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Abstract 

Global climate change and global warming due to elevated CO2 atmospheric concentrations 

have become a major global concern. For this reason, the separation and capture of CO2 from 

industrial effluence is an important research focus. The CO2-based hydrate formation process 

has received close attention in the field of carbon capture due to its efficiency in selectively 

separating CO2 from pre- and post-combustion gas mixtures. In this work, a set of experiments 

was conducted in the presence of the two tertiary amines, Triisopropanolamine (TIPA) or 

Triethanolamine (TEA) combined with THF to evaluate their effectiveness in CO2 selectivity 

during hydrate formation and in decreasing the operational pressure required for the process. 

These experiments were aimed at observing whether the presence of amines support/depress 

the hydrate formation. In addition, they were also aimed at comparing the carbon selective 

separation efficiency of the systems with and without amines through hydrate formation.  It 

was observed that TEA discouraged hydrate formation. However, the addition of TIPA in the 

presence of THF at an operational pressure of 3.5 MPa improved initial gas loading as well as 

CO2 selective separation from the gas mixture. This contributed to an increase of 65% in the 

capture of CO2 from the gas mixture. When the same experiment was carried out at a lower 

pressure of 1.5MPa, CO2 selectivity was also observed to have increased. However, the 

induction time was observed to be considerably longer compared to the previous case.  

Keywords: CO2 Separation; Gas hydrate; Tertiary amine solutions; Triethanolamine (TEA); 

CO2 selectivity; Gas mixture 

1. Introduction 

Due to the increased concerns over the climate change such as global warming and erratic 

weather conditions, the capture of its gaseous contributors such as CO2 attracted immense 

research interest. The research has been highly focussed upon carbon capture from the 

industrial emissions [1]. U.S. Energy Information Administration estimated a total carbon 

emission to be 5154 million cubic metric tons caused by fuel sources in 2019 alone. Even 

though, this emission might have expected to decrease by 11% in 2020, a further 5% increase 

was expected in 2021 [2, 3]. Due to the global dependency on energy derived from fossil fuels 



combined with higher carbon capture technologies, researchers have been mainly focussing 

upon low-cost CCS (Carbon Capture and Storage) technologies [4]. In fact, high cost of these 

technologies has been a major discouraging factors for the industries towards its 

implementation [4, 5]. So far, there have been numerous technologies under experimentation 

and implementation as mentioned in the literature [4, 6-8]. For the choice of the most 

compatible CCS technology, the composition of effluent gas stream has to be evaluated, which 

is highly dependent upon the fuel and the combustion technology employed. Three main 

Carbon capture combustion methods were mentioned in the literature: Pre-combustion, post-

combustion and oxy-fuels. According to Gibbs and Chalamers (2008) and Leung et al. (2014), 

the capital electricity costs were lower for gas-fired systems when used post-combustion 

carbon capture, while coal-fired systems witnessed pre-combustion gas capture to be the lowest 

[4] [9]. Due to the decrease of world’s dependency over coal as well as reduction in its 

production, the current study focussed upon post-combustion gas capture [2, 10].  

Gas hydrates are crystalline ice-like substances that are generally produced when water is 

exposed to hydrate forming guest gas under higher pressure and low temperature conditions 

[11-25]. Due to the higher sensitivity of the hydrate formation kinetics over the concentration 

of hydrate forming gas in the inlet gas mixture, the usage of post-combustion gas mixture for 

hydrate formation requires high driving force. Apart from lowering the temperature or 

increasing the operational pressure, this driving force could be created through the addition of 

a thermodynamic additive [6, 7]. Amongst a variety of thermodynamic additives available, 

THF (Tetrahydrofuran) has been highly popular for its efficiency in reducing the required 

operational pressure conditions for hydrate formation and hence it has been highly researched 

[26-34]. However, most of these studies were focussed upon the purity of CO2 produced, 

quantitative analysis referring to the shift in hydrate equilibrium pressure with respect to the 

concentration of the additive, and structural analysis of gas hydrates. However, the hydrate 

formation analysis is still needed a further examination from the perspective of the extent to 

which carbon could be captured from the flue gas as well as its selectivity. The volumetric gas 

consumption is associated with the parameters such as induction time and the operational 

pressure conditions under the concentration of each additive could provide a deeper 

understanding on how effective these additives are in improving the formation kinetics. Even 

though there has been hydrate formation kinetics reported in the presence of THF such as Linga 

et al (2007b and Kumar et al., (2016) the total yield of hydrate formations is still needed to be 

examined for an extended period of times, as the hydrate formation under low THF could be 



intermittent [11] [35]. Especially, due to the opportunity to improve hydrate formation kinetics 

in the presence of kinetic additives could improve the overall yield, the combination of THF 

and SDS should be examined over extended periods of time [8, 10]. For more information 

regarding the carbon capture efficiencies of various chemical compositions of hydrate reactors, 

a comprehensive review has been provided in the table 1. As this study is focussed upon carbon 

capture from the post combustion gas mixture, only those hydrate formation studies with the 

respective configurations focussed upon the post-combustion carbon capture have been 

included in the table.  

Table 1. Efficiencies of various hydrate formation processes in capturing CO2 from post 

combustion gas mixtures as studied by various authors.  

