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Abstract 21 

The increase in carbon dioxide (CO2) concentration in the atmosphere raises earth’s temperature. 22 

CO2 emissions are closely related to human induced activities such as burning of fossil fuels and 23 

deforestation. So to make the environment sustainable, carbon capture and storage (CCS) is 24 

required to reduce CO2 emissions. In this study, CO2 hydrate (CO2:6H2O) formation has been 25 

explored as an approach to capture CO2 in the integrated gasification combined cycle (IGCC) 26 

conditions. The formation of hydrate was experimentally investigated in an isochoric system with 27 

high-pressure volumetric analyzer (HPVA). The solubility of CO2 in water using experimental 28 
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pressure–time (P-t) curves were analyzed to determine the formation of hydrate. Additionally, the 29 

effect of newly synthesized combined promoters and various driving forces were evaluated. The 30 

experimental results demonstrated that the CO2 uptake expanded as ∆P expanded and designated 31 

combined promoters type T1-5 and type T3-2 were the two best, acquiring a uptake of 5.95 and 32 

5.57 mmol of CO2 per g of H2O separately. Ethylene glycol mono-ethyl ether (EGME) was 33 

demonstrated to be a good option to THF when linked with SDS, with a CO2 uptake of 5.45 mmol 34 

for the designated combined promoters T1A-2. Additionally, the total sum of CO2 devoured 35 

through hydrate development maximize as the measure of water inside mesoporous silica 36 

increased. All results of the studied parameters confirmed the reliability of experiments and 37 

successful implementation. 38 

 39 

Keywords: Global warming; Gas hydrate; CO2 capture and storage (CCS); HPVA; combined 40 

promoters, thermodynamics and kinetics. 41 

 42 

1 Introduction  43 

The energy demands of the globe have increased very rapidly. Energy consumption rises day by 44 

day globally by increasing industries, electric automobiles and developing economic demands. 45 

According to recent scenario, the energy consumption demand will increase by one third over next 46 

25 years and will become more than double in 2060 [1]. The increased demands of energy also 47 

caused a high level of greenhouse gas (GHG) emissions in the environment, therefore as a result 48 

increased global warming [2]. Due to increased global warming, the European Union (EU) set the 49 

reduction target of CO2 emission at least by 80% until 2050 [3]. According to the International 50 

Plant Protection Convention (IPPC) fifth assessment report, the leading issue of global warming 51 
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has caused a rise in temperatures approximately by 1.50 °C due to human induced activities [4, 5]. 52 

Mainly, the sources of carbon dioxide (CO2) emissions are industrial activities and thermal power 53 

plants [6]. Therefore, the issue to capture CO2 emissions emitting from the industrial processes 54 

have gained increasing concern.  55 

 56 

Different schemes were used in the past to reduce global warming specifically carbon emissions 57 

in which renewable energy technologies are very important [5, 7]. The process called carbon 58 

capture and storage (CCS) emerged as the most important technology to capture and store CO2 59 

emitting directly from power and chemical plants [8, 9]. This technology mainly involves 60 

separation, conditioning, transportation and storage of CO2. This four-step technology first 61 

captures the contents with rich CO2 from any industrial sources, then condense and liquefies CO2 62 

before transporting it to the storage site usually through a pipeline and geologically stored it in the 63 

formation site of deep saline [10]. Among the whole process, the separation step of CO2 is the one 64 

with high energy taking pathway that accounts for about 75–80% of the total cost of CCS [11]. 65 

Still, CCS is being recognized as a vital technology with the least cost against climate change 66 

mitigation that will be able to limit global warming below 2 °C [12]. 67 

 68 

There are several new strategies developed in the past that can physically and chemically capture 69 

CO2 using blended solution [13, 14], nanostructured membranes of polymers, zeolites and various 70 

carbon or inorganic nanocomposites [15], adsorption media, cryogenic systems [16], integrated 71 

gasification combined cycle (IGCC) [17], hydrate based gas separation (HBGS) [18] and chemical 72 

looping combustion [19]. In IGCC technology, synthetic gas is reformed from fossil fuels (coal, 73 

oil and nature gas). In spite of IGCC promising utilization, it faces a major challenge of high 74 
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separation cost of CO2 from CO2/H2 product gas [20]. Hence, energy saving and inexpensive 75 

technologies are required to capture CO2 efficiently. Among all of the above mentioned strategies 76 

hydrate based gas separation (HBGS) is one of the novels approaches to capture and store CO2 77 

with relatively low consumption of energy [21]. HBGS can be used for both pre and post-78 

combustion from the fuel and flue gas respectively. Though, the process of HBGS is likely more 79 

appropriate for pre-combustion of CO2 capture. This is because of the partial pressure of fuel gas 80 

(consisting of 40% of CO2 and 60% H2) is thousand times greater than that of flue gas (consisting 81 

of 17% of CO2 and 83% N2) in case of post-combustion capture [22].  82 

 83 

Therefore, in this study HBGS has been chosen because of the continuous operation property of 84 

CO2 hydrate formation which enables the treatment of large volumes of gaseous stream, less 85 

operating cost and recuperative ability of CO2 capture about 99 mol% from the flue gas [23]. 86 

Recently Zheng et al. [24] stated that even at ambient temperature carbon dioxide molecules could 87 

be arrested and stored by using HBGS improved properties, it provides the leeway for industrialists 88 

to use this pathway for further industrial applications. The process of HBGS relies on the ability 89 

of gas hydrate formation that is formed by water molecules and CO2, N2, O2, H2 or natural gas 90 

component (methane or ethane) at low temperature (near about 237 K) and at elevated pressure of 91 

about 10–70 bar [25, 26]. CO2 hydrate is formed in case of pure CO2 gaseous system at a pressure 92 

range of 12.70–45 bar and temperature range of 273.20–283 K [27].  93 

 94 

In the past, numerous parameters have been scrutinized to improve the efficiency of CO2 uptake, 95 

less operational cost and ease of hydrate formation. The parameters used for the increased 96 

efficiency of CO2 capture are mainly promoters, types of silica, experimental dynamic force, 97 
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height of the bed and amount of moisture content. These parameters were investigated by 98 

