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Abstract 

Hydrate-based carbon capture is a promising method for carbon dioxide (CO2) capture but consumes a large 
amount of energy in cooling. This paper investigates the feasibility of CO2 capture from CO2–N2 mixtures driven 
by solar thermal sorption chillers with the addition of thermodynamic promoter tetra-n-butylammonium bromide 
(TBAB) and kinetic promoter sodium dodecyl sulphate (SDS). In the gas mixtures of CO2–N2, CO2 molar fraction 
varied from 32.3 to 76.0 mol%, which covered a wide range of flue gas compositions. CO2 gas uptake, CO2 split 
fraction and separation factor at temperatures up to 285.45 K and 4.5-MPa feed pressure are studied. The 
temperature ranges are designed based on the chilled water temperature of an adsorption chiller in Shanghai. The 
effects of CO2 fraction in the feed gas and TBAB concentrations on the CO2 recovery performance are discussed. 
In addition, the binary effect of TBAB and SDS is disclosed. The results show that the chilled water temperature 
from solar thermal driven chillers is sufficiently low to trigger CO2 hydrate formation thermodynamically, and 
the kinetic performance can be improved by SDS. The combination of TBAB and SDS has the best separation 
performance under study.  

Keywords: Carbon capture, CO2 hydrate, Tetra-n-butylammonium bromide, Sodium dodecyl sulphate, Separation 
factor.  

 

1. Introduction 
Carbon capture and storage (CCS) technologies have been recognized as one of the most effective ways to reduce 
CO2 emission and mitigate the greenhouse effect (Sun and Zhang, 2016; Zhang et al., 2018). The conventional 
CO2 capture technologies include chemical absorption, physical adsorption and membrane separation (Park et al., 
2017). Although these technologies have been commercially available for over 50 years, it is shown that such 
technologies increase the power plant energy requirement by 25–40% (Haszeldine, 2009; Mondal et al., 2012), 
and may generate a corresponding negative impact on the environment due to the solvent emission (Chazallon 
and Pirim, 2018). Currently, hydrate-based carbon capture (HBCC) are getting more significant attention as a 
potential CO2 capture and storage technology (Wang et al., 2020b; Zhang et al., 2021). Gas hydrates are ice-like 
solid compounds formed when “guest” molecules of suitable size and shape are incorporated into the well-defined 
cages in the “host” lattice made up of hydrogen-bonded water molecules (Park et al., 2013). Because each 
individual gas has different hydrate formation conditions, for example, CO2 forms hydrate in 1.2 MPa at 273 K 
and N2 forms hydrate in 15.9 MPa at 273 K and H2 hydrate in 200 MPa at 273 K, HBCC technology can separate 
CO2 from mixture gases by controlling the pressure of hydrate formation. 

However, the application of this new technology is limited. A key reason is the large energy consumption when 
cooling the materials for gas hydrate formation. Due to the high latent heat of CO2 hydrates, the cooling capacity 
required in the formation is up to 507 kJ/kg (Wang et al., 2020a). A good replacement for the conventional electric 
cooling system is the solar thermal cooling method. The schematic of the configuration of a solar thermal sorption 
chiller driven hydrate-based carbon capture system is illustrated in Fig. 1. As reported in a previous publication 
(Zhai et al., 2014), under the weather conditions of Shanghai, the temperature of the chilled water from a 10-kW 
solar adsorption chiller was in a range from 283 to 288 K at 12:30–15:30 of the day, with an average of 285.3 K. 
According to CO2 hydrate phase equilibrium data, this temperature cannot trigger hydrate formation at below 4.5 
MPa. However, higher pressure in cooling systems may result in safety issues and high cost. In order to enable 
CO2 hydrate formation at reasonable low pressure at temperatures suitable to solar adsorption cooling, 
thermodynamic promoters can be employed. A large body of literature has discussed the addition of 
thermodynamic and kinetic promoters to accelerate the rate of hydrate formation (Chen et al., 2017; Kumar et al., 
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2013). Thermodynamic promoters are small molecules that take part in the hydrate cages formation together with 
gas molecules. The most investigated thermodynamic promoters include tetrahydrofuran (THF), cyclopentane 
(CP), propane (C3H8) and tetra-n-butyl ammonium bromide (TBAB), among which THF, CP and C3H8 form 
hydrate crystals without changing the structure of the water cavity (Dashti et al., 2015), while TBAB takes part in 
the process through the formation of a semi-clathrate structure by breaking the water cage (Eslamimanesh et al., 
2012; Wang and Dennis, 2016). With the addition of thermodynamic promoters, the phase equilibrium 
temperature of hydrate formation can be raised under a certain pressure (Ma et al., 2016). Kinetic promoters 
increase the rate of gas hydrate formation without taking part in the gas hydrate formation itself. Commonly used 
surfactants, as kinetic promoters in gas hydrate forming systems, include sodium dodecyl sulphate (SDS), Tween-
80 (T-80) and dodecyl-trimethyl-ammonium chloride (DTAC) (Li et al., 2010). In recent years, the effects of CO2 
capture from mixture gases in the presence of promoters have been widely studied; however, few of them focused 
on the binary effect of two types of promoters, and most of them only investigated gas mixtures with CO2 molar 
fraction of 17–20% (Adeyemo et al., 2010; Yang et al., 2017).  