Operational 

conditions 

Promoters Initial CO2 

concentration in 

the inlet gas 

Final CO2 

composition in 

the residual gas 

Reference 

10 MPa, 273.75K  16.9%  9.7%  [11] 

 11MPa, 273.75K  16.9%  10.9%  

1.5 MPa, 273.75K 1 mol% THF 16.9%  10 %  [12] 

2.3 MPa, 273.75K 1.5 mol% THF 16.9%  10.5 %  

1.66 MPa, 274.95K 0.29 mol% TBAB 

 

17%  12.92 % [13] 

0.29 mol% TBAB 

and 0.056mol% 

DTAC 

 

17%  7.82 % 

0.29 mol% TBAB, 

and 0.028mol% 

DTAC 

17% 7.48 % 



2.9 MPa, 281.25K Cyclopentane, 

water binary phase 

16.6% 11.27%  

[14] 

3.24 MPa, 281.25K Cyclopentane and 

water (1:5 volume 

ratio) emulsion 

16.6% 11.97% 

9.60MPa, 273.7 K 1mol% SO2 in gas 

and Silica sand in 

the aqueous phase 

17% 15.47% [15] 

2.45MPa, 273.7K 1mol% SO2 in gas 

and 1 mol% THF 

17% 15.47% 

2.45MPa, 273.7K 1mol% SO2 in gas 

and 3 mol% THF 

17.7% 15.5% [16] 

2.45MPa, 273.7K 1mol% SO2 in gas 

and 5.56 mol% THF 

17.7% 14.6% 

 

On the other hand, from the perspective of carbon capture extent through hydrate formation, 

various studies have stated mainly two challenges that led to lower carbon capture capacities:  

1. Lower hydrate formation kinetics under low driving forces in the absence of 

thermodynamic additives [35]. 

2. Accelerated hydrate formation kinetics led to the capture of other gases from the gas 

mixture into hydrates along with CO2 [18, 19]. 

Addressing these issues, hydrate formation process requires improvements so as to result in 

higher carbon selectivity while demanding lower driving forces. In order to improve the 

kinetics of the hydrate formation at lower operational pressures, the current study considered a 

mixture of SDS and THF into the aqueous phase at lower temperature conditions. To achieve 

more selectivity, chemisorption of CO2 has been encouraged by the addition of tertiary 

alkanolamines into the aqueous phase of the system, so that more dissolved CO2 could be 

readily available in the hydrate formation regimes. However, the addition of alkanolamines 



could interfere with the growth of hydrate formation, leading to the undesirable low hydrate 

yields [20]. Hence, the study considered two alkanolamines experimented under various 

concentrations and operational conditions.  

In general, chemisorption of CO2 in the presence of mono and di amines results in carbamates 

by following the reactions 1, 2, 3 and 4, while tertiary amines follow the reaction 5 resulting in 

a less stable zwitterion as the end product [21, 22]: 

With monoamines: 

𝐶𝑂2 + 𝑅𝑁𝐻2 ↔ 𝑅𝑁𝐻2
+𝐶𝑂𝑂− (𝑍𝑤𝑖𝑡𝑡𝑒𝑟𝑖𝑜𝑛)                                                                                               (1) 

𝑅𝑁𝐻2 +  𝑅𝑁𝐻2
+𝐶𝑂𝑂− ↔ 𝑅𝑁𝐻+𝐶𝑂𝑂−(𝐶𝑎𝑟𝑏𝑎𝑚𝑎𝑡𝑒) +  𝑅𝑁𝐻3

+                                                (2) 

With diamines: 

𝐶𝑂2 + 𝑅𝑅′𝑁𝐻2 ↔ 𝑅𝑅′𝑁𝐻+𝐶𝑂𝑂− (𝑍𝑤𝑖𝑡𝑡𝑒𝑟𝑖𝑜𝑛)                                                                                      (3) 

𝑅𝑅′𝑁𝐻+𝐶𝑂𝑂− + 𝑅𝑅′𝑁𝐻2 ↔ 𝑅𝑅′𝑁𝐶𝑂𝑂− (𝐶𝑎𝑟𝑏𝑎𝑚𝑎𝑡𝑒) + 𝑅𝑅′𝑁𝐻2
+                                          (4) 

With Tertiary amines 

𝐶𝑂2 + 𝑅𝑅′𝑅′′𝑁 ↔ 𝐻𝐶𝑂3
− + 𝑅𝑅′𝑅′′𝑁𝐻+(𝑍𝑤𝑖𝑡𝑡𝑒𝑟𝑖𝑜𝑛)                                                                           (5) 

Chemisorption is typically carried out by using the solutions containing the aqueous mixtures 

of amines, where the efficiency of a solution is determined by carbon loading. It is dependent 

upon the type and concentration of the amines in the solution. Amongst the amines, 

alkanolamines were preferred as they exhibit more carbon loading per mole due to the 

formation of less strong carbamates caused by the steric hindrance [21, 23, 24].  

Even though tertiary alkanolamines lack the capacity of forming carbamates, they exhibit high 

carbon loading per mole of amine available in the system at low temperature conditions. The 

carbon loading of tertiary amines (one mole of CO2 per mole of amine) at low temperatures 

was found to be higher as the behaviour is driven by the tendency of high CO2 solubility at 

lower temperature conditions [36-38]. This was evidenced by the usage of blend amine 

mixtures in the commercial chemisorption units where, usually a mixture of mono or di amines 

and tertiary amines are taken for an enhanced carbon capture [39-41]. Since this study focussed 

on CO2 being absorbed from the gas mixture and delivered to the hydrate by means of amines, 

the formation of carbamates was eliminated by choosing tertiary amines. 