employing a solid adsorbent approach in HBGS, which is most preferred method in the industry 99 

for CCS [18, 28, 29]. Nambiar et al. [30] worked with the biodegradable porous materials that 100 

enabled almost double rate of hydrates formation with only 50% water saturation level. While Park 101 

et al. [31] used only porous silica gel which increased the gas uptake due to high availability of 102 

surface area to increase water and gas contact. Li et al., [32] employed nano-sized Al2O3 and found 103 

that gas separation efficiency was improved by approximately 43.62% due to micro-sized 104 

particles.  105 

 106 

In spite of the remarkable advancements in HBGS technology, however, this technology still 107 

requires a large amount of energy for compression and extraction of CO2 and decrease in optimum 108 

conditions of temperature and pressure. Thus, different thermodynamic promoters were used in 109 

the past to optimize the conditions of hydrate formation. These promoters include Cyclopentane 110 

(CP) [33], Tetra-n-butyl ammonium Chloride (TBAC)  [34], Tetra-n-butyl ammonium bromide 111 

(TBAB) [35], Tetra-n-butyl ammonium fluoride (TBAF) [29] and Tetrahydrofuran (THF) [36]. 112 

However, despite the usage of these promoters, still the time taking for process of hydrate 113 

formation and limited gaseous solubility in water restrict the successful application of CO2 capture 114 

schemes. That is why more investigation regarding the definite solution of this problem is required. 115 

Therefore, the present study investigates two parameters i.e. best type of silica and novel combined 116 

type promoters to evaluate their effect for hydrate formation. The main focus was to evaluate the 117 

optimum hydrate based separation in the operating conditions of an integrated gasification 118 

combined cycle. Herein, the fact is highlight that hydrate formation is possible in integrated 119 

gasification combined cycle conditions. Furthermore, the hydrate formation driving force and non-120 
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hydrate forming conditions especially in IGCC conditions were investigated with the employment 121 

of pure CO2 gas.  122 

2 Experimental 123 

2.1 Materials 124 

Tetrahydrofuran (THF), Ethylene glycol mono-ethyl ether (EGME), sodium dodecyl sulfate (SDS) 125 

and tetrabutylammonium bromide (TBAB) promoters with the purity of 99.70, 99.60, 99.90 and 126 

97.50% respectively were purchased from Fisher Scientific. Silica gel with standard particle size 127 

of 200–500 μm, pore volume of 0.630 cm3/g, surface area of 499 m2/g and mean pore size of 5.14 128 

nm were purchased from Fisher Scientific. Antifreeze was provided by ASDA. A member of Linde 129 

group i.e. BOC supplied Helium and Nitrogen gas for cleaning and controlling the valve of high 130 

pressure volumetric analyzer (HPVA).  131 

2.2 Sample preparation    132 

The adsorbent employed was standard because silica gel due its high porosity and reproducibility 133 

can supply a large amount of contact area between water and gas molecules in a short time. Thus, 134 

it increases the kinetics of hydrate formation and enhances the CO2 uptake as compared to other 135 

adsorbents. Furthermore, it was noted that silica gel with chosen specific properties, as a solid 136 

adsorbent can effectively overcome the gas/water contact limitation where in the gas phase will 137 

have better contact with water dispersed in pores of silica gel [37]. Four methods were used for 138 

the preparation of wet silica gel, the method with the best result was reported in this study. For 139 

preparation, silica gel was initially dried inside the oven for one night at 200 oC, before the 140 

commencement of the experiment. Oven with the model of AX30 manufactured by Carbolite was 141 

used. Dry silica gel (0.50 g) was placed inside blender and water was added in excess (19 times 142 
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the mass of dry silica gel) so that the total mass of the mixture became 50 g. The silica gel and 143 

water mixture were vigorously stirred at a speed of 37,000 rpm [38] by using a high-speed blender 144 

for 90 seconds. Then, the mixture was left at atmospheric conditions until the final mass reached 145 

equilibrium. To obtain the final moisture content, the final equilibrium mass was subtracted from 146 

dry silica gel mass. Four promoter samples were named as; THF, EGME, TBAB and SDS. Each 147 

promoter was diluted in water to obtain, SDS with 0.01 mol% concentration [39] and 3 mol% 148 

concentration of THF [39].  149 

 150 

The combined-promoter designated type named T1-5 (5.60 mol% THF + 0.01 mol% SDS), T3-2 151 

(0.01 mol% SDS +0.10 mol% TBAB) and T1A-2 (0.10 mol% EGME +0.01 mol% SDS) were 152 

used in analysis. The discovery of two new combined-promoters (designated types T3-2 and T1A-153 

2) in this work could provide more options for HBGS research field in future.  154 

Table 1 summarizes the concentration required for each combined-promoter employed. 2.50 g of 155 

silica gel was used to prepare each sample. Then promoter-water solution equal to 47.50 g was 156 

added to make the total mass of dry silica gel-promoter-water mixture equal to 50 g. These samples 157 

were prepared by implementing the highest rates of stirring. The degassing unit was used to 158 

calculate an exact amount of moisture content residing inside the pores of silica gel. The amount 159 

of water content was necessary to calculate the final conversion of water to CO2 hydrate. 160 

2.3 Experimental procedure 161 

Fig. 1 shows the work station for hydrate formation experiments consisting of a high-pressure 162 

volumetric analyzer (model HPVA-100, manufactured by Micromeritics). It contains a computer 163 

unit, a constant temperature bath, gas cylinders and a vacuum pump. The mixture of 70 vol% water 164 

