS.

ATOMIC RATIO %

Sample Carbon Oxygen Sodium Sulphur Nitrogen

PPAC 97.22 2.73 - 0.05 -

PPAC@SDS 90.45 6.53 1.38 1.64 -

PPAC@Leucine 95.69 3.41 - - 0.9

3.2. High-pressure methane adsorption isotherms for the mechanochemically modified carbons

The methane adsorption performance of the synthesized activated carbons has been evaluated up to 10 

MPa and at two different temperatures, i.e. 2ºC and -10ºC. As it can be observed in Figure 4, the 

unmodified PPAC sample exhibits a Langmuir type isotherm with a final excess amount adsorbed as large 

as 25 wt.% (0.25 gCH4/gAC) and 29 wt.% (0.29 gCH4/gAC), respectively, for the two temperatures evaluated. 

These values are in close agreement with previous studies described in the literature and constitute 

among the best values described so far for high-pressure methane storage [29]. At low pressures 

preferentially micropores participate in the adsorption process, whereas at high-pressure also mesopores 



exhibit a dominant role. It is important to highlight that the methane adsorption isotherms are fully 

reversible over the whole pressure range evaluated. The incorporation of the additives into the carbon 

skeleton gives rise to a decrease in the methane storage capacity over the whole pressure range 

evaluated, in close agreement with nitrogen adsorption measurements described above. The amount 

adsorbed decreases down to 23 wt.% and 19 wt.% at -10ºC for PPAC@Leucine and PPAC@SDS, 

respectively. A similar behavior is reflected at 2ºC, the total amount adsorbed decreasing down to 18 wt.% 

and 15 wt.% upon functionalization. A closer look to the isotherms clearly shows that the reduction in the 

methane storage capacity is more significant at low pressures, below 5 MPa, due to the preferential 

blocking of the microporosity and narrow mesoporosity, as anticipated above. 

Figure 4. CH4adsorption/desorption isotherms (gCH4/100gcarbon) for the evaluated samples under dry 

conditions at (a) 2 ºC and (b) -10 ºC.

To further analyze the adsorption performance, the packing density for methane (grams of methane 

adsorbed per pore volume (cm3)) was estimated assuming that the methane is adsorbed only in 

micropores or in the whole porosity (micro-/mesopores). It has been widely reported in the literature that 

the packing density of methane in activated carbon materials oscillate between 0.15-0.25 g/cm3, 

depending on the kind of carbon and the pore size/shape [3, 7, 30]. The packing density for methane 

adsorbed at 10 MPa, assuming that only micropores participate in the adsorption process, takes values as 

high as 0.20-0.23 g/cm3, in close agreement with the literature (Table 5). Only when the total porosity is 

considered (Vtotal), the packing density decreases down to 0.09 g/cm3, thus reflecting that mainly 
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micropores and most probably narrow mesopores participate in the adsorption process rather than the 

whole porous network. 

Table 5. Excess methane adsorption capacity at 2ºC and -10ºC in the original activated carbon and the 

carbon modified with additives. Packing density considering that methane is adsorbed only in micropores 

or considering it is adsorbed in the whole porosity. 

sample
CH4 adsorption

(g/g)

CH4 packing density

at 2ºC  (g/cm3)

T= 2ºC T=-10ºC Considering 

adsorption in total 

pore volume

Considering adsorption 

only in micropores 

PPAC 0.24 0.28 0.098 0.20

PPAC@SDS 0.15 0.19 0.085 0.23

PPAC@leucine 0.18 0.23 0.088 0.22

After measuring the physisorption isotherms under dry conditions, samples were pre-humidified with 

water up to Rw = 4.1 and further evaluated in the high-pressure adsorption process with methane. In a 

first approach, only the unmodified sample was evaluated up to 10 MPa (original PPAC pre-loaded with 