Triisopropanolamine (TIPA) and Triethanolamine (TEA) have been two of the most studied 

alkanolamines for the application of carbon capture. Various authors conducted comparative 

analysis of TEA and TIPA solutions towards the capture of CO2, where most of these studies 

resulted favourable to the usage of TIPA when compared to TEA. The challenge was mainly 

associated with the requirement of higher-pressure conditions for TEA solutions when 

compared to TIPA solutions [25, 26]. Henni et al (2012), through their comparative analysis 

concluded that a solution with 30wt% TEA required considerably high-pressure conditions to 

capture the same amount of CO2 when compared to the solution with 10wt% TIPA solution 

[42]. Under the operational conditions of 36.27kPa pressure and 313K temperature, a solution 

of 3mol/l of TEA captured 0.345mol of CO2 per mol of amine. Under the similar operational 

conditions, a similar extent of carbon capture was observed when used only 1.5mol/l of TIPA 

[25]. On the other hand, from the perspective of amine regeneration, the capacity of TEA was 

comparatively higher than TIPA [27]. Therefore, in comparison to the other studies, the current 

study considers a small proportion of THF and TIPA into the hydrate forming solution to 

achieve the following objectives: 

• To investigate whether the addition of amines could hinder the hydrate formation. 

• To investigate whether the addition of amines could improve the selectivity of CO2 into 

the water-hydrate phase.  

• To find out the approximate optimum operational conditions in terms of amine 

concentration and operational pressures to achieve higher extents of carbon capture. 

2. Materials and methods . 

In order to examine and improve the hydrate formation kinetics, and CO2 selectivity, various 

experiments were conducted in the presence of an input gas mixture of 85% N2 and 15% CO2. 

These experiments have utilised materials as mentioned in the table 2.  

Table 2. Materials used in the experiments. 

Component Supplier Purity 

Triisopropanolamine Sigma-Aldrich 95.0% (mass%) 

Triethanolamine Sigma-Aldrich 99.0% (mass%) 

Tetrahydrofuran Sigma-Aldrich 99.0% (mass%) 

CO2 Air Products plc, UK 99.995% (vol%) 

SDS Sigma-Aldrich 99.0% (mass%) 

N2 BOC, Edinburgh 99.995% (vol%) 



 

In order to achieve the study’s objectives, the experiments conducted were carried out in three 

sets:  

• The first set of experiments were conducted in the presence of the chosen tertiary 

amines to examine their interference of amines into hydrate formation. TEA and TIPA 

were chosen for the experimentation where the solution consisted of 100ppm SDS and 

distilled water. The involvement of SDS was preferred due to the observations derived 

from our previous experimental studies on hydrate formation kinetics, where SDS was 

observed to be more efficient in improving the hydrate formation rate and yield [10]. 

The thermodynamic conditions used in this set were taken from the literature [28, 29]. 

• The second set of experiments were conducted in the presence of THF + amine at lower 

pressure conditions to examine the extent of gas dissolution and carbon selectivity 

under two different amine concentration. The amine used in these experiments was 

chosen from the first set of experiments, which is mostly chosen on the basis of less 

hindrance contributed by the amine towards hydrate formation. Two amine 

concentrations were selected and mutually compared on the basis of temporal gas 

consumption during hydrate formation.  

• The third set consisted of one experiment and was conducted under further reduced 

pressure conditions. This was to check how low-hydrate formation kinetics could 

influence the CO2 selectivity into hydrate. This experiment involved the same chemical 

composition that resulted in higher extents of gas consumptions in the experimental set 

2. The list and the attributes of experiments are shown in the table 2.  

Table 3. Experimental design used to investigate the impact of composition on CO2 capture   

Test 

set no 

Expected 

Outcomes 

Experi-

ment 

No. 

Operational 

pressure 

(MPa) 

Experimental composition in 

aqueous solution 

SDS 

(ppm) 

TEA 

(wt%) 

TIPA 

(wt%) 

THF 

(mol%) 

1 Hydrate formation 

yield and carbon 

capture efficiency 

1 10 100 0 0 0 

2 10 100 1 0 0 



under quiescent 

conditions 
3 10 100 0 1 0 

2 Hydrate formation 

yield and carbon 

capture efficiency 

under accelerated 

hydrate formation 

conditions 

4 3.5 100 0 1 3 

5 3.5 100 0 0.5 3 

6 3.5 100 0 0 3 

3 Hydrate formation 

yield and carbon 

capture efficiency 

under lower 

operational 

pressures 

7 1.5 100 0 0.5 3 

 

3. Experimental set-up and data acquisition 

Irrespective of the experimental set, all the experiments were carried out at temperature 

(274.15K) near to the freezing point of water following our previous studies [10, 43]. Due to 

the unavailability of hydrate formation studies in the presence of alkanolamines, the operational 

pressure (10MPa) of the experiment set 1 were chosen on the basis of the experiments 

conducted on post combustion gas capture in quiescent conditions [11].  

There have been numerous studies that calculated the equilibrium pressure of hydrate in the 

presence THF under various concentrations of this additive [28, 30, 31]. Due to the presence 

of thermodynamic additives, for the given composition of gas mixture, the equilibrium pressure 

of the hydrate would be lower than quiescent systems. Hence, instead of 10MPa, an operational 

pressure of 3.5MPa was chosen for the second set of experiments by following the experimental 

conditions followed in the literature [28]. The pressure was reduced to 1.5MPa in the 

experiment belonged to the third set.  

Various studies have presented data for the calculation of equilibrium conditions for hydrate-

water and gas mixtures [28, 30, 31]. In the study by Kang et al. (2001), the hydrate equilibrium 



pressure for a similar gas composition at 277 K was 2 MPa [28]. In this study, the operational 

pressure was chosen to be 3.5 MPa at 274.15 K so as to provide the driving force for hydrate 

formation well above equilibrium conditions. In the third set of experiments, the operational 

pressure was reduced to 1.5 MPa to check the effect of less accelerated THF hydrate formation 

upon gas consumption. Throughout the period of hydrate formation, the systems maintained at 

both isothermal and isobaric conditions, while the gas consumption was used as a measure for 

hydrate formation.  