+ 30 vol% antifreeze was used to avoid the formation of ice inside the temperature control vessel 165 
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and to make sure that the water mixture was consistently circulated throughout the process. Gas 166 

chambers were important to give an investigation of gas with 99.99% purity having 103 bar 167 

pressure and Helium gas with the same purity having 34.40 bar pressure for expelling and cleaning 168 

purposes. The pneumatic valves of HPVA were also controlled by the gas chambers. Prior to the 169 

initiation of analysis, to clean the line from any sort of polluting influences, physical cleaning of 170 

the system was done by gas.  171 

 172 

The working conditions, such as; analyze time, examination gas port, working weight, and 173 

temperature were pre-characterized. From that point forward, the cells valve was firstly closed and 174 

sample cell was accused with silica gel having a sufficient amount of water that was placed inside 175 

the water bath. During the experimental work, the desired working temperature was built up 176 

through a steady temperature bath and simultaneously the required pressure was built up through 177 

a supply vessel. The cells valve was directed to completely open, after the maintenance of 178 

operating conditions. Then the analysis was done for 1200 minutes. At that point, the weight was 179 

diminished to barometrical pressure at the equivalent working temperature for hydrate 180 

disintegration. After that, the sample cell was removed from HPVA and the cells valve was 181 

allowed to completely shut. At long last, the development of hydrate in the HPVA was inspected 182 

by examining the P-t bends and furthermore the examination on CO2 dissolution in water. 183 

2.3.1 Uncertainty analysis  184 

All prepared samples were used to investigate hydrate formation in the HPVA by using pure CO2 185 

gas (99.99% purity). The P-t curve for all experiments that exhibited hydrate formation either in 186 

pure CO2 or fuel gas mixture showed a similar trend. In this study, the P-t (Pressure-time) curves 187 

obtained were determined through the formation of hydrate together with the study of CO2 188 
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dissolution in water according to Henry’s Law and then followed by the analysis of water 189 

conversion to hydrate, CO2 uptake and rate of hydrate formation. All experiments were conducted 190 

for 1200 minutes to obtain maximum water conversion to hydrate and maximum CO2 uptake. For 191 

accurate measurement, the rate of hydrate formation was reported every 30 minutes because the 192 

data was very large. The sampling time for data acquisition of pressure and temperature were taken 193 

every 5 s by HPVA. Thus, the rate for every 30 minutes helps for proper visualization of the rate 194 

change during 1200 minutes. Furthermore, to ensure the accuracy and statistical validity of the 195 

reported results two runs for each sample promoters were performed. However, the average 196 

differences, standard deviation and estimation of the uncertainty of mean maximum water 197 

conversion to hydrate and mean maximum CO2 uptake data through the estimation of 90% 198 

confidence intervals (CI) calculated with the help online statistics calculator to verify the reported 199 

results. 200 

3 Results and discussion 201 

The prepared samples T1-5, T3-2, T1A-2 and standard silica gel with water (baseline experiment)  202 

was used to investigate hydrate formation in HPVA at 275–293 K and 22–36 bar by using pure 203 

CO2 gas (99.99% purity). All experiments were conducted for 1200 minutes to obtain maximum 204 

CO2 uptake. The P-t curve obtained was firstly used to justify the successful formation of hydrate 205 

together with the study of CO2 dissolution in water and then followed by the analysis of CO2 uptake 206 

and rate of hydrate formation. Due to the limitation of crystallizer in which the formation of 207 

hydrate could not be seen directly by the eyes, there was a necessity to justify the formation of 208 

hydrate. Subsequently, two methodologies were utilized to analyze the formation of hydrate; 209 

examination of P-t bends and investigation of CO2 disintegration in the water suggested by Servio 210 

and Englezos, [40].  211 
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 212 

According to Tang et al. [41], there must be at least a two-stage pressure drop upon completion of 213 

the experiment to ensure the formation of hydrate. The first stage of pressure drop indicates the 214 

dissolution of CO2 in water and the subsequent stages indicate hydrate growth. This trend was 215 

observed for baseline experiment during the hydrate formation experiment at the constant 216 

temperature of 275 K (Fig. 2), where the total pressure drop achieved after 1200 minutes was 217 

around 2 bar. The complete dissolution of CO2 in water inside silica gel pores was observed after 218 

the pressure dropped approximately to 33.8 bar. As seen in Fig. 2, the first 120 minutes showed 219 

two stages of pressure drop. Point a-c is considered the first stage of pressure drop. Initially, a 220 

pressure drop from point a-b indicates that the dissolution of CO2 in water happened around 5 221 

minutes in which Sloan and Koh [42] stated that upon dissolution of gas in water, labile clusters 222 

form immediately. Concurrently, labile clusters started to agglomerate by sharing faces, thus 223 

increasing disorder which explained the little rise in pressure from point b-c. This process 224 

continued until the size of the cluster agglomerate reached a critical value at point c, wherein Sloan 225 

and Koh [42] said this was the point where primary nucleation happens. Also, Tang et al. [41] 226 

described the time from point a-c as an induction time for hydrate formation. Moreover, the fast 227 

induction time observed in this work was almost less than 10 minutes by employing FBR this 228 

agrees with the one reported in the literature [18, 43, 44]. Then, the second stage of pressure drop 229 

was observed immediately after point c and this significant pressure drop is known as the hydrate 230 

growth stage. From point c-d sudden decrease in pressure was observed which is expected due to 231 

the availability of enough driving force required for the growth of hydrate. Thus, the significant 232 

two-stage pressure drop observed in the initial stage (the first 20 minutes) before being followed 233 

by the second small pressure drop (until 100 minutes) until almost no more drop in pressure was 234 
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observed in batch FBR as indicated by point e, could be a basic guideline to determine the 235 

formation of CO2 hydrate and CO2 dissolution in water. After point e, several stages of pressure 236 

drop were observed for the sample before it became a plateau. For the sample prepared by the 237 

highest rates of stirring, the pressure became constant approximately after 700 minutes. Moreover, 238 

the growth of hydrate and the fast induction time around 5–10 minutes for hydrate formation 239 

validates by different studies conducted in the literature [18, 40, 41]. Since the formation of hydrate 240 

was justified, next to the study on final water to hydrate conversion, CO2 uptake and rate of hydrate 241 

formation are presented in the next section. 242 

3.1 Hydrate formation analysis  243 

Hydrate formation experiments were investigated in the HPVA by using a prepared sample with 244 

approximately 0.50 g of wet silica. The hydration number of 5.75 [45] was used to calculate the 245 

water conversion to hydrate as 6 water molecules are needed to form CO2 hydrate (CO2.6H2O). 246 