4.1 gH2O/gAC) and compared with the bulk system (maintaining the same amount of water used in the pre-

impregnation but spread in the reactor without the carbon). Figure 5 shows the high-pressure isotherms 

for both systems (referred as gCH4 adsorbed per gH2O incorporated). The bulk system exhibits a rather flat 

adsorption profile, thus reflecting the absence of methane hydrate formation up to 10 MPa. This 

observation is in close agreement with previous bulk phase experiments and reflects the slow nucleation 

and growth kinetics in the bulk system [31, 32]. Only an amplification of the isotherm allows to appreciate 

a small jump at 4.5 MPa due to the formation of some isolated hydrate crystals at the gas-liquid 

interphase. During the desorption, the dissociation of the methane hydrate is slightly shifted to lower 

pressure, i.e. at 3.5 MPa, with the associated hysteresis loop. This hysteresis loop demonstrates that the 

methane hydrate formation process is defined by kinetics rather than thermodynamics [31-33]. The 

dissociation value perfectly fits to the P-T thermodynamic diagram of clathrates in nature, whereas the 

formation pressure is shifted to higher values [12]. When the same amount of water is spread in the 

carbon sample, the high-pressure adsorption isotherm changes drastically. Below 3.5 MPa the isotherm 

is completely flat, thus confirming the complete blocking of the porosity by pre-adsorbed water. However, 



above this threshold pressure, the amount of methane adsorbed exhibits a drastic increase up to 5.0 MPa, 

followed by a small plateau. Above 7.0 MPa, the amount of methane adsorbed further increases up to a 

maximum of 0.16 gCH4/gH2O at 10 MPa (vs 0.012 gCH4/gH2O in the bulk system). These results constitute a 

12-fold increase in the water-to-hydrate conversion yield promoted by the confinements effects in the 

activated carbon. Interestingly, the confined hydrates are highly stable down to 3.0 MPa, the dissociation 

being extremely drastic afterwards. Based on the thermodynamics of gas hydrates, the first adsorption 

step between 3.5 MPa and 7.0 MPa must be attributed to methane hydrate formation in the external 

surface area and large cavities, whereas the second step above 7.0 MPa must be attributed to the 

nucleation and growth in narrower cavities (mainly micro- and mesopores) [34]. 
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Figure 5. High-pressure CH4 adsorption (closed symbols)/desorption (open symbols) isotherms 

(gCH4/100gH2O) at 2ºC for the pre-impregnated PPAC activated carbon (Rw:4.1) and bulk water (see inset 

for a larger resolution).

From the amount of CH4 stored at 10 MPa and the amount of water incorporated in the pre-adsorption 

step, hydrate stoichiometries could be estimated. In the specific case of bulk water, the calculated 

stoichiometry is 1 CH4:74H2O, quite far from the stoichiometry in natural hydrates (1 CH4 : 5.75 H2O). This 

result clearly reflects that the water-to-hydrate yield is extremely small (around 8%) under bulk 

conditions. However, in the water-confined carbon system the calculated stoichiometry is 1 CH4: 5.5 H2O, 



thus confirming a conversion >95%, in close agreement with previous differential calorimetry analysis 

[35].  

Figure 6 describes the methane hydrate formation process in the PPAC carbon sample after the 

mechanochemical modification with additives. Although the amount of water incorporated in these 

samples remains constant (Rw = 4.1), the adsorption performance is rather different. At this point it is 

important to highlight that these experiments were performed only at -10ºC to identify differences in the 

PPAC sample with the adsorption temperature. At -10ºC the shape of the isotherm for un-modified PPAC 

is rather similar to 2ºC, although important differences are observed in the pressure thresholds. Under 

these conditions, the blocking effect exerted by pre-adsorbed water prevails only up to 1.7 MPa, the 

amount adsorbed drastically changing afterwards. Under these conditions, the driving force required to 

enhance the nucleation process is lower. In the same way, the second nucleation step (inside micro- and 

mesopores) is also shifted to lower pressures (ca. 3.5 MPa). This observation denotes an important effect 

of the adsorption temperature in the thermodynamics of the methane hydrate nucleation process [12]. 

In any case, the total amount adsorbed at 10 MPa is as high as 82 wt.% (or 0.82 g CH4 per g of dry carbon). 

Compared to the dry PPAC carbon (29 wt.%), this result constitutes an extraordinary increase in the 

methane storage capacity through the so-called solid storage approach. 
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at -10ºC for PPAC and PPAC-modified carbons under wet conditions (Rw=4.1).