 
Fig. 1: Schematic of a solar thermal sorption chiller driven hydrate-based carbon capture system 

In this work, low-CO2 fraction, medium-CO2 fraction and high-CO2 fraction CO2–N2 gas mixtures are studied. 
TBAB and SDS are chosen as the thermodynamic and kinetic promoters, respectively. The effects of feed CO2 
molar fraction, TBAB concentration, and the combined effect of TBAB and SDS are studied. CO2 uptake, pressure 
drop, split fraction and separation factor are used as performance metrics to evaluate the performance and 
feasibility of CO2 capture based on hydrate formation chilled by solar absorption chillers. 

2. Experimental section 

2.1 Apparatus and materials 
The apparatus mainly consisted of a 635-mL steel cylindrical reactor (CR, maximum pressure 30 MPa) with a 
mechanical stirrer on the top cover, a low-temperature thermostatic bath, a water tank, a vacuum pump, as well 
as a data acquisition system, shown in Fig. 2. The gas analyzer used in this study was QMS 100 Series Gas 
Analyser from Stanford Research Systems to measure the gas components. The pressure and temperature change 
inside the reactor were recorded by a pressure transmitter and a digital temperature sensor with the accuracy of 
±0.01 MPa and ±0.1oC, respectively.  

The gases were supplied by BOC Limited, Australia. The dry molar (%) gas fraction of the binary gases was 
determined by gas analyzer as follows: CO2 (76.0%)–N2 (24.0%), CO2 (54.1%)–N2 (45.9%), CO2 (32.3%)–N2 
(67.7%), corresponding to the high-fraction, medium-fraction and low-fraction CO2 gas mixtures. TBAB and SDS 
were supplied by Sigma-Aldrich with 99% purity. Deionized water was used to prepare the TBAB and SDS 
solution. More details of apparatus and materials are shown in Tab. 1. 
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Fig: 2. Experimental apparatus for gas uptake measurements. 

2.2 Experimental procedures 
The CO2 capture experiments were conducted under the condition of constant temperature and volume. The CR 
was first washed and rinsed with deionized water for at least three times. The amount of TBAB or SDS solution 
used in each experiment was 100 mL. After the solution was charged into the CR, the reactor was sealed tightly 
and evacuated by a vacuum pump to ensure no air in CR. Then the reactor was cooled by the thermostatic bath. 
When the CR was cooled and remained stabled at the desired temperature, the CR was pressured by CO2–N2 
mixture gases to 4.5 MPa in this study. At this point, the data acquisition system started to record the pressure and 
temperature of CR every 10 seconds. As soon as the formed hydrate crystals were observed through the visual 
windows, the remaining gas composition in the CR was detected by the gas analyzer every 30 minutes. The effect 
of gas loss on the system by using the gas analyzer, normally 0.3–0.5 mL, was ignored. The QMS series gas 
analyzer had a fast response time of less than 0.5 seconds. Each experiment was run for 4 hours after crystal 
formation to compare the amount of CO2 captured. The constant temperature is maintained at the desired value 
shown in Tab. 2 to emulate different chilled water temperatures from a solar thermal driven chiller. These 
temperature sets can also prevent the formation of TBAB hydrate in the absence of gas, based on the concentration 
of TBAB solutions (Oyama et al., 2005). 