The sample prepared by the highest rates of stirring had the maximum water conversion to hydrate 247 

with a value of 40.50 ± 2.28 mol%. The amount of gas uptake was directly related to the amount 248 

of water conversion to hydrate. Hence, the gas uptake obtained for the prepared sample was the 249 

highest amount of CO2 molecules with a value of 0.29 mmol. Additionally, it was observed that 250 

the sample with the greater equilibrium moisture contents yielded the maximum water conversion 251 

to hydrate.  252 

 253 

Moreover, the sample prepared by the highest rates of stirring demonstrated the fastest kinetics in 254 

which the initial rate of hydrate formation was more than 0.05 mmol of CO2/g of H2O/min. Overall, 255 

the silica contacted with water from vigorous stirring showed the best results and reproducibility. 256 

Thus, the silica contacted with water was used as a baseline result for comparison purposes. 257 
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Additionally, in the hydrate forming region, the equilibrium mole fraction of CO2 in water was 258 

reduced as temperature decreased [40]. Thus, highest solubility of CO2 observed in the water at 259 

lowest temperature that was due to the existence of CO2 hydrate. In contrast, the solubility of CO2 260 

in water reduced as the temperature increased in non-hydrate forming region. This trend was 261 

comparable to the equilibrium mole fraction of CO2 in water as shown in the literature [46] which 262 

explains the non-existence of hydrate at elevated temperature. 263 

3.2 Integrated gasification combined cycle (IGCC) process  264 

Generally, most of the literature has investigated CO2 hydrate formation from fuel gas mixture in 265 

non-IGCC operating conditions whereas experiments performed in this work used the IGCC 266 

conditions. Mostly, the operating conditions of the IGCC are in the range of 283–290 K and 20–267 

70 bar (fuel gas mixture) and are outside the hydrate forming conditions. The minimum pressure 268 

required for CO2 hydrate to form at 283 K is 30 bar (pure CO2) as discovered by Servio and 269 

Englezos, [40]. Nevertheless, the initial investigation on the implementation of promoters directed 270 

our attention to the hydrate formation in non-hydrate forming conditions. Therefore, the focus of 271 

the study was to obtain optimum hydrate formation in the IGCC operating conditions. Hence, 272 

additional experimental parameters were investigated and reported which indicated that hydrate 273 

formation is possible in IGCC conditions. The experimental parameters that were studied include 274 

hydrate formation driving force (∆P) and various non-hydrate forming conditions (temperature 275 

and pressure), especially in the IGCC conditions. 276 

3.3 Effect of driving forces in hydrate forming region 277 

A study was performed to investigate the effect of driving force (∆P) on hydrate formation. Various 278 

operating pressures (36, 30 and 22 bar) in pure CO2 gas were investigated at 275 K by employing 279 

silica contacted with different combined-promoters. T1-5 and T3-2 (0.01 mol% SDS + 0.10 mol% 280 
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TBAB) were preferably studied combined-promoters due to their great CO2 uptake ability 281 

achieved at 275 K and 36 bar. Then, some additional experiments at 30 bar and 22 bar for T1-5 282 

and T3-2 were performed. In each experiment, approximately 0.50 g wet silica was used and the 283 

investigations were performed in HPVA for 1200 minutes. Then, the results were compared with 284 

the baseline experiment at various driving forces.  285 

 286 

The comparison of hydrate formation at various driving forces is illustrated in Fig. 3 and Fig. 4. 287 

Fig. 3 (a) and Fig. 3(b) shows that T3-2 had a highest water conversion to hydrate and CO2 uptake 288 

at 275 K and 30 bar respectively followed by T1-5 and the baseline experiment. However, T1-5 289 

demonstrated the best results at 275 K and 22 bar as shown in Fig. 4(a) and Fig. 4(b) with T3-2 290 

and baseline experiment obtaining almost identical results. Table 2 summarizes the gas uptake 291 

obtained by each sample at various operating pressures. Generally, the gas uptake for all samples 292 

increased as the driving force (∆P) increased from 5 to 19 bar with T1-5 demonstrating the best 293 

result at all driving force except at ∆P = 5 bar. Combined-promoters designated type T1-5 gives 294 

the maximum value of CO2 uptake up to 5.95 ± 0.21 mmol of CO2 per g of H2O as ∆P increased 295 

from 5 to 19 bar at constant temperature (275 K) that is in accord with the results reported in the 296 

literature [47]. Even though the gas uptake of T3-2 was the highest at this driving force which was 297 

almost 0.50 mmol of CO2 per g of H2O higher than T1-5. The total CO2 molecules captured by 298 

T1-5 was the highest (0.17 mmol) which was 0.03 mmol higher than T3-2. This is expected due 299 

to the higher amount of available water molecules attained by T1-5, 1.30 mmol higher than T3-2. 300 

In past, Silva et al. [48] studied the formation of hydrate in pure CO2 by using STR with SDS and 301 

THF as promoters. They inferred that if just SDS was utilized, clathrate hydrate was formed in a 302 

traditional manner yet when THF was combined with SDS in an ideal extent, it was possible to 303 
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observe crystals of THF hydrate which stabilized the framework and acted as a promoter of CO2 304 

hydrate. Moreover, Yang et al. [39] performed a study on phase equilibrium for the THF-CO2-305 

H2O system which showed a drastic decrease in pressure in the presence of 3.00 mol% THF and 306 

SDS (at all concentrations). Also, the highest equilibrium temperature obtained was 291.55 K at 307 

30 bar in the presence of 3.0 mol% THF and 0 mg/L SDS respectively. The experiments on hydrate 308 

formation have indicated that CO2 hydrate forms rapidly at all experimental pressures when the 309 

SDS concentration is 1000 ppm which indicates that SDS enhances the hydrate formation rate. 310 

