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Abstract 

Carbon dioxide (CO2) is widely acknowledged as a significant contributor to global 
warming. Hydrate-based carbon capture (HBCC) technology holds high potential in 
delivering cost-effective and environmentally friendly carbon capture solutions. 
However, the relatively severe formation conditions and low formation rate of gas 
hydrates limit its practical applications. This thesis focuses on the mass transfer 
enhancement methods for effective CO2 hydrate formation through experimental and 
numerical studies. 

The thermodynamic and kinetic promotion experiments on CO2 hydrate formation 
using chemical promoters are implemented in tetra-n-butyl ammonium bromide 
(TBAB) solution with surfactants. TBAB, as a thermodynamic promoter, can 
moderate hydrate phase equilibrium by forming CO2–TBAB semiclathrate hydrates. 
However, it decreases CO2 gas uptake yields. Three kinds of surfactants, namely 
anionic surfactant sodium dodecyl sulfate (SDS), cationic surfactant dodecyl-
trimethylammonium chloride (DTAC), and non-ionic surfactant Tween 80 (T-80), are 
added in the system to increase the formation rate and offset the low gas uptake yields. 
Induction time, normalized gas uptake, split fraction and separation factor are the 
performance metrics.  

The results in TBAB systems show that the hydrate formation is most accelerated 
with the addition of SDS, but DTAC shows better CO2 separation performance. 
Similar results of rapid formation rate with the addition of non-ionic surfactant T-80 
are also found. Analysis of variance is used to analyze the difference among 
experimental results, and a decision box is proposed to evaluate the performance of 
the systems studied. Compared with SDS and DTAC, 2000-ppm T-80 shows the best 
CO2 separation performance in semiclathrate hydrates. 

The mass transfer can also be enhanced by adding microparticles due to their 
considerable surface areas. The kinetic promotion experiments of CO2 hydrate 
formation are thus further studied in “dry water” and silica gel (SG) microparticles of 
different sizes. The experimental results reveal that “dry water” particles with 8-wt% 
silica has the highest normalized gas uptakes. However, “dry water” are broken after 
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a repeat cycle. SDS and DTAC are added to the SG system to further enhance gas–
water mass transfer. With the addition of surfactants in 100-nm SGs, SDS systems 
save up to 23.7%–49.3% time to achieve the same amount of gas uptake, while DTAC 
systems save 16% of the time. SGs show better stability and promotion effect than 
“dry water”. 

A modified shrinking core model (SCM) is established to study the CO2 hydrate 
formation kinetics in both “dry water” particles and SG pores. It is the first model that 
integrates the effects of CO2 solubility, capillary effect, volume expansion, and heat 
transfer model. The hydrate formation in both pure CO2 and CO2/N2 gas mixtures are 
simulated to reveal the different roles of CO2 and N2 molecule diffusion and reaction 
in hydrate formation. In “dry water” particles, the water consumed through capillaries 
accounts for less than 10% of the total water consumed. The decoupled heat transfer 
model reveals that the instantaneous temperature gradient in the hydrate shell is of a 
small magnitude of 10–2 K m–1. In SG pores, the initial proportion of water consumed 
by capillary effect is only 1%–26.6%, but it can be up to 74.9% in small pores with 
surfactants.  

This work provides comprehensive insights into gas hydrate formation in both 
water systems and microparticles. It contributes a theoretical basis for the 
improvement of gas hydrate kinetics through mass transfer enhancement. The 
modeling strategies in this work can be applied to hydrate formation mechanisms in 
other porous materials. 
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Chapter 1 Introduction 

1.1 Gas hydrates 

Carbon dioxide (CO2) is widely acknowledged as a significant contributor to global 
warming. Carbon capture and storage (CCS) technology is considered as one of the 
effective strategies to mitigate climate change in the short term. Conventional carbon 
capture technologies bring issues including high energy consumption and solvent 
pollution. Clathrate hydrate technology holds high potential in delivering cost-
effective and environmentally friendly carbon capture solutions.  

Gas hydrates are crystalline solids composed of water and gas. The gas molecules 
(guests) are trapped in water cavities (host) that are composed of hydrogen-bonded 
water molecules. Typical gas molecules include methane (CH4), ethane (C2H6), 
hydrogen (H2), and CO2. The formation conditions of hydrates vary widely depending 
on the species of gas molecules. However, the crystal structures of the formed hydrates 
are limited. All common gas hydrates are classified into three crystal structures: cubic 
structure Ⅰ (sⅠ), cubic structure Ⅱ (sⅡ), and hexagonal structure H (sH).  