Tab. 1: Apparatus and materials properties 

Apparatus/materials Model Technical index Supplier 

Cylindrical reactor 316L 
steel 

635 mL, 30 MPa Hai’an Scientific Research Apparatus Co., 
Ltd, China 

Speed motor MY-
358 

200 W Hai’an Scientific Research Apparatus Co., 
Ltd, China 

Thermostatic bath HX-
1030 

From –10 to 99.99℃, 30 L, 
16 L/min 

TOPTION Group Co., Ltd, China 

Vacuum pump 2XZ-2 –0.1 MPa Hai’an Scientific Research Apparatus Co., 
Ltd, China 

Pressure transmitter PS2-8 40 MPa ± 0.01 MPa Hongrun Research Co., Ltd, China 
Temperature sensor KS390 From –20 to 100℃, ±0.1℃ Yudian Electronic Co., Ltd, China 

CO2 – Purity 99.99% BOC Limited, Australia 
N2 – Purity 99.99% BOC Limited, Australia 

TBAB – Purity 99% Sigma-Aldrich, Australia 
SDS – Purity 99% Sigma-Aldrich, Australia 

2.3 Performance metrics  
The performance of studied recipes was quantified and evaluated based on different parameters. The pressure 
drop and CO2 uptake were calculated for each experiment. According to Linga et al. (Linga et al., 2007), two 
metrics, split fraction (S.Fr.) and separation factor (S.F.) were calculated by the following equations. 
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where gas
Xn  is the number of moles of X in the gas phase at the end of the experiment, and H

Xn  is the number of 
moles of X in the hydrate phase. 

Tab. 2: Summary of experiments conditions 

Exp. No. Gas composition Solutions Pexp (MPa) Texp (K) 

1 CO2 (76.0)/N2 (24.0) TBAB 16 wt%, 100 mL 4.50 283.15 
2 CO2 (76.0)/N2 (24.0) TBAB 32 wt%, 100 mL 4.50 285.15 
3 CO2 (54.1%)/N2 (45.9%) TBAB 32 wt%, 100 mL 4.50 285.15 
4 CO2 (32.3%)/N2 (67.7%) TBAB 32 wt%, 100 mL 4.50 285.15 
5 CO2 (76.0)/N2 (24.0) TBAB 40 wt%, 100 mL 4.50 286.65 
6 CO2 (76.0)/N2 (24.0) SDS 1000 ppm, 100 mL 4.50 276.35 
7 CO2 (76.0)/N2 (24.0) TBAB 32 wt%+ SDS 1000 ppm, 100 mL 4.50 285.15 

3. Results and discussion 

3.1 Effect of TBAB concentration on pressure drop 
Fig. 3 shows a comparison of pressure drop during the experiments in three different TBAB concentrations under 
the same feed CO2 molar fraction of 76.0%. The experimental temperatures were maintained at 10, 12 and 13.5oC 
to emulate various chilled water temperatures from a solar thermal driven chiller.  

 
Fig. 3: Effects of TBAB concentration on pressure drop at the same feed CO2 gas molar fraction of 76.0%. 

Compared with 16-wt% and 40-wt% TBAB, 32-wt% TBAB had the highest gas uptake in this study, indicated 
by the largest pressure drop. Based on the phase equilibrium conditions (Ye and Zhang, 2012), 32-wt% TBAB 
had higher equilibrium temperature than 16-wt% TBAB and 40-wt% TBAB. TBAB takes part in the process 
through the formation of a semi-clathrate structure by breaking the water cage. For a polar ionic promoter such as 
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TBAB, it can easily result in low gas uptake due to the high mass transfer resistance caused by dense hydrate layer 
(Li et al., 2010). So if the concentration of TBAB is too high, it will be difficult for gas molecules to enter the 
hydrate cages. 