 
Figure 2. (a) Experimental set-up configuration; (b) stirred tank reactor. 

A jacketed type of stirred tank reactor with an internal volume of 525ml was used for the 

hydrate formation experiments. The coolant liquid from the cryostat was circulated through the 

reactor’s jacket to maintain the desired operational temperature. A thermocouple with an 

accuracy of -0.1 K and a Quartzdyne pressure transducer with an accuracy of 0.015 MPa were 

used to monitor the reactor’s temperature and pressure respectively. Thermocouple and 

pressure transducers were connected to a computer to monitor the pressure and temperature 

data during the experiments. A QUIZIX high-pressure syringe pump (Q6000-10K model) 

connected to a gas supply cell was used to maintain the reactor at the chosen experimental 

pressure conditions. Full descriptions of the experimental set-up and process are provided in 

our previously published work  [10]. 

In order to ensure adequate dissolved gas availability in the system at the start of the hydrate 

formation, a dissolution stage was included where the temperature of the system was 

maintained well above the hydrate equilibrium conditions before reducing it to the operational 

temperature. In the dissolution stage a temperature of 285.15K was used until the gas 

dissolution curve reached to its asymptotic value. Once the system was set with the operational 



temperature, the volumetric gas consumption was set to zero, so that the recording would 

denote the gas consumption during the hydrate formation period. Throughout the 

experimentation, the systems were subjected to a stirring speed of 360rpm. The experiments 

were stopped either after 24 hours of the commencement of the experiments or when the gas 

consumption reached its asymptotic value. While calculating the volumetric gas consumption 

contributed by the hydrate formation, other contributing factors have also been considered:  

• Gas contraction caused by lowering the temperature from 285.15K to 274.15K.  

• Gas dissolution caused by lowering the temperature from 285.15K to 274.15K. 

• Gas consumption occurred due to the wate-hydrate phase contraction during the 

conversion of water into high dense hydrate.  

Especially, for the experimental set 1, where the gas became sole reason behind hydrate 

formation, all these factors were subtracted from the value shown in the data acquisition system 

to calculate volume contributed by hydrate formation alone. This was used to calculate the 

hydrate formation kinetics. However, for the hydrate formation in the presence of THF, the 

hydrate was separated and weighed to find out the approximate extent of hydrate formation as 

the gas consumption did not denote the formation kinetics.  

The residual gas mixture was collected in a vail at the end of the experiment and subjected to 

chromatography through CP-3800 gas chromatography apparatus to measure the concentration 

of CO2 in the residual gas. This was used to understand the carbon capture and selectivity of 

carbon during capture processes of all the carried out experiments.  

4. Results and Discussion 

From the perspective of determining the hydrate formation yield, this study adapted two 

approaches depending upon the hydrate formation entity. The first set of experiments were 

conducted in the absence of thermodynamic additives, making CO2 in the gas mixture the 

hydrate forming agent. Hence, the hydrate formation kinetics were calculated on the basis of 

volumetric gas consumption values recorded by the data acquisition system. The extent of 

hydrate formation was calculated by eliminating other factors that are contributing to the 

volumetric gas consumption as mentioned in the section 3. However, the measurement of 

hydrate yield in the experimental sets 2 and 3 is not directly related to the extent of gas 

consumption as it was the additive (THF) that formed the hydrate, where the gas occupied the 

smaller unoccupied voids of the hydrates through capillary effect [32]. Hence, the hydrate 



formation yield was done through the direct measurement where the hydrate was separated 

from the residual water and weighed after the completion of experiments.  When the hydrate 

crystals from the experiment 6 (set 2) and its repetition along with experiment 7 (set 3) and its 

repetition were separated and weighed, the average of these values were found to be 108g and 

77.8g out of 150g of water taken respectively. Hence, a total conversion of 55% was taken for 

the experiments 4, 5 and 7, while a total conversion of 70% was taken for the experiment 6. 

Two points on time scale (three hours and 20 hours) were taken representing short and long 

terms at which the derived values of hydrate formation yields were compared amongst the 

experiments.  

4.1.Test set 1 

These experiments were conducted at 10MP and 274.15K in the absence of any thermodynamic 

additive (Table 3). As it is the gas that formed hydrates, the yield of hydrate formation was 

measured on the basis of the extent of gas consumed during the process. This value was taken 

to eliminate the least hydrate forming chemical composition, especially the amine. This set 

consisted of three experiments, where one experiment had the quiescent chemical composition 

with no amine, while the two included one amine each (1wt% TEA and 1wt%TIPA).  

 
Figure 2. Initial volumetric gas consumption (ml) for the first set of experiments 

0

5

10

15

20

25

30

0 0.5 1 1.5 2 2.5 3 3.5 4

V
o

lu
m

et
ri

c 
ga

s 
co

n
su

m
p

ti
o

n
 (

m
l)

Time (h)

Experiment 1

Experiment 2

Experiment 3



When compared the three profiles in the figure 2, the highest gas consumption was observed 

in case of TIPA, while the least was observed in cases of TEA by the end of three hours. In the 

case of 1wt% TIPA, the total gas consumption was observed to be over 22.16ml, while in case 

of 1wt% TEA, this value was found to be more approximately 6.27ml, which was 3.4 times 

lesser.  When compared this value with the quiescent case, the system with TIPA resulted in 

7% higher gas consumption value than the quiescent system.  From these observations, it can 

be understood that the addition of TEA into the hydrate forming solution would have hindering 

effect on the gas hydrate formation, which resulted in considerably lower gas consumption 

values, indicating lower hydrate formation yield. Extending these profiles to 20 hours of time-

period, gas consumption profiles for the experiments 1, 2 and 3 were presented in the figure 3. 