 311 

In contrast to T1-5, the total CO2 molecules captured by the baseline experiment were lower at all 312 

driving forces even though the amount of water molecules available for hydrate formation was 313 

higher than T1-5 by almost 0.50 mmol. However, the CO2 molecules captured by the baseline 314 

experiment were higher than T3-2 at all driving forces except at ∆P = 13 bar. In addition, at this 315 

medium driving force, T3-2 exhibited the closest result to T1-5. Hence, the results showed that 316 

high operating pressure enhanced the formation of hydrate due to greater driving force (∆P). In 317 

addition, different samples had diverse effects on hydrate formation at different driving forces. In 318 

past, Kobayashi et al. [49] said a batch system is assumed to instantaneously keep itself in 319 

thermodynamic equilibrium and Mori et al. [50] referenced that the change in gas phase 320 

arrangement in batch mode is unavoidably convoyed by a change in the guest molecule 321 

composition in an instantaneously formed hydrate. These can be associated with a decrease in 322 

driving force in batch mode upon hydrate growth wherein in a pure CO2 system, this effect was 323 

only observed when the initial operating pressure was below 30 bar. At high initial operating 324 

pressure (36 bar), a massive ratio of CO2 to water molecules was expected to provide an extra 325 

driving force, which explained the high CO2 uptake, obtained. 326 
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3.3.1 Kinetic additives effect of hydrate formation 327 

Generally, an increase in the driving force increases the gas uptake and kinetic rate of hydrate 328 

formation. Fig. 5 illustrates that the initial rate of clathrate formation of T3-2 at 275 K and 30 bar 329 

was the fastest that was 13% greater than T1-5 and almost 70% faster than the baseline experiment. 330 

However, the initial rate of clathrate formation at 275 K and 22 bar as shown in Fig. 6 was the 331 

fastest for T1-5 with the value of 0.012 mmol of CO2 per g of H2O per min followed by T3-2 332 

(0.005 mmol of CO2 per g of H2O per min) and baseline experiment (0.004 mmol of CO2 per g of 333 

H2O per min). TBAB inhibit the hydrate formation but the combining promoter SDS used in the 334 

formation of T3-2 mitigate the inhibition effect of TBAB on hydrate formation only to some extent. 335 

Therefore, the rate of hydrate formation and CO2 uptake of T3-2 is lower than that of T1-5. In view 336 

of these observations, it was inferred that THF displayed the quickest kinetics when it is joined 337 

with SDS of 0.01 mol%, practically more than half (50%) a solitary promoter alone at a similar 338 

concentration. In this way, it was affirmed that 0.01 mol% of SDS joined with THF gave the most 339 

maximum rate of clathrate formation and also CO2 uptake due to reinforcing combined effect of 340 

promoters. Hence, T1-5 was proved to be the best option for hydrate formation at low driving 341 

force. These findings are in concurrence with the consequences of Kang et al. [51] who 342 

investigated the formation of hydrate in bulk water (cluster of water molecules) at different 343 

pressure and found that CO2 uptakes increase as the operating pressure increased. In contrast, 344 

Zheng et al. [29] studied CO2 semi clathrate formation under various concentration of promoters 345 

in HBGS at a driving temperature and reported that the CO2 uptakes increase as the operating 346 

temperature sets up to 4.1 K. Thus, as ∆P increases or as ∆T decreases, the driving force also 347 

increases that indicates the successful formation of CO2 hydrate. 348 
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3.4 Enhanced hydrate formation in non-hydrate forming region 349 

The use of promoters could enhance hydrate formation as the baseline experiment did not show 350 

any hydrate formation at 288 K and 36 bar. Each promoter was extensively investigated by 351 

previous researchers where SDS [41] can avoid the development of obstructing hydrate film whilst 352 

TBAB [35] and THF [43] can form semi-clathrate and sII hydrates respectively. Both types of 353 

hydrate are said to entrap more CO2 molecules in the small cage of sII hydrate and semi-clathrate 354 

hydrate cavities correspondingly [52]. Moreover, several researchers [53, 54] have investigated 355 

the effect of combining SDS and THF on CO2 hydrate formation and they discovered that the 356 

synergic effect improves hydrate formation.  357 

 358 

However, the synergic effect of combining SDS and TBAB has not yet been reported in the 359 

literature. Herein, the hydrate formation is investigated in non-hydrate forming region at 36 bar 360 

and various operating temperatures by employing pure CO2 gas and novel combined-promoters. 361 

Yang et al. [39] plotted the phase equilibrium of hydrate formation in pure CO2 gas system and 362 

showed that at 36 bar, the equilibrium temperature was 280 K. In this study, the operating 363 

temperature of 288 K led to the driving force of ∆T = 8 K and for 293 K, ∆T = 13 K. Unlike ∆P, 364 

the highest value of ∆T was equivalent to the lowest driving force available for the system because 365 

the operating conditions could be shifted to the right-hand side of phase equilibrium, also known 366 

as the non-hydrate forming region. This study was then used as a basis for the investigation of 367 

hydrate formation at IGCC plant operating conditions. 368 

3.4.1 Combined promoters effect at various driving forces  369 

Further investigation was performed by employing three combined-promoters (T1-5, T3-2 and 370 

T1A-2) at the 288 K and 36 bar operating conditions. Then, T1-5 and T3-2 were employed for the 371 
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investigation at 293 K and 36 bar. All experiments were conducted for 1200 minutes and 0.5 g of 372 

silica contacted with combined-promoter was used for each experiment. Fig. 7 (a) illustrates the 373 

conversion of water to hydrate at 288 K and 36 bar wherein T3-2 was found to show the best result 374 

with around 10 mol% conversion. This was followed by T1-5 and THF with both having a 375 

conversion around 9 mol%, followed by T1A-2 and SDS with around 6 mol% for both 376 

conversions. The water conversion to hydrate and gas uptake results for SDS and THF reported 377 

here are in accordance with the results reported in the literature [47]. Fig. 7 (b) and Table 3 show 378 

that the highest gas uptake was observed for T1-5 with the value of 1.25 mmol of CO2 per g of 379 

H2O followed by THF (1.15 mmol of CO2 per g of H2O), T3-2 (1.00 mmol of CO2 per g of H2O), 380 

T1A-2 (0.68 mmol of CO2 per g of H2O) and SDS (0.66 mmol of CO2 per g of H2O).  381 