Incorporation of additives in the PPAC carbon material gives rise to important differences. Below 2.5 MPa, 

the three isotherms are rather similar thus reflecting that the first nucleation step, i.e. the one taking 

place in the external surface and in wide pores, may not be affected a priori by the incorporation of 

additives. This observation agrees with the preferential location of the additives in the inner porous 

network, as suggested by N2 adsorption data. However, above 3 MPa, samples modified with additives 

(PPAC@Leucine and PPAC@SDS) exhibit a marked plateau that remains stable up to 5.5 MPa, for Leucine, 

and 6.0 MPa, for SDS. Apparently, the presence of additives inhibits the second nucleation process to high 

pressures. Considering that the second step corresponds to nucleation processes taking place in the inner 

pores of the carbon network, the inhibition observed constitutes another proof about the successful 

incorporation of the additives in the inner porosity. Above 5.5-6.0 MPa both samples exhibit a second 

jump in the adsorption isotherm, although the amount of methane adsorbed in this second process is 

much lower compared to the unmodified PPAC carbon (in the absence of additives). The total amount 

stored in the modified PPAC samples reach values around 55 wt.% and 46 wt.% for Leucine and SDS-based 

samples, respectively. Interestingly, all these changes in the methane hydrate nucleation process are not 

reflected in the dissociation step since, in all cases, confined hydrates dissociate at 1.7 MPa. Consequently, 

the incorporated additives inhibit the methane hydrate nucleation process in the narrower pores, maybe 

due to steric/kinetic restrictions, whereas dissociation follows thermodynamics. Most probably, the 

anchored organic moieties act as steric modifiers altering the normal crystal growth. The similar 

performance for both additives, independently of their characteristics, reinforce this hypothesis. Last but 

not least, it is important to highlight that despite having the same amount of water pre-adsorbed, the 

total uptake at 10 MPa is reduced after the incorporation of the additives. 

In summary, these results confirm that the presence of additives anchored to the carbon surface does not 

exhibit any promoting effect in the methane hydrate formation process. The presence of additives limits 

the total uptake, due to steric effects, and inhibits the nucleation process in the inner pores with a shift 

to higher pressures compared to the unmodified carbon. The relatively low-pressure threshold for hydrate 

formation, and the large methane uptake at 10 MPa confirms PPAC as the best nanoporous adsorbent 

described till date for methane hydrate formation. 

3.3. High-pressure methane adsorption isotherms for the additive´s pre-impregnated carbons

As a last step of this study, the effect of the additives has been evaluated when dissolved in ultrapure 

water, before the pre-loading of the PPAC sample. As described in the experimental section, THF is also 

included in this section as a potential additive to modify the thermodynamics and kinetics of these 



nucleation processes. THF is a liquid and it has been proposed as a promotor for hydrate formation. THF 

promotes the sII hydrate structure by occupying the larger cavities, whereas unmodified hydrates 

crystallize in the sI structure [21, 22]. Figure 7 shows the high-pressure CH4 isotherms at 2ºC for the PPAC 

activated carbon pre-impregnated with pure water or water modified with additives (at Rw = 4.1).
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Figure 7. CH4 adsorption (closed symbols)/desorption (empty symbols) isotherms (wt.% or gCH4/100gcarbon) 

at 2ºC for sample PPAC impregnated with water and water dissolved additives.  

 

As it can be appreciated in Figure 7, at low pressures samples PPAC, PPAC+Leucine and PPAC+SDS perform 

quite similar with a complete inhibition in the adsorption uptake up to 3.5 MPa. This value corresponds 

to the pressure threshold usually observed for natural hydrates at 2ºC. After a sharp increase in the 

methane uptake, samples PPAC+Leucine and PPAC+SDS exhibit an important plateau (at 25 wt.%) due to 

the inhibition of the second nucleation process, in close agreement with previous results for the surface-

modified samples. However, once the pressure reaches 6.0-7.0 MPa, both samples exhibit a sudden 

increase, the final uptake being rather similar to the pure-water PPAC system (ca. 69 wt.% or 0.69 

gCH4/gcarbon). These results confirm that both additives exhibit a similar promoting effect, independently of 

their nature. 

The scenario is completely different with THF. For this specific additive, the methane hydrate formation 

already starts at around 1.2-1.5 MPa, quite below the thermodynamic threshold pressure, with a plateau 



at 15 wt.%. At 4.2 MPa the adsorption isotherm exhibits a second increase up to a total uptake at 10 MPa 

around 62 wt.%. These results clearly show that even under confinement conditions, THF is a 

thermodynamic promoter. Both nucleation processes, in the external surface and in the inner pores of 

the carbon, are promoted at much lower pressures compared to the confined pure-water system. 