From the perspective of comparison between the amines, the extended period observation 

resulted in the similar conclusion to the conclusion derived from the figure 1. Even though gas 

consumption with time has increased in the case of TEA, the gap between the case of TIPA 

and TEA has not been considerably changed with time. However, the gas consumption 

produced by quiescent system overtook the gas consumption produced by the case of TIPA.  

 

Figure 3. Long-term (25 hours) gas consumptions during hydrate formation experiments in 

the experimental set 1. 
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Considering the observation that the quiescent system took 10 hours to show the similar 

volumetric gas consumption as 1wt% TIPA, the amine was considered to be the most efficient 

in terms of improving initial hydrate formation kinetics. The lower yield at longer periods 

might have been caused by higher concentrations of TIPA in the residual water. In addition, at 

the end of 20 hours, system with TEA produced a total volumetric gas consumption of 12ml, 

which was less than the excess volume created by gas being contracted from 285.15K to 

274.15K. Considering negligible conductivity of the gas compared to water, combined with 

this observation, it could be concluded that the inlet gas never attained the operational pressure 

[33]. Hence, while calculating the contribution of hydrate formation towards the gas 

dissolution, the gas contraction when temperature was dropped from 285.15K to 274.15K has 

been neglected.  

For a better understanding, these observed volumetric gas consumption values were converted 

into molar gas consumption. Due to the differences in chemical compositions, the hydrate 

formation mechanism adapted by the experimental set 1 differs considerably from the rest of 

the two sets. This difference mainly emerges from the perspective of the hydrate forming entity. 

For this experimental set, the hydrate forming entity would be the gas, whereas THF became 

the hydrate forming entity in the rest of the sets. Hence, while converting the volumetric gas 

consumption into molar consumption, for the experimental set 1, the contributing factors as 

mentioned in the section ‘Experimental set-up and data acquisition’ have been considered. 

Peng-Robinson Equation of state was used to calculate the molar gas consumption for the 

composition of 85%N2 and 15%CO2 [34].  

𝑃 =
𝑅𝑇

𝑉−𝑏𝑚
−  

𝑎𝑚

𝑉2+2𝑉𝑏𝑚−𝑏𝑚
2                                                                                                           (1) 

Where P is the pressure, V is the molar volume of the gas mixture, R is the gas constant, am is 

the attraction parameter and bm is the repulsion parameter. 

𝑎𝑚 = ∑ ∑ 𝑥𝑖𝑥𝑗(1 − 𝑘𝑖𝑗)2
𝑗=1

2
𝑖=1  √𝑎𝑖𝑎𝑗                                                                                      (2) 

Where xi and xj are the mole fractions of the gases CO2 and N2 respectively, while kij is the 

binary interaction parameter. The value of Kij has been taken from the study conducted by 

Fandino et al (2015) [44] 

𝑏𝑚 = ∑ 𝑧𝑖𝑏𝑖
2
𝑖=1                                                                                                                           (3) 



The total number of moles of gas consumption into the hydrate reactor was calculated using 

the equation 4. 

𝑁 =  
𝑉𝑇,𝑡−𝑉𝑒𝑥𝑐𝑒𝑠𝑠,𝑡

𝑉
                                                                                                                               (4) 

Where VT,t is the total volume of gas supplied into the hydrate reactor at any time t, Vexcess,t is 

the excess volume created by the formation of hydrate, which was calculated by the equation 

5.  

𝑉𝑒𝑥𝑐𝑒𝑠𝑠 =  
𝜀𝑁𝑉𝑊𝜌𝑤

𝜌ℎ
                                                                                                                          (5) 

Where 𝛆 is the ratio of water molecules per gas molecule in a hydrate nucleus, Vw is the molar 

volume of water, 𝛒w is the density of water and 𝛒h is the density of hydrate. The excess volume 

contributed by the formation of high dense hydrate is directly proportional to the volumetric 

gas consumption. Hence, we have considered an iterative technique to calculate the final gas 

consumption value contributed by the hydrate formation.  

However, these contributing factors were not considered in case of the experimental sets 2 and 

3.  It was due to the assumption that the hydrate formation had occurred irrespective of the gas 

consumption into the liquid. Moreover, the gas consumption had occurred due to the capillary 

forces driven by the unsaturated aqueous phase while the dissolved gas occupies the small 

voids in the sll hydrate as it was formed by THF [17, 45]. Due to the less solubility of the major 

component N2, the excess gas dissolution when decreased the temperature from 285.15K to 

274.15K was ignored. After considering all these adjustments, the calculated volumetric gas 

consumptions contributed by hydrate formation alone at two different time periods (3 hours 

and 20 hours) along with their respective induction times have been provided in the table 4. 

Table 4. Molar gas consumptions and induction times for experimental set 1 at three hours 

and 20 hours 

Experiment 

No. 

Induction time (min) Moles of gas consumption 

At three hours At 20 hours 

1 5.833 0.0862 0.0974 

2 12.16 0.0250 0.0485 

3 6.83 0.0918 0.0932 

 



Even from the perspective of the induction time, similar observations were made. Various 

experimental studies discussed the induction time of the hydrate formation in the presence of 

a post combustion gas mixture (N2/CO2). One amongst those studies would be the study carried 

out by Li et al (2009), where their observations were resulted into 19 min being the induction 

time, which was higher than the value obtained from this study [46]. However, with the 

addition of SDS, similar to the current study, the induction time has dropped considerably, 

which were below the values obtained in this study. There can be two reasons behind these 

discrepancies: 

• The induction time measurement in this study was the raise in gas volumetric 

consumption, while the others mostly adapted thermal measuring techniques. 