3.2 Effect of TBAB and SDS on the kinetic performance 
SDS is a kind of surfactant used as a kinetic promoter in hydrate formation. Kinetic promoters can speed up the 
rate of hydrate formation without taking part in the hydrate formation itself. To study the combined effect of 
TBAB and SDS, 32 wt% TBAB with 1000 ppm SDS solution were used in Exp. 7. Meanwhile, 1000 ppm SDS 
solution in the absence of TBAB were used as a reference. All the lines show in Fig. 4 and Fig. 5 were under the 
same initial CO2 molar fraction of 76.0%. It can be found from Fig. 4 and Fig. 5 that with the addition of SDS, 
CO2 uptake rate was greatly improved. Figs. 4 and 5 also show that within 4 hours, both the CO2 uptake amount 
and uptake rate were the largest in SDS solution among all the experiments. This is because that SDS can enhance 
the mass transfer between gas phase and water phase, so that the kinetics of reaction was greatly improved in the 
beginning, which however kept dropping as formed hydrate blocked further gas–water mass transfer. Without 
SDS, TBAB in hydrate formation showed an increase at first, followed by a drop. The peaks happened after 60 
min for TBAB 16 wt% and 40 wt%; and for 32 wt% it was 150 min. The average formation rates in other runs 
were obviously smaller than that in Exp. 6 due to the lowest experimental temperature adopted (lower by 8.75℃ 
in average). Overall, without SDS, the formation kinetics in the presence of TBAB had a stochastic nature, 
although TBAB effects in formation thermodynamics are predictable. Moreover, the increase of TBAB did not 
increase the amount of CO2 captured necessarily.  

Fig. 4: CO2 uptake during the experiments. 

Fig. 5: CO2 uptake rate during the experiments. 

Fig. 6 shows the moles of CO2 and N2 in each experiment in the beginning and at the end of experiments. The gas 
uptake in solution with SDS at 1000 ppm was the highest among all the experiments, and Exp. 4 (32.3% CO2 and 
32-wt% TBAB) had the lowest gas uptake due to the lowest CO2 proportion in the feed gas. Besides, although 
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pure N2 can hardly form hydrate in such pressure, N2 in gas mixture can form a small amount of N2 hydrate which 
was, however, non-negligible. This is obvious in Exp. 4 in which the fraction of N2 is higher than that of CO2. In 
Exp. 4, the final CO2 uptake was 0.041 moles and the final N2 uptake was 0.038 moles. The solubility of CO2 in 
water is much higher than N2, resulting in more formed CO2 hydrate in theory. However, the kinetic diameter of 
CO2 and N2 molecules are 0.33 nm and 0.36 nm, respectively (Cui et al., 2004), so the potential of being trapped 
in cages is similar. Thus, at high N2 fractions, CO2 hydrate cages tend to provide favorable conditions for N2 
uptake.  

Fig. 7 summarised the split fraction and separation factor for each experiment. Comparing Exp. 2 and Exp. 7, it 
can be concluded that the combination of TBAB and SDS greatly improved the separation factor by 147.3%. The 
presence of SDS was helpful for the separation of CO2 and N2 in the solutions of TBAB. Comparing Exp. 6 and 
Exp. 7, the presence of TBAB, although moderated the phase equilibrium conditions and increased the separation 
factor, reduced the split fraction of CO2 at the same time. Comparing Exp. 1, Exp. 2 and Exp. 5, the increment in 
TBAB concentration reduced CO2 separation factor, and TBAB at 32 wt% achieved the highest CO2 split fraction 
as it is the stoichiometric fraction of the hydrate. Comparing Exp. 2, Exp. 3 and Exp. 4, a drop in CO2 mole 
fraction led to a lower CO2 split fraction. 

 
Fig. 6: Moles of CO2 and N2 in the beginning and at the end of experiments. 

 
Fig. 7: Split fraction and separation factor for each experiment. 

4. Summary and conclusions 
In this study, CO2 capture performance through the hydrate method from CO2–N2 mixtures in the presence of 
tetra-n-butylammonium bromide (TBAB) and sodium dodecyl sulphate (SDS) were studied to evaluate the 
feasibility of solar thermal driven hydrate-based carbon capture. The CO2 gas hydrate formation experiments were 
carried out in a cylindrical reactor with a certain amount of solution at a constant temperature. It was found that 
under the same initial pressure and TBAB concentration, the higher the CO2 molar fraction in the feed gas mixture 
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the greater the split fraction. At a certain gaseous CO2 molar fraction, 32-wt% TBAB resulted in the highest CO2 
uptake compared with 16-wt% and 40-wt% TBAB. The addition of 1000-ppm SDS sped up the hydrate formation. 
The combination of TBAB and SDS showed the highest separation factor among all the studied experiments. 
Overall, the temperature of chilled water from solar thermal driven chillers can be sufficiently low to trigger CO2 
hydrate formation thermodynamically, and the kinetic performance can be improved by SDS. Future studies is 
suggested to look at the performance of such systems at fluctuating chilled water temperature as most solar thermal 
driven chillers are periodic. 
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