Concerning the differences in the final methane uptake (ca. 7 wt.% lower in the presence of THF), these 

differences comes preferentially from the first nucleation step. As shown later, hydrate crystals grown in 

the external surface and large pores under THF conditions exhibit a sII structure with shared occupation 

of small (SC) and large (LC) cages between CH4 and THF, thus explaining the limited amount of methane 

stored. On the contrary, methane hydrates grown in the inner pores (second step) resemble those on the 

pure water-based PPAC sample. In any case, a significant hysteresis loop can be appreciated due to the 

improved stability of confined hydrates towards dissociation in the presence of THF.  

The knowledge of the amount of methane adsorbed, from the high-pressure isotherm, and the knowledge 

of the amount of water pre-adsorbed, from the sample preparation, allows to estimate, quantitatively, 

the stoichiometry of the synthesized hydrates.   

Table 6. Stoichiometry of the methane hydrates synthesized in the absence and presence of additives 

considering the amount of water incorporated and the methane consumption. The stoichiometry has also 

been calculated assuming the total amount adsorbed and assuming the two steps at mid- and high-

pressure. 

Sample
Total 

stoichiometry

Stoichiometry 

1st step

Stoichiometry 

2nd step

PPAC 1 CH4·5.3 H2O 1 CH4·6.0 H2O 1 CH4·4.8 H2O

PPAC + Leucine 1 CH4·5.4 H2O 1 CH4·6.3 H2O 1 CH4·4.7 H2O

PPAC + SDS 1 CH4·5.4 H2O 1 CH4·6.3 H2O 1 CH4·4.7 H2O

PPAC + THF 1 CH4·5.9 H2O 1 CH4·8.9 H2O 1 CH4·4.5 H2O

As it can be observed, the total stoichiometry at 10 MPa is in close agreement with natural and bulk 

methane hydrates, i.e. 1 CH4·5.7H2O, attributed to the structure sI. In particular, for samples PPAC, 

PPAC+Leucine and PPAC+SDS, the obtained values are slightly lower than theoretical, around 1 CH4·5.3 

H2O. The under-stoichiometric behavior can be attributed to i) the formation of non-stoichiometric 

hydrates in narrow cavities or ii) to the presence of free-adsorbed methane in narrow cavities, non-

forming hydrates [24]. On the contrary, for the specific case of the THF-based sample, the obtained value 



is slight above the theoretical prediction, i.e. there is a certain excess of water (1 CH4·5.9 H2O), due to the 

participation of THF in the hydrate structure.    

Considering the amount of methane adsorbed in the two steps of the high-pressure isotherms, and 

assuming that the first step corresponds to water pre-adsorbed in large pores (1.7 gH2O/gAC, except for 

THF-based sample where 1.5 gH2O/gAC was adsorbed) and the second step corresponds to water in the 

inner pores (saturation at 2.4 gH2O/gAC), the stoichiometry has been estimated in these two specific cases 

[24]. Although this is a rough estimation, it allows to gain more knowledge about the nature of the 

confined hydrates. As expected, the stoichiometry is much closer to the natural or bulk system in the first 

step, i.e. hydrates grown in the external surface resembles natural or bulk hydrates. On the contrary, 

under-stoichiometric conditions are obtained in the second step, due to the steric constrictions in narrow 

mesopores and micropores. Only THF-based hydrates do not follow this tendency, at least in the first step, 

with a stoichiometry of 1 CH4·8.9 H2O. The deficiency of methane in the first step anticipates a different 

nature of the hydrates formed under these conditions (maybe due to the presence of the sII structure). 

Last but not least, the kinetics of the hydrate nucleation process at 3.6 MPa have been compared for pure 

water and water-modified with the different additives (except THF). Figure 8 compares the time (in hours) 

required for this specific pressure point (that corresponds to the initiation of the hydrate nucleation 

process) to reach equilibrium. The time required by this pressure point to reach equilibrium indirectly 

reflects the induction time required for the nucleation process to start in the external surface and/or in 

large cavities. 



Figure 8. Gas consumption versus time at the manifold for a pressure of 3.6 MPa. Figures include the 

induction time (before nucleation) and the time required to reach 90% of the water-to-hydrate 

conversion at this specific pressure point.  