• Stochasticity associated with the induction time, especially when the rate of hydrate 

formation was lower.  

In congruent to these statements, the uncertainty in induction time under the similar thermal 

and chemical conditions was discussed in Linga et al (2007), where they observed a range of 

induction times for the similar operational conditions [31]. Amongst the induction times 

derived by Linga et al (2007c), under the similar conditions as ours, the minimum induction 

time was observed to be four minutes [29]. The induction times shown in the table 4, expressed 

higher values for the systems consisting of amine, supporting our previous observations that 

amines interfered/hindered the hydrate formation. However, the induction time expressed by 

the system with TIPA was almost comparable to the base case. However, the induction time 

obtained in the system with TEA, was considerably higher than the rest.  

Hence, TEA was eliminated from the further studies in the test set 2, while TIPA was promoted. 

The second set of experiments, as mentioned in the section materials and methods, will involve 

thermodynamic additive THF (3mol%) to understand gas capture through hydrate formation 

under the accelerated formation kinetics.   

4.2. Test set 2 

The main variable of the second set was the concentration of TIPA (Table 3). Three 

concentrations of TIPA were taken (0, 0.5 and 1wt%) in the solution consisting of 3mol% THF 

and 100ppm SDS in distilled water. The operational conditions were chosen to be 3.5MPa and 

274.15K.  Form the gas consumption profiles obtained in these experiments, a relatively 

lowered induction times were observed. In addition, these induction times have been mentioned 



in the table 5, where a sharp decrease in the induction times with the introduction of THF under 

3.5MPa pressure to their corresponding quiescent experiments carried out at 10MPa pressure. 

Similar to the quiescent profiles, a relatively higher induction time values were observed in the 

presence of TIPA. As seen in the table 5, approximately 7.9min induction time was observed 

when introduced 1wt% TIPA, while 5.7min induction was observed when introduced 0.5wt%, 

against only 4min induction time in the absence of TIPA. This further confirmed the previous 

conclusions which denoted the interference of amine in hydrate formation.  

 

Figure 4. Volumetric gas consumption in the presence of THF and TIPA 

For the gas consumption to occur into the hydrate under accelerated formation conditions, 

where the hydrate formation is driven by a thermodynamic additive, readily available dissolved 

gas is needed [6]. In addition, an uninterrupted hydrate formation process would also result in 

higher gas consumption. As mentioned in the section 1, the main purpose of amine introduction 

into the system is to improve the selective gas separation supported by absorption through 

amines. Yielding to the expectations, the initial profiles of gas consumption as shown in the 

figure 4, resulted in high values in the presence of TIPA. At the end of three hours, the total 

gas consumption observed in the presence of 1wt%TIPA was 81ml. This value has been raised 

when lowered the concentration of TIPA to 0.5wt%, which was 93.2ml. However, the 
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quiescent case resulted in a total gas consumption of 66ml, confirming a positive effect of TIPA 

over the gas consumption into hydrate under lower concentrations. Hence, the system with 

lower TIPA (0.5wt%) was seen to be optimum as it might have provided the conditions such 

as readily available dissolved CO2 to occupy cages of the hydrate crystal and a relatively less 

interrupted hydrate formation process.  

 
Figure 5. Volumetric gas consumption in the presence of THF and TIPA for 20 hours into 

experimentation 

However, these conclusions could be altered when considered the gas consumption profiles for 

an extended period of times. Figure 5 shows the volumetric gas consumptions profiles of the 

same set of experiments for 20 hours. As it is shown in the figure 5, the gas consumption 

profiles have achieved an asymptotic value within two hours of the experimentation, while the 

quiescent system has not. At the end of 20 hours, the system with 1wt% TIPA and 0.5wt% 

TIPA resulted in volumetric gas consumptions 82 and 98ml respectively. However, when 

considered the quiescent system, the volumetric gas consumption was rose to 122ml at the end 

of 20 hours from 66ml at three hours. This rise was profoundly considerable when compared 

to the TIPA systems. However, it took approximately 14 hours for the quiescent system to 

achieve the same amount of gas capture as the system with 0.5wt% TIPA. Hence, it can be 
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understood that for a long-term batch gas capture processes, quiescent system would provide 

higher gas capture efficiencies, while for a system with continuous gas capture and stripping, 

TIPA systems were perceived to be more compatible.  

Unlike the test set 1, in order to calculate the molar gas consumption from the volumetric 

counterpart, along with the contributing factors 1 and 2, even 4 has been ignored. It was because 

that the hydrate formation was not proportional to the extent of gas consumption while THF 

being the hydrate forming agent. As all the other factors that could contribute to the volumetric 

gas consumption while gas being the hydrate forming agent were ignored, the entire gas that 

has been dissolved into water was considered to have occupied the voids of hydrate. The molar 

gas consumption values have been listed in the table 5.  

Table 5. Molar gas consumption values and induction times for test set 2 after three hours and 

20 hours 

Experiment 

No. 