 382 

The results showed that by adding THF, TBAB and EGME to SDS, water conversion to the 383 

clathrate formation and the maximum gas uptake was increased accordingly. Significant 384 

improvement was observed when 5.60 mol% THF was added to 0.01 mol% SDS with almost 385 

double gas uptake obtained as compared to SDS (0.01 mol%) alone. In addition, during the study 386 

of hydrate phase equilibria of mixed hydrates having CO2 and N2, the gas uptake for 3 mol% THF 387 

alone was almost comparable to T1-5 which showed that THF was a very good promoter for 388 

hydrate formation at high temperature [55]. The same trend was observed for T3-2 in which 0.10 389 

mol% TBAB was added to 0.01 mol% SDS. However, 0.1 mol% EGME only showed a minimal 390 

effect on hydrate formation when it was added to 0.01 mol% SDS. Based on the results obtained 391 

at these operating conditions, T1-5 and T3-2 were further investigated at 293 K and 36 bar. Fig. 8 392 

(a) also demonstrates that T3-2 had the best water conversion to water entrapped clathrate with a 393 

conversion of around 6 mol% at temperature of 293 K and pressure of 36 bar. This was followed 394 
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by T1-5 being almost 50% lower than T3-2. Though, the maximum gas uptake for T1-5 was 0.03 395 

CO2 (mmol)/ H2O (g) CO2 per g of H2O higher than T3-2 as presented in Fig. 8 (b) and Table 3. 396 

However, the maximum gas uptake for samples T1-5 and T3-2 reported in Fig. 8 (b) shows 397 

consistency within the estimated uncertainties of reported results.  398 

 399 

The same trend was observed at both operating temperatures due to high equilibrium moisture 400 

content in T1-5 which was 50% higher than T3-2. Thus, T3-2 demonstrated the highest water 401 

conversion to hydrate as compared to T1-5 due to lower water presence inside silica gel pores. As 402 

a result, fewer CO2 molecules were consumed in hydrate formation at 288 K for T3-2, which was 403 

0.02 mmol less than T1-5. Moreover, slightly high error bars for T3-2 observed at these operating 404 

conditions, were due to regeneration experiment performed by reusing the same sample. However, 405 

other regeneration experiments demonstrated quite high regeneration values as shown in Table 3. 406 

Finally, the CO2 molecules captured at 293 K were comparable for both samples which showed 407 

that THF and TBAB demonstrated the same effect at this operating temperature. 408 

3.4.2 Kinetic additives effect of hydrate formation 409 

Fig. 9 illustrates the rate of clathrate formation at 288 K and 36 bar where the addition of 5.60 410 

mol% THF to form T1-5 significantly increased the initial kinetics of silica contacted with single 411 

SDS (0.01 mol%) from 0.005 to 0.015 mmol of CO2 per g of H2O per min. Moreover, the addition 412 

of 0.10 mol% TBAB and 0.10 mol% EGME in 0.01 mol% SDS also doubled the initial rate of 413 

hydrate formation for single SDS as illustrated by T3-2 and T1A-2 respectively. These indicated 414 

that the combination of other promoters with SDS enhanced the kinetics of hydrate formation 415 

known as a synergic effect. The synergic effect of T1-5 was obtained from SDS which avoided 416 

the development of obstructing hydrate film whilst THF formed sII hydrate which attracted more 417 
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CO2 molecules for occupancy in small cages. The role of TBAB in T3-2 combined-promoter 418 

provided more cavities for the occupancy of CO2 molecules by forming semi-clathrate hydrate. 419 

Moreover, the ability of TBAB to readily form semi-clathrate hydrate in hydrate forming 420 

conditions caused TBA+ to occupy large cage leaving the small cages empty/partially empty which 421 

reduced the formation of CO2 hydrate to 0.29 mol% of TBAB. Another EGME promoter was 422 

considered as an alternative to THF due to the ability of EGME molecules to act as structure maker 423 

solutes when dissolved in water. However, the gas uptake of EGME containing T1A-2 sample was 424 

just 9% lower than T1-5 and the total CO2 molecules consumed was only 0.05 mmol lower. 425 

Therefore the initial kinetics of the sample that employed THF alone were faster than T3-2 and 426 

T1A-2 and slightly slower than T1-5 which showed that THF was the best promoter to be 427 

combined with SDS for enhancing clathrate formation. Even though the hydrate phase equilibrium 428 

mitigated the hydrate forming region with the presence of combined-promoters, it significantly 429 

affects CO2 uptake and hydrate formation if temperature and pressure conditions changed below 430 

or above to their respective optimum range. The hydrate phase equilibria promoting the lower 431 

pressure and high temperature regions when the thermodynamic promoters were introduced. The 432 

effect of promoters in mitigating hydrate phase equilibria to the hydrate forming region was 433 

explained earlier in which THF and TBAB are known as thermodynamic promoters due to their 434 

ability to form sII and semi-clathrate hydrates respectively that attracted more CO2 molecules to 435 

get involved in hydrate formation. Thus, this was the reason CO2 uptake was almost 2 mmol of 436 

CO2 per g of H2O when T1-5 and T3-2 combined-promoters were employed in FBR. Therefore, 437 

at 293 K temperature and pressure condition of 36 bar, T1-5 and T3-2 demonstrated almost 438 

comparable rates of hydrate formation as illustrated in Fig. 10. This indicated that at high 439 

temperature, TBAB was the best alternative to THF to be employed together with SDS. 440 
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3.5 Thermodynamically shifted hydrate phase equilibrium in IGCC 441 
conditions 442 

One of the most important findings in this work was the ability of combined-promoters to shift the 443 

hydrate phase equilibrium to a higher operating temperature. Fig. 11 demonstrates the hydrate 444 

phase equilibrium for pure CO2. As the use of solid adsorbent for hydrate formation will lead to 445 

the use of a fluidized bed reactor (FBR). Previously, some works on the application of FBR by 446 

using pure CO2 gas were performed by Yang et al. [39, 52], Mekala et al. [56] and Kumar et al. 447 

[37]. Kumar et al. [37] and Mekala et al. [56] investigated FBR (also known as HPVA) in which 448 