 

1.1.1 Gas hydrate crystal structures 

The host water molecules are connected by hydrogen bonds to form a series of 
polyhedral cavities of different sizes. These cavities are connected by vertices or 
surfaces and develop to form cage-like hydrate lattices. Without guest molecules, the 
empty hydrate lattice can be considered as a kind of unstable ice. When the cavities 
of this unstable ice are partially filled with guest molecules, it becomes a stable gas 
hydrate. The higher the percentage filled, the more stable it is.  

The three crystal structures of hydrates, i.e., cubic structure Ⅰ (sⅠ), cubic structure 
Ⅱ (sⅡ), or hexagonal structure H (sH), are shown in Figure 1.1. One cavity can 
generally hold only one guest molecule, unless under high pressure when it can also 
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hold two small molecules. The guest molecule and the host molecule are connected 
by van der Waals force, which is the key to the formation and stable existence of the 
hydrate. 

 
Figure 1.1. Hydrate crystal unit structures: (a) sⅠ, (b) sⅡ, and (c) sH [1]. 

 

Structure Ⅰ is formed with guest molecules having diameters between 4.2 Å and 
6.0 Å, such as CH4, C2H6, CO2, and hydrogen sulfide. Nitrogen (N2) and small 
molecules, including hydrogen (H2, d < 4.2 Å), form structure II as single guests. 
Larger (6Å < d < 7Å) single guest molecules such as propane or iso-butane will form 
structure II. Much larger molecules (typically 7Å < d < 9Å) such as iso-pentane or 
neohexane (2, 2-dimethylbutane) can form structure H when accompanied by smaller 
molecules such as CH4, hydrogen sulfide (H2S), or N2. 

All of the hydrate structures in Figure 1.1 are composed of five polyhedra formed 
by hydrogen-bonded water molecules shown in Figure 1.2, with properties tabulated 
in Table 1.1. The nomenclature description i

i
mn  is often used for these polyhedra, 

where ni is the number of edges in face type “i”, and mi is the number of faces with ni 
edges. 

The pentagonal dodecahedron (12-sided cavity) of Figure 1.2 is labelled 512 
because it has 12 pentagonal faces (ni =5, mi =12) with equal edge lengths and equal 
angles. The 14-sided cavity (tetrakaidecahedron) is called 51262 because it has 12 
pentagonal and 2 hexagonal faces. The 16-hedron (hexakaidecahedral cavity) is 
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denoted 51264 because in addition to 12 pentagonal faces, it contains 4 hexagonal faces. 
The irregular dodecahedron cavity (435663) has three square faces and six pentagonal 
faces, in addition to three hexagonal faces. The largest icosahedron cavity (51268) has 
12 pentagonal faces, as well as a girdle of 6 hexagonal faces and a hexagonal face at 
both the cavity crown and foot. 

The guest molecule and the host molecule only form a single crystal structure 
under a certain condition. However, as the conditions change, the crystal structure 
formed may also change. For example, when the temperature changes, the crystal 
structure of cyclopropane hydrate will change from sⅠ to sⅡ, or from sⅡ to sⅠ, and even 
sⅠ and sⅡ may coexist [1]. The crystal structure may also change due to the addition 
of another guest molecule. For example, pure CH4 will form sⅠ, but if a small amount 
of propane (C3H8) is added, it will form sⅡ then. 

 

 
Figure 1.2. Three cavities in gas clathrate hydrates: (a) pentagonal dodecahedron (512), (b) 

tetrakaidecahedron (51262), (c) hexakaidecahedron (51264), (d) irregular dodecahedron 
(435663), and (e) icosahedron (51268) [1]. 

Table 1.1. Geometry of cages. 

Hydrate crystal structure sⅠ  sⅡ  sH 
Cavity Small Large  Small Large  Small Medium Large 

Description 512 51262  512 51264  512 435663 51268 
No. of cavities/unit cell 2 6  16 8  3 2 1 
Average cavity radius 

(Å) 3.95 4.33  3.91 4.73  3.94 4.04 5.79 

No. of water 
molecules/cavity 20 24  20 28  20 20 36 

Theoretical expression 8M∙46H2O  24M∙136H2O  6M∙34H2O 
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1.1.2 Properties of gas hydrate 

Due to the disordered distribution of guest molecules among the cavities, the ratio of 
guest molecules to host molecules in the crystal is different under different conditions. 
So hydrate has no definite chemical formula and is a non-stoichiometric mixture. 
Therefore, we can understand hydrates in this way: the empty hydrate lattice is like a 
porous medium, and it becomes a hydrate when gas molecules are adsorbed in it. 
According to theoretical calculations, 1 m3 gas hydrates can store 160–180 m3 of the 
gas at standard pressure and temperature condition [2].  