Induction time 

(min) 

Moles of gas consumption 

After three hours After 20 hours 

4 7.83 0.1097 0.1125 

5 5.67 0.1280 0.1350 

6 4 0.0830 0.1667 

As the volumetric gas consumptions are only comparable under constant pressure and 

temperature conditions, the molar gas consumption values have been calculated, so that the gas 

capture efficiencies among the test sets could be compared. When compared the molar gas 

consumptions listed in table 4 and 5, it could be easily understood that the systems with THF 

consumed more gas than the systems in the first set. For example, when compared two 

corresponding systems with 1wt%TIPA (Experiment 3 and 4), the system with 3mol% THF 

resulted in 20% higher molar gas consumption after three hours, which was further increased 

to 21% after 20 hours. From the perspective of the molar gas consumption, as explained earlier, 

the system with 0wt%TIPA+3mol%THF recorded the highest gas consumption with 

0.1667mols after 20 hours. However, amongst all the experiments, the system with 0.5wt% 

TIPA +3mol%THF resulted in highest value after three hours with a total gas consumption 

recorded to be 0.1280mol. This value was 54% more than the value recorded in the no amine 

system, making 0.5wt% TIPA+3 mol% THF to be the most optimum system for a gas capture 

system with parallel stripping. Furthermore, when compared the systems 0.5wt% TIPA and 

1wt% TIPA, former one produced a gas consumption value that was 17% higher at 3 hours and 



escalated to 20% higher after 20 hours. Hence, it was concluded that the optimum amine 

concentration should be near 0.5wt%. In order to check the repeatability of these observations, 

experiment 6 was repeated and the volumetric gas consumption profiles of these two 

experiments have been presented in the figure 6. As it can be seen from the figure 6, the gas 

consumption profiles observed from these two experiments followed the similar trends, which 

was distinctive from the gas consumption profiles observed from the rest of the experiments. 

It is worth mentioning that the error percentage with respect to the volumetric gas consumption 

is time dependent where when the systems were given enough time, the error percentage was 

lowered and reached out to a comparable hydrate yield.    This is due to the stochasticity 

associated with the induction time and thermodynamic sensitivities of hydrate formation 

phenomenon. As can be seen from figure 6, at the end of 40 hours, the repeated system acquired 

a volumetric gas consumption of 140.98ml, which was deviated by 0.026% from the original 

system.  

  

Figure 6. Volumetric gas consumption profiles of the experiment 6 and the repeated experiment 

6.  

0

20

40

60

80

100

120

140

160

180

0 5 10 15 20 25 30 35 40

V
o

lu
m

et
ri

c 
ga

s 
co

n
su

m
p

ti
o

n
 (

m
l)

Time (s)

Experiment 6 repeat

Experiment 6 (3mol% THF, No TIPA)



4.3. Test set 3  

In order to obtain higher volumetric gas loadings in the presence of a thermodynamic additive 

(THF), the hydrate formation yield should be sufficient to avail the small unoccupied voids for 

CO2 to occupy. Also, the hydrate formation rate should not be faster than the diffusion rate of 

CO2 from water to the site of hydrate formation. Lower rates of hydrate formation imply the 

presence of less CO2 in the system, whereas higher rates imply more empty voids and hence 

less CO2 in the hydrate. To check whether the reduced kinetics of hydrate formation could 

improve the selectivity of CO2 into the system, the hydrate formation experiments with the 

chemical composition similar to the experiment 5 was [13-15, 47] under lesser driving force. 

Hence, the operational pressure for this experiment was considered to be 1.5MPa, instead of 

3.5 MPa.   

 
Figure 7. Volumetric gas consumption profile for experiment 7 

The profile of volumetric gas consumption for experiment 7 is presented in figure 7. As it is 

well known that the induction time is inversely related to the driving force, the experiment 7 

was expected to show some delay before it produced an exponential gas consumption profile. 

In agreement with these expectations, no substantial amounts of hydrate formation were 

observed until 3 hours and 3 minutes. This induction time was considerably higher compared 

to experiment 5 (with 0.5wt% TIPA+THF at 3.5MPa), which was approximately 20 minutes. 
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Even though the induction time was more than three hours, the volumetric gas consumption 

achieved after 20 hours was more than 250 ml. However, this value cannot be compared with 

the results of the experiments in set 2 unless converted to molar values due to the difference in 

operational pressure.  

 

Table 6.  Molar gas consumptions for the experimental set 3 at three hours and 20 hours 

Experiment 

no 

Induction time (min) Moles of gas consumption 

At three hours At 20 hours 

7 185.1667 0.0002 0.1547 

 

Similar to testing set 2, while calculating molar gas consumption into hydrate, all the other 

contributing factors (1, 2 and 4) have been neglected for the same reasons explained in the 

section 4.2. The molar gas consumptions of this set are mentioned in the table 6. The molar gas 

loading in the aqueous+hydrate system was approximately 15% higher than the value observed 

in experiment 5. Hence, it is advised that researchers need to understand the difference between 

the rate and yield of THF hydrate formation when designing a hydrate-based gas capture 

system, especially when competition among its components to occupy hydrate voids is 

involved. 

4.4. Selective separation of CO2 

At the end of each experiment, the residual gaseous mixture was collected and subjected to 

chromatographic analysis to determine its chemical composition in order to gain an overall 

idea of the selectivity CO2 through hydrate formation. However, as these experiments were 

conducted for different time periods, the comparisons concerning the CO2 selectivity of the 

systems used have limitations.  The results for the composition of gases extracted from the 

experiments along with their times of extraction are listed in table 7. 

The three main factors which govern the selective separation of CO2 from a gaseous mixture 

are the dissolution of CO2 in the aqueous mixture and the yield and speed of hydrate formation. 