0.25 mm silica gel and 0.46 mm silica sand (particle sizes) were employed respectively with no 449 

improvement in hydrate phase equilibrium compared to bulk water [57] as shown in Fig. 11.  450 

 451 

However, Yang et al. [39, 52] managed to prove that the application of combined-promoters at 452 

optimum concentrations with 3 mol% of THF + 0.01 mol% SDS and equivalent concentration of 453 

THF + TBAB  inside glass bead pores shifted the phase equilibrium to a higher temperature region 454 

(290 and 291 K respectively). In addition, Yang et al. [52] also discovered that both THF and 455 

TBAB showed the same role in thermodynamically shifting the phase equilibrium to a higher 456 

temperature region. At the same concentration of TBAB (5 mol%), the temperature increased from 457 

286 to 291 K at operating pressure of 35 bar as the concentration of THF increased from 0–5 458 

mol%. Also, at the same concentration of THF (5 mol%) and 35 bar, the temperature was observed 459 

to increase from 289 to 291 K as the concentration of TBAB increased from 0–5 mol%.  460 

 461 

Moreover, Joshi et al. [58] reported that the addition of SDS did not mitigate the phase equilibrium 462 

of CO2 -TBAB-H2O system while Yang et al. [52] mentioned that SDS is known as a kinetic 463 

additive which can change the kinetic properties and has no influence on the hydrate phase 464 
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equilibrium [59]. Thus, the presence of thermodynamic promoters i.e. THF and TBAB in 465 

combined type promoters T1-5 and T3-2 respectively inside silica gel in this work (Table 1) 466 

promoted the phase equilibrium to 293 K and not the existence of 0.01 mol% SDS. Furthermore, 467 

the R square value of this study, interpreting from the fitness of data set, shows more goodness of 468 

fit with the value of 0.96 in comparison to the studies reported in the literature (Fig. 11).  469 

4 Additives effect for CO2 hydrate formation  470 

In past, massive efforts have been done to enhance the driving forces and gas uptake of CO2 471 

hydrate formation by adding different thermodynamic and kinetic additives such as THF, SDS, 472 

tetra-butyl ammonium salts and Cyclopentane so that it can readily be applied for pre-combustion 473 

capture. THF and SDS can be effectively used to mitigate hydrate formation conditions, promote 474 

hydrate growth rate and improve separation efficiency. Ricaurte et al. [54] studied the effect of 475 

several additives on CO2 hydrate formation in which SDS was paired with one of the 476 

thermodynamic promoters (THF, 1,3-dioxolane, 2-methyl-THF and CP) and THF was paired with 477 

one of the kinetic promoters (SDS, SDBS and DATCI). The results highlight that the combination 478 

of SDS and THF was the best for the formation of CO2 hydrate from natural gas. However, Torre 479 

et al. [53] mentioned that the combination of THF and SDS compared to the single promoter was 480 

very advantageous in accelerating hydrate. Herslund et al. [60] presented new equilibrium data for 481 

the quaternary system H2O-THF-CP-CO2 which lowers equilibrium pressure of the system by 25-482 

30% due to the formation of CP and THF hydrates simultaneously. Li et al. [61] discovered that 483 

the addition of CP into a TBAB solution remarkably enhanced the CO2 separation and speed up 484 

the hydrate nucleation rate. While Yang et al. [52] performed a hydrate phase equilibrium 485 

investigation on various combinations of THF and TBAB concentrations in pure CO2 gas system 486 

and found that the THF-TBAB system greatly shifted the hydrate phase equilibrium to the higher 487 
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temperature region around 291 K at an operating pressure of 42 bar. In spite of great advancement 488 

in the study of additives, the investigations are limited to the application inside stirred tank reactor. 489 

Therefore, some works must have been done to investigate the synergic effect of additives so that 490 

the system can readily be applied in IGCC conditions and this study successfully finds a solution 491 

and a way forward to utilize novel T1A-2 and T3-2 promoters in IGCC condition.  492 

 493 

5 Conclusions 494 

Three novel combined promoters namely T1-5, T3-2 and T1A-2 were investigated. The effect of 495 

these combined promoters and various driving forces on the formation of CO2 hydrates were 496 

successfully investigated in IGCC conditions. Overall, the gas uptake for all samples in hydrate 497 

forming conditions increased as the driving force (∆P) of the pure CO2 system increased. 498 

Combined-promoters designated type T1-5 demonstrated the best result with the value of CO2 499 

uptake increasing from 0.86 ± 0.09 to 5.95 ± 0.21 mmol of CO2 per g of H2O as ∆P increased 500 

from 5 to 19 bar at constant temperature (275 K). In contrast, the gas uptake was reduced from 501 

5.95 ± 0.21 to 0.45 ± 0.07 mmol of CO2 per g of H2O as ∆T increased from -5 to 13 K at constant 502 

pressure (36 bar). In general, the amount of available water inside silica gel pores determined total 503 

number of CO2 molecules captured through hydrate formation. Combined-promoters designated 504 

type T3-2 captured the fewest CO2 molecules at all driving forces due to the lowest amount of 505 

available moisture content. However, T3-2 achieved an optimum result at CO2 partial pressure of 506 

30 bar (identical to the IGCC operating pressure of 70 bar) where the total number of CO2 507 

molecules captured were 0.01 mmol higher than the baseline experiment (0.13 mmol) due to 508 

synergic effect. Thus, the study on non-hydrate forming region by employing pure CO2 gas led to 509 

the selection of 283 K and 36 bar as the operating conditions in IGCC by employing pure CO2 510 
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wherein combined-promoters designated types T3-2 were chosen as an adsorbent to enhance CO2 511 

capture by HBGS technique. Conclusively these results recommend that several improvements 512 

can be considered to improve hydrate formation in the IGCC conditions by considering different 513 

factors that were discussed in this work. In future, the study on the selectivity of CO2 gas molecules 514 

towards hydrate formation in fuel gas mixture by gas chromatography (GC) analysis and the 515 

improvement of reactor configuration by employing macroporous or mesoporous silicas (silica 516 

sand or gel) with combined-promoters are suggested.  517 

  518 
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List of Tables 
 

Table 1. The amount of promoters used to prepare each combined-promoter (brief description of each code 
T1-5, T3-2 and T1A-2). 