In addition, due to the certain structure of hydrate crystals, the distance between 
host molecules is greater than that between liquid water molecules. If no guest 
molecules enter the cavities, the crystal density must be less than 1 g cm–3. In a 
hypothesis without guest molecules in the cavities, the densities of sⅠ and sⅡ hydrate 
are 0.796 g cm–3 and 0.786 g cm–3, respectively. Generally, the hydrate density is 0.8–
1.2 g cm–3. The density of different hydrates can be calculated by the following 
equations 

 s 1
І 3

0

46 18 2 6M M
N a

θ θρ × + +
= , (1.1) 

 s 1
3

0

136 18 16 8M M
N a

θ θρ × + +
=Ⅱ , (1.2) 

where M is the molecular mass of the guest molecule; sθ and lθ are the fractional 

occupation of small and large cavities by guest molecules; N0 is the Avogadro 
constant; a is the volume of unit cell, for sⅠ hydrate 71.2 10a −= × cm3 mol–1, for sⅡ 
hydrate 71.73 10a −= × cm3 mol–1. The densities of common gas hydrates are listed in 
Table 1.2. 

 

Table 1.2. Densities of common gas hydrates at 273.15 K. 

Gas CH4 C2H6 C3H8 CO2 N2 
Molecular mass (g mol–1) 16.04 30.07 44.09 44.01 28.04 

Density (g cm–3) 0.910 0.959 0.866 1.117 0.995 
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Waite et al. [3] studied the thermal properties of methane hydrate and found that 
its thermal conductivity (λ) was very low. Basically, the thermal conductivity of CH4 
hydrate is only one-fifth of that of ice. Other thermal properties of gas hydrates are 
shown in Table 1.3. 

 

Table 1.3. Thermal properties of gas hydrates. 

Hydrate structure sⅠ sⅡ Ice 
CTEa at 220 K (×10–5 K–1) 7.7 5.2 5.6 
βs 

b at 273 K (×10–11 Pa) 14 14 12 
λ at 263 K (Wm–1K–1) 0.49 ± 0.2 0.51 ± 0.2 2.23 

a CET refers to the coefficient of linear thermal expansion; 
b βs is the adiabatic compressibility. 

 

1.2 Hydrate formation kinetics 

Gas hydrate formation is similar to the crystallization process and can be described by 
two steps: hydrate nucleation and hydrate growth. Hydrate nucleation is an 
intrinsically stochastic process that involves the formation and growth of gas–water 
clusters to critical-sized hydrate nuclei. During the hydrate nucleation process, small 
clusters of water and gas (hydrate nuclei) grow and disperse in water to achieve critical 
size for continued growth. The nucleation step is a microscopic phenomenon 
involving tens to thousands of molecules and is difficult to observe experimentally. 
Current hypotheses for hydrate nucleation are based upon the better known 
phenomena of water freezing, the dissolution of hydrocarbons in water, and computer 
simulations of both phenomena [1]. Evidence from experiments shows that nucleation 
is a statistically probable process [4]. 

In contrast, the hydrate growth process involves the continuous growth of stable 
hydrate nuclei to solid hydrates until reaching a stable condition. On the molecular 
level, hydrate growth can be considered to be a combination of three factors: (1) the 
kinetics of crystal growth at the hydrate surface, (2) mass transfer of components to 
the growing crystal surface, and (3) heat transfer of the exothermic heat of hydrate 
formation away from the growing crystal surface.  

Here, we cite the hydrate formation theory of Sloan in 1994 [1]. A hypothesis 
picture of hydrate growth at a crystal is shown in Figure 1.3. This conceptual picture 
for crystal growth may be combined with either the labile cluster or local structuring 
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hypotheses for nucleation. In the figure, step-growth of the hydrate crystal is depicted 
with the following components: 

(i) A guest in a temporal water cluster is transported to the growing crystal 
surface. The cluster is driven to the surface by the lower Gibbs free energy 
provided at the crystal surface. 

(ii) The cluster adsorbs on the crystal surface. The solid crystal exerts a force 
field into the fluid which results in the cluster adhering to the surface. Upon 
adsorption, some of the water molecules detach from the cluster and 
diffuse away. 

(iii) The cluster diffuses over the surface to a step in the crystal. Since the solid 
force field is perpendicular to the crystal face, the adsorbed species can 
diffuse only in two dimensions along the surface. 