Despite long periods of time allowed for dissolution, the first set of experiments conducted 

without thermodynamic additives resulted in lower selectivity than the rest. While being shorter 

in duration, experiment 2 showed slightly higher CO2 selectivity, confirming our conclusions 

on the efficiency of TIPA system into hydrate formation. Among the systems with THF at a 

pressure of 3.5 MPa, the system without amine showed better CO2 selectivity. However, this 



might have been due to the extensive hydrate formation associated with the longer period in 

the experiments. However, a comparable level of CO2 selectivity was achieved with the 

addition of 0.5wt% TIPA in experiment 6 after a shorter duration. In addition to introduction 

of tertiary amine into the systems to encourage higher CO2 selectivity, from the second set of 

experiments, CO2 selectivity towards hydrate formation was also observed to be proportional 

to the experimentation time. However, amongst all the systems tested, the analysis of gas 

collected from the experiment 7 conducted at the lowest operational pressure showed that this 

system achieved the highest selectivity within the shortest time.  

Table 7. Extracted gas compositions in the residual gaseous mixture along with their respective 

extraction times. 

Experiment 

No. 

N2 concentration 

(mol%) 

CO2 concentration 

(mol%) 

Time of extraction 

(hr) 

1 88.77 11.23 117.5278 

2 89.11 10.89 123.7056 

3 89.55 10.45 71.425 

4 93.41 6.59 43.09722 

5 93.19 6.81 69.62222 

6 93.31 6.69 21.10833 

7 94.03 5.97 20.83333 

 

Daraboina et al (2013) observed approximately 15.5 mol% of CO2 in the residual gas mixture 

whereas Babu et al (2013) observed 14.6% CO2 concentration in the presence of THF in the 

aqueous phase (Table 1) [15] [16]. As seen from the table 7, in the presence of 3 mol% THF 

from the experiment 6, the final CO2 gas concentration in the residual gas mixture was 

measured to be 6.69%. When compared our final CO2 composition with the experimental 

observations done by Babu et al (2013) and Daraboina et al (2013), the CO2 concentration in 

the residual gas mixture in our studies were found to be considerably lower, denoting more 

CO2 transfer into the hydrate. There could be two reasons behind this deviation: 1. Lesser 

residence time (10hours) of gas mixture in the hydrate reactor before the experiment was halted 

compared to the current studies (>20 hours); 2. The presence of kinetic additive (SDS) in the 

system during the hydrate formation. It was mentioned in their studies that the experiments 

were halted only after the operational pressure was observed to be constant for more than 30 

denoting the end of hydrate formation. However, it was observed from the experiment 4, a 30-



minute steady state could still denote a quasi-steady state (figure 4). Supporting the second 

reason, Li et al (2010) observed a considerable drop in CO2 concentration in the residual gas 

mixture when added 0.056mol% of DTAC [13].  

4.5. Future prospects 

One of the major limitations of this study is the uncertainty associated with the optimum amine 

concentration and the optimum operational conditions. As the study was only focussed upon 

the research directions that could result in higher productivity, the conclusions did not provide 

any numerical value for global optimum for the operational pressures and the concentrations 

of amines. The global optimums must be derived before commencing the design of hydrate-

based carbon capture systems for greater compatibility towards the industrialization. The study 

could be extrapolated by considering various combinations of thermodynamic additives and 

tertiary amines for economy, sustainability, and efficiency. However, the study was successful 

in creating a theoretical background that involves various phenomena that occur during the 

hydrate formation in the presence of post-combustion gas mixture, tertiary amines, and 

thermodynamic additives. Especially, the competition between the rate of hydrate formation 

and CO2 diffusion from gas mixture to hydrate through the aqueous phase was observed during 

the experimental analysis. From this study, it was suggested that this competition should be 

considered when designing and modelling hydrate-based carbon capture systems.  

5. Conclusions 

The CO2 capture capability of systems with various chemical compositions at two different 

experimental pressures has been assessed. The study aimed to quantitatively assess the extent 

of hydrate formation and to analyse the yield of CO2 sequestration from post-combustion gas 

mixtures with the help of tertiary amines in the systems. However, the sensitivity of hydrate 

formation kinetics to the availability of tertiary amines in the system was found to be a major 

limitation, which was more serious in the presence of THF rather than TIPA. Hence, TIPA was 

used in a further investigation in the presence of THF. The availability of CO2 in the liquid 

phase is crucial in the selective separation of CO2 during the formation of hydrate in the 

presence of THF, as its capture occurs mainly through the occupation of large and small cavities 

in the hydrate, competing with both THF and N2. From the analysis of volumetric gas 

consumption, a gradual resistance to hydrate formation was clearly observed in the presence of 

tertiary amines in the system. Furthermore, increased gas consumption was observed when the 

concentration of TIPA in the system was reduced. The results also suggest that the addition of 



TIPA in amounts as small as 0.5 wt% in the presence of THF could improve initial gas loading 

compared to amine-free systems.  

To further improve CO2 selectivity from the gas mixture, the operational pressure was lowered 

to 1.5MPa from 3.5MPa. The induction time of the system before hydrate formation began now 

extended to over three hours. However, once hydrate formation started, overall gas 

consumption significantly improved even with the same composition as at 3.5MPa. As 

observed from the gas chromatography analysis, hydrate formation at 1.5 MPa (Experiment 7) 

showed higher CO2 selectivity than other system with the same chemical composition within 

a lesser time period. It implied that lower hydrate formation kinetics could improve CO2 

selectivity into hydrate. The higher selectivity of CO2 observed in the chromatogram of the 

experiment with 0.5wt% TIPA compared to the experiment with no TIPA showed that the yield 

of hydrate formation also has a role in selective separation. 
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