As it can be appreciated in Figure 8, PPAC carbon pre-adsorbed with ultra-pure water exhibits an initial 

induction time of 2.1 h. After this induction period, the methane hydrate nucleation and growth start, 

90% of the conversion (t90) been reached in 6.8h. For the sample pre-adsorbed with an aqueous solution 

of leucine, the induction time decreases to 0.4h, while 90% equilibrium is reached in 6h. Last but not least, 

in the presence of SDS, the induction time is completely suppressed and the t90 is reached in 1h. This 

observation constitutes a real prove about the beneficial role exerted by additives in the kinetics of the 

water-to-hydrate conversion process. The obtained result constitutes a tremendous improvement in the 
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kinetics compared to bulk water (under static conditions and without agitation, bulk water require weeks 

or months to convert water-to-hydrate, see Figure 5), thus explaining the beneficial role of carbon in these 

nucleation processes. SDS and Leucine have a solubility in water at 20ºC of 150 mg/ml and 24 mg/ml, 

respectively, i.e. SDS has a solubility in water more than 6 times larger compared to leucine [36, 37]. 

Considering that the solubility of the surfactant also helps to increase water activity, this observation can 

explain the observed differences. Water activity could be define as the ability to form hydrated 

compounds [38]. When activity is low, less molecules are free, so hydrate formation is shifted towards 

higher pressure and temperature. Also, the decrease of water activity, for instance by using methanol, 

hinders the hydrate nucleation [39]. Similar studies from our research group have shown that the 

presence of a saline environment can also modify the water activity and the associated hydrate formation 

[25]. In the specific case of THF solution it is difficult to compare the induction time at 3.6 MPa, since the 

nucleation of gas hydrates already started at lower pressures (Figure 7). 

3.4. Synchrotron X-ray powder diffraction (SXRPD) analysis of the confined hydrates in the presence of THF

Although sI is the traditional crystal structure observed for methane hydrates, either in bulk or confined 

in nanoporous carbon materials, it is well-known in the literature that the incorporation of THF can 

promote the sII structure [22]. The unit cell of the sI structure consists of two kinds of cavities: two 

pentagonal dodecahedra (512) cavities (small cavities) and six tetrahedra (512 62) (large cavities), and 46 

water molecules. If each cavity host one methane molecule, the final stoichiometry is 1 CH4·5.75 H2O. In 

the case of the sII structure, there are also two kind of cavities: sixteen small distorted pentagonal 

dodecahedra (512) and eight large hexadecahedra (51264), with 136 water molecules [12]. In this case, for 

complete occupancy, the nominal stoichiometry is 1 CH4·5.67 H2O. 

In order to confirm the potential role of confinement in the promotion of the sI and/or sII structure before 

and after the addition of THF, samples PPAC and PPAC+THF have been evaluated using synchrotron X-ray 

powder diffraction (SXRPD) (Figure 9). The number of studies in the literature dealing with SXRPD 

evaluation of gas hydrates is scarce and, to our knowledge, none of these studies deals with confined 

hydrates. 



Figure 9. Synchrotron X-ray powder diffraction patterns (SXRPD) of PPAC sample (a) in the presence of 

pure water and (b) in the presence of water+THF. Bottom spectra corresponds to atmospheric pressure 

conditions and middle-upper spectra corresponds to pressurization with 4.0 MPa CH4.

As it can be observed in Figure 9a, the PPAC sample impregnated with water at -33ºC gives rise to the 

characteristic peaks of a hexagonal ice structure (Ih). After the system is pressurized with 4.0 MPa CH4, the 

characteristic peaks of methane hydrate with a sI structure can be clearly appreciated, although the 

conversion is not complete and some ice remains. Further heating up to 2ºC is required for the complete 

conversion of the ice to the methane hydrate (although we cannot exclude the presence of some liquid 

water). When the same experiments are performed with sample PPAC pre-adsorbed with a water solution 

containing THF, the situation changes. The original pre-adsorbed sample at -33ºC, before pressurization, 

also shows the characteristic peaks of hexagonal ice, in close agreement with the pure water experiments. 

A subsequent pressurization with 4.0 MPa methane gives rise to a mixture of sI and sII structure, the 

proportion of these two structures being rather similar even at the highest temperature evaluated (2ºC). 

In order to obtain the quantitative characteristics of the selected samples, including cage occupancy for 

small and large cages (SC and LC), the Rietveld refinement has been applied to fit the SXRPD patterns. 