(iv) The cluster attaches to a crystal step, releasing further solvent molecules. 
The step is an attractive site because two solid faces of the step exert a 
force (with two surface–reactant interactions) on the mobile species, in 
contrast to a single force field (with one surface–reactant interaction) on 
the flat surface. 

(v) The cluster can now move only in a single dimension, along the step. The 
cluster diffuses along the step to a kink or defect point in the step. 

(vi) The cluster adsorbs at the kink. The kink is an attractive site because three 
or more solid faces of the kink exert a larger force on the species than the 
two forces exerted by the step alone. 

(vii) The cluster is now immobilized in three dimensions (not shown). 
 

 
Figure 1.3. Hypothesis picture of hydrate growth at a crystal [1]. 
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To illustrate the concept of hydrate formation more intuitively, Figure 1.4 shows 
a typical gas absorption curve for the hydrate formation process in a laboratory-scale 
stirred tank reactor [4]. The rate of gas consumption represents the hydrate formation 
rate which is controlled by the process of gas dissolution and induction, hydrate 
nucleation and growth processes. Gas dissolution and hydrate nucleation period is 
marked as Region 1 in Figure 1.4. This period includes the hydrate nucleation 
induction, which is the time taken from the attainment of super-saturation until the 
first hydrate crystal nuclei are visible or detected at the macroscopic level [5, 6]. In 
contrast, Regions 2, 3 and 4 denote the different stages during hydrate growth. In 
Region 2, a very rapid hydrate growth occurs and a significant increase in gas 
consumption can be observed. During the hydrate growth period, gas molecules are 
being transported from vapour phase to liquid phase and densely packed in the hydrate 
cages. As the water and gas molecules are consumed during hydrate formation, the 
rate of hydrate formation gradually decreases with time and finally flattens at the end 
of the hydrate formation process, which is denoted in Region 3. The attained steady-
state in Region 4 could be due to the complete consumption of hydrate-forming 
components (i.e., water or gas) inside the reactor or the limitation of mass transfer or 
heat transfer, which results in small driving forces and slow hydrate formation rate. 
At the point E, the formed hydrate is deemed to be stable, and could be extracted for 
laboratory testing or used for dissociation experiments. 

 

 
Figure 1.4. Typical gas uptake curve during hydrate formation in a stirred tank reactor [7]. 
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1.3 Methods for promoting hydrate formation 

The development of clathrate hydrate technology has been obstructed by its low 
formation rate and unsatisfied gas capacity. Studies have revealed that the relatively 
severe formation conditions of hydrate and low mass transfer rate are limitations of 
gas hydrate technology in practical applications [8]. Methods to enhance mass transfer 
by increasing gas–liquid contact area or reducing interfacial surface tension is 
frequently used. Common methods to increase the gas–water interfacial area include 
spraying, stirring, bubbling, or adding particles. The use of particles in gas hydrate 
formation provides an effective alternative to mechanical mixing for reduced energy 
consumption and improved safety. In addition, chemical additives act as hydrate 
promoters that may reduce the equilibrium hydrate formation pressure, shorten the 
induction time, increase the hydration rate, enhance gas uptake and improve the 
selectivity of gas in hydrate cages, which have been of great interest. Chemical 
promoters are generally divided into two classes: thermodynamic promoters and 
kinetic promoters. Therefore, the promotion of hydrate formation can also be divided 
into thermodynamic promotion and kinetic promotion.  

 

1.3.1 Thermodynamic promotion 

Thermodynamic promoters induce the formation of the targeted gas hydrates at milder 
conditions. The most widely investigated thermodynamic promoters include 
tetrahydrofuran (THF), tetra-n-butyl ammonium bromide (TBAB), cyclopentane 
(CP), and propane (C3H8) [9]. THF, CP, and C3H8 form hydrates without breaking the 
structure of the water cavities, while TBAB takes part in the formation of 
semiclathrate hydrate structures by joining in and changing the water cages. The cages 
of semiclathrate hydrates are able to encage small-sized gas molecules and have the 
potential for gas separation; at the same time, the formation of these hydrates promotes 
a dramatic reduction of formation pressure [7]. The chemical structures of common 
promoters are presented in Table 1.4 [9]. 