No. Type of 
combined-
promoter 

Concentration and mass of promoter Mass of       
water 

(g) 
THF SDS TBAB EGME 

mol% g mol% g mol% g mol% g 

1 T1-5 5.60 9.11 0.01 0.07 - - - - 38.39 

2 T3-2 - - 0.01 0.08 0.10 0.84 - - 46.66 

3 T1A-2 - - 0.01 0.08 - - 0.10 0.23 47.26 
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Table 2. Comparison of gas uptake for T1-5, T3-2 and baseline experiment at 275 K and 36, 30 and 22 bar in 1200 minutes.  

Operating 

conditions 

Sample Exp. 

No. 

No. of 

moles of 

water 

(mmol) 

CO2 

formed in 

hydrate 

(mmol) 

Mean CO2 

formed in 

hydrate 

(mmol) 

CO2 uptake 

(mmol of 

CO2/g of 

H2O) 

Mean CO2 

uptake (mmol of 

CO2/g of H2O) 

(90% CI) 

SD 

275 K and 36 

bar 

T1-5 1 3.70 0.39 0.40 5.82 5.95 ± 0.21 0.18 

2 3.70 0.41 6.08 

T3-2 1 2.40 0.23 0.24 5.36 5.57 ± 0.34 0.29 

2 2.40 0.25 5.77 

SiG-

H2O 

1 4.10 0.29 0.31 3.93 4.04 ± 0.17 0.15 

2 4.30 0.32 4.14 

275 K and 30 

bar 

T1-5 1 3.70 0.15 0.17 2.62 2.81 ± 0.30 0.26 

2 3.70 0.18 2.99 

T3-2 1 2.40 0.13 0.14 3.09 3.28 ± 0.31 0.27 

2 2.40 0.15 3.47 

SiG-

H2O 

1 4.20 0.14 0.13 1.82 1.71 ± 0.19 0.16 

2 4.10 0.12 1.60 

275 K and 22 

bar 

T1-5 1 3.70 0.05 0.05 0.91 0.86 ± 0.09 0.08 

2 3.70 0.04 0.80 

T3-2 1 2.40 0.01 0.01 0.35 0.30 ± 0.09 0.08 

2 2.40 0.01 0.24 

SiG-

H2O 

1 4.10 0.02 0.03 0.28 0.32 ± 0.06 0.05 

2 4.20 0.03 0.35 
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Table 3. The comparison of gas uptake at 36 bar and operating temperatures of 288 K and 293 K in 1200 minutes. 

Operating 
conditions 

Sample Exp. 
No. 

No. of 
moles of 

water 
(mmol) 

CO2 
formed in 
hydrate 
(mmol) 

Mean CO2 
formed in 

hydrate (mmol) 

Water 
conversion 
to hydrate 
(mol%) 

Mean water 
conversion 
to hydrate 
(mol%) 

CO2 uptake 
(mmol of 
CO2/g of 

H2O) 

Mean CO2 
uptake 

(mmol of 
CO2/g of 

H2O) 
(90% CI) 

SD 

288 K and 

36 bar 

T1-5 1 3.70 0.07 0.07   1.26 1.25 ± 0.01 0.01 

2 r 3.70 0.07   1.24 

T3-2 1 2.40 0.05 0.05   1.12 1.00 ± 0.20 0.17 

2r 2.40 0.04   0.88 

T1A-2 1 3.50 0.05 0.05   0.76 0.68 ± 0.13 0.11 

2 r 3.50 0.04   0.60 

SiG-

THF 

1 3.50 0.06 0.07   1.17 1.15 ± 0.03 0.03 

2 3.50 0.07   1.13 

SiG-

SDS 

1 3.70 0.04 0.04   0.62 0.66 ± 0.06 0.05 

2 3.60 0.04   0.69 

293 K and 

36 bar 

T1-5 1 3.70 0.02 0.02   0.41 0.45 ± 0.07 0.06 

2 r 3.70 0.02   0.49 

T3-2 1 2.40 0.02 0.03   0.41  0.42 ± 0.01 0.01 

2 2.30 0.03   0.42 

r regeneration experiment  
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List of Figures 

 

 

 

 

Fig. 1. Schematic representation of HPVA for hydrate formation. 
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Fig. 2. P-t curves show 2-stage pressure drop in 1200 min for standard silica gel sample. 
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Fig. 3. Comparison of experiments at 275 K and 30 bar in 1200 min; (a) Water conversion to 
hydrate, (b) Gas uptake for T1-5, T3-2 and baseline. 
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Fig. 4. Comparison of experiments at 275 K and 22 bar in 1200 min; (a) Water conversion to 
hydrate, (b) Gas uptake for T1-5, T3-2 and baseline.   



35 
 

 
 

 

 

 

 
Fig. 5. Rate of hydrate formation at 275 K and 30 bar for 1200 minutes and inset for the first 150 
minutes (T1-5, T3-2 and baseline experiment). 
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Fig. 6. Rate of hydrate formation at 275 K and 22 bar for 1200 minutes and inset for the first 150 
minutes (T1-5, T3-2 and baseline experiment). 
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Fig. 7. The comparison of experiments at 288 K and 36 bar in 1200 min; (a) Water conversion to 
hydrate, (b) Gas uptake for T1-5, T3-2, T1-A and baseline.   
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Fig. 8. The comparison of experiments at 293 K and 36 bar in 1200 min; (a) Water conversion to 
hydrate, (b) Gas uptake for T1-5 and T3-2. 
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Fig. 9. Rate of hydrate formation at 288 K and 36 bar for 1200 minutes and inset for the first 150 
minutes (T1-5, T3-2, T1A-2 and baseline experiments). 
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Fig. 10. Rate of hydrate formation at 293 K and 36 bar for 1200 minutes and inset for the first 500 
minutes (T1-5 and T3-2). 
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Fig. 11. Comparison of hydrate phase equilibrium of pure CO2 gas of this study with Yang et al. 

[52], Yang et al. [39], Kumar et al. [37], Mekala et al. [56] and Carrol work [57]. 