The occupancies of the cages by guest molecules were fixed at 1 for the positions where the refinement 

did not give significant improvement of the fitting quality. Figure 10 shows the fitting results for the 

samples at 2ºC and 4.0 MPa.
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Figure 10. Rietveld refinement of the PPAC system (left panel) and PPAC+THF (right panel) at 2ºC and 4.0 

MPa of CH4.

Table 7. Structural parameters obtained for the confined methane hydrates in sample PPAC pre-adsorbed 

using pure water (PCH4 = 4.0 MPa).

sI phase
Sample Temperature, 

ºC a, Å SC (512) LC (51262) wt %% size, nm

PPAC + H2O+ 
CH4

-33 11.9425(2)
methane

1
(not refined)

methane
0.82(1)

78.9
(21.1 ice)

81

PPAC + H2O+ 
CH4

2 11.9938(3) methane
0.95(2)

methane
0.64(1) 100 215

The confined methane hydrates in sample PPAC exhibit a cubic structure with a Pm3n space group with 

cell parameters ranging from a = 11.9425(2) to 11.9938(3) Å. These values are somewhat larger compared 

to those described in the literature for artificial bulk hydrates [40, 41]. The difference probably comes 

from the smaller size for confined crystals. The ice content at low temperatures (-33ºC) derived from the 

refinement is around 21 wt.%%, while the gas-to-hydrate conversion scales up to 100% at 2ºC.

As it can be appreciated in Table 7, at low temperatures the small cages are fully occupied by methane 

molecules, whereas large cages occupation is 0.82. This result is surprising since previous studies with 

bulk methane hydrates and thermodynamic models anticipate a preferential occupation of large cages 

already at low pressure (around 100%), whereas small cages exhibit a cage occupancy of around 0.8-0.9 

at the pressures used in our study [40, 42].  Most probably this unusual cavity filling is due to the 

confinement effects and the enhanced pressure in narrow pores. For a cage occupation of SC = 1 and LC 

= 0.82, the predicted stoichiometry from the synchrotron XRD data is 1 CH4·6.6 H2O, in close agreement 



with the value obtained from the high-pressure isotherms (Table 6). Last but not least, it is important to 

highlight a significant thermal expansion of the obtained methane hydrates [43], as well as a remarkable 

decrease of the occupancy of the large cages at 2ºC. The last effect highlights relatively fast gas diffusion 

across the large cavities and suggests close to equilibrium filling of these positions. 

Table 8 reports the structural parameters deduced after applying Rietveld refinement to the XRD data for 

the sample PPAC + THF. As described above, upon pressurization this sample exhibits a combination of sI 

and sII structures. The weight percentage of sI and sII structures in the two temperatures evaluated is ca. 

75% for sI and ca. 25% for sII. Interestingly, these values perfectly correlate with the high-pressure 

methane isotherm described in Figure 7 (magnitude of the first (24%) and second (76%) step). Based on 

this assumption, one can speculate that sII hydrate promoted by THF grows in the external surface and 

large pores, taking place in the first step of the high-pressure isotherm, whereas sI structure is associated 

with gas hydrates grown in the inner pores.

The sII phase was fitted in the space group Fd3m with a unit cell parameter around a = 17.3227(3)-

17.3685(3) Å depending on the temperature, in close agreement with previous sII hydrates reported in 

the literature  [40, 41]. Analysis of the electronic density inside the cages shows that CH4 occupies the 

small cages and THF resides in the large cages. THF molecule rotates freely inside the corresponding cavity 

resulting in almost spherical distribution of the electronic density around the cavity center which was 

approximated by placing the carbon atoms in the general position (site multiplicity=192) and fixing the 

molecular geometry. 

Attempts of refinement of the CH4 and THF occupancies did not result in any significant deviation from 1 

molecule per cavity. Under these circumstances, the stoichiometry for the sII hydrate would be 0.5 THF·1 

CH4·8.5H2O, in close agreement with the first step in Table 6. In other words, the filling of large cavities by 

THF limits the amount of methane encapsulated, thus explaining the lower methane uptake in the first 

step of the isotherm in the presence of THF (Figure 7). 

The sI structure present in the PPAC + THF system exhibits similar structural details to the PPAC system 

with pure water with unit cell parameters ranging from 11.9661(2) to 11.9959(1) Å. However, the filling 

of the cavities becomes more complex in the presence of an aqueous solution of THF (see Table 8). At -

33ºC both cavities are almost completely filled (only minor amount of vacancies is observed in the small 

cavities). Surprisingly, at 2ºC intensities of the peaks belonging to the sI phase change significantly 

reflecting substantial redistribution of the electronic density within the unit cell. The Fourier maps show 

that the density maxima in both cavity types are split (Figure 11). Also, reasonable agreement between 

the calculated and experimental diffraction patterns can be only achieved by increasing of the total 



number of electrons inside the cavity almost twofold compared to the low-temperature measurements. 