In recent years, thermal properties of TBAB semiclathrate hydrates such as phase 
equilibrium and enthalpy of dissociation have been studied extensively by Chazallon 
et al. [10, 11], especially in the formation of hydrates with CO2. TBAB with TBA+ 
occupies large cages, leaving small cages vacant for CO2 molecules for stable 
occupation, and therefore the required formation pressure is reduced [12]. It was 



Introduction 

9 

reported by Wang and Dennis [13] that the CO2 hydrate equilibrium pressure was 
reduced from 4.4 MPa to 0.55 MPa with the addition of 10-wt% TBAB at 283 K. It 
shows excellent mitigation effects on CO2 hydrate formation conditions.  

Fan et al. [14] presented the CO2 capture by semiclathrate hydrate formation in 
32-wt% TBAB solution. The CO2 recovery was about 50% by one-stage hydrate 
separation and can reach up to 90% by two-stage separation. Many papers studied the 
phase equilibrium conditions of CO2–TBAB semiclathrate hydrates at different TBAB 
concentrations [15–17]. Recent literature on the kinetics of CO2–TBAB semiclathrate 
hydrates revealed that the presence of TBAB prolonged the formation time and 
lowered the CO2 gas uptake [18–20]. The reasons might be that (i) TBA+ occupies 
large cages, reducing available cavities to entrap CO2 [21], and (ii) at high TBAB 
concentrations, semiclathrate hydrates aggregate on the gas–liquid interface, which 
hinders further permeation of CO2 [22, 23]. 

 

Table 1.4. The chemical structure of various chemical additives [9]. 

Chemical additives Chemical structure 

Thermodynamic 
promoters 

Tetrahydrofuran (THF) 
 

Propane  

Cyclopentane (CP) 
 

Tetra-n-butyl 
ammonium bromide 

(TBAB)  

Kinetic promoters  
(Surfactants) 

Tween-80 (T-80) 
 

Dodecyltrimethyl-
ammonium chloride 

(DTAC)  
Sodium dodecyl sulfate 

(SDS)  
 
 
However, TBAB takes part in the hydrate structures by changing and jointly 

occupying the water cages, causing the formation of CO2–TBAB semiclathrate 
hydrates [24]. Ye et al. [25] reported the phase equilibrium data of CO2–TBAB 
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hydrates in 5–55-wt% TBAB aqueous solutions. The promotion effect of TBAB was 
found to be enhanced with the rise of TBAB concentration until a peak at 32 wt%, 
after which the promotion effect started to reduce. The authors also reported that the 
TBAB semiclathrate hydrates tended to form inside the aqueous solution rather than 
on the gas–water interface and deposited at the bottom of the reactor due to the high 
density. Nguyen et al. [26] used TBAB as a promoter for hydrate-based carbon capture 
(HBCC) from CO2/N2 mixtures. In the experiment, a wide range of TBAB 
concentrations were investigated, and the formation conditions and gas storage 
capacity of hydrates were determined. The results showed a longer induction time of 
hydrate formation and a lower CO2 gas uptake in the presence of TBAB [13]. A 
possible explanation is that TBA+ occupies cages in semiclathrate hydrates, which 
reduces available cavities to entrap CO2 [27]. In addition, TBAB nucleates into 
massive semiclathrate hydrates and blocks gas permeability [23]; that is, the formed 
dense hydrate layers may hinder gas diffusion [27]. 

 

1.3.2 Kinetic promotion 

Kinetic promoters increase the hydrate formation rate without taking part in the 
hydrate structure itself. Surfactants can accelerate the formation rate by reducing 
surface tension and improving water activity [9, 28]. Widely used surfactants include 
anionic surfactant sodium dodecyl sulfate (SDS) [29], cationic surfactant 
dodecyltrimethylammonium chloride (DTAC) [30], and non-ionic surfactant, for 
example, Tween 20 and Tween 80 (T-80) [31, 32]. Their chemical structures are 
presented in Table 1.4. The presence of surfactant molecules reduces the surface 
tension, improves water-to-gas contact, and improves the water activity, thus 
enhancing the gas diffusion rate.  

A small amount of anionic surfactant SDS is often added as a kinetic promoter to 
speed up hydrate crystal formation and increase gas uptake [33]. Li et al. [34] studied 
the semiclathrate hydrate formation for flue gas carbon capture in the presence of 
cationic surfactant DTAC. It was found that DTAC not only enhanced the gas uptake 
rate but also improved the separation performance of CO2 from gas mixtures. CO2 was 
purified from 17.0 mol% to 99.4 mol% after a two-stage hydrate-based separation 
process. The CO2 concentration in typical flue gas is 15 mol% to 20 mol%, while it 
increases to around 70 mol% before getting into the second stage. Zhang et al. [35] 
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reported that the split fraction and separation factor of CO2 were greatly improved in 
the presence of DTAC. 

However, little is