Overall, the intensities of the diffraction maxima are highly similar to that observed for ethane or 

acetylene hydrates [44-46].

 



Figure 11. Electron density distribution inside small (top) and large (bottom) cavities of the sI phase of 

PPAC+THF sample at 2ºC and 4.0 MPa. The lobes correspond to the positions of C1 and C3 atoms, 

respectively.

Following the structure model proposed in [46], the sI phase at 2ºC was described using two non-

equivalent carbon positions in the small cavities (C1 & C2, 6 and 12 equivalent positions within each cavity, 

respectively) and two non-equivalent carbon positions in the large cavities (C3 & C4, 4 and 2 equivalent 

positions within each cavity, respectively). After occupancy refinement, total amount of the carbon atoms 

appeared to be 1.686 in the small cages and 2.498 in the large cages. In other words, the SXRPD data 

suggest the presence of C2Hx species encapsulated in small and large cages, with an occupation of 0.843 

and 1.25, respectively. These results are somehow unexpected since sI cavities are assumed to allocate a 

single carbon atom from each CH4 molecule. Unfortunately, at this point we do not have a clear 

explanation for these results and further studies using in-situ Raman or NMR would be needed.    

To end up, it is important to highlight that the variation of the crystal size between the measurements 

supports the conclusion about the strong kinetical limitations on formation of the methane hydrate 

without additives. In case of the PPAC sample the particle size of the methane hydrate kept increasing 

during the whole experiment ranging from 80 nm at -33ºC to 215 nm at 2ºC. On the other hand, for the 

PPAC+THF sample the size of the methane hydrate crystals remains essentially unchanged throughout the 

experiment meaning that the formation of the methane hydrate particles was completed already after 

the first few minutes of pressurization. 



Table 8. Structural parameters for sI and sII structure in sample PPAC pre-adsorbed with H2O + 

THF (PCH4 = 4.0 MPa).

sI phase sII phaseSample Temperature, 
C a, Å SC (512) LC (51262) wt 

%
size, 
nm

a, Å SC (512) LC (51264) wt % size, 
nm

PPAC + 
H2O+ 

THF+CH4

-33 11.9661(2) methane
0.95(2)

methane
1

(not refined)

74.9 282 17.3227(3) methane
1

(not refined)

THF
1

(not refined)

25.1 167

PPAC + 
H2O+ 

THF+CH4

2 11.9959(1) C1: 0.131(7)
C2: 0.075(2)
Overall C in 
cage 1.686

C3: 0.435(4)
C4: 0.379(5)
Overall C in 
cage 2.498

75.4 240 17.3685(3) methane
1

(not refined)

THF
1

(not refined)

24.6 158

Conclusions

A high-surface area activated carbon material has been used as a host structure to promote the 

nucleation and growth of methane hydrates after the incorporation of organic additives. Organic 

additives have been incorporated either dissolved in the pre-adsorption media (ultrapure water) 

or anchored to the carbon surface through a mechanochemical approach. Experimental results 

show that the mechanochemical approach does not allow to improve the storage performance 

due to the steric restrictions of the bulkier organic groups. On the contrary, the incorporation of 

the additives dissolved in water give rise to a promotion in the nucleation and growth kinetics 

(preferentially for SDS) and a promotion in the thermodynamics (in the specific case of THF). 

Synchrotron XRPD analysis anticipates a pure sI structure in the PPAC system with water, 

whereas a combination of sI and sII structures is anticipated in the PPAC system with water+THF. 

Contrary to bulk hydrates, sI structure in confined hydrates exhibit a preferential occupation for 

small cages, while larger cages remain only partially occupied. The occupation decreases with 

temperature, mainly for larger cages.    
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Highlights

 Incorporation of additives to confined hydrates promotes nucleation kinetics.
 Thermodynamics can also be promoted in the specific case of THF. 
 Confined gas hydrates exhibit an anomalous occupation of small and large 

cages.
 THF promotes the sII structure in large pores and sI in narrow cavities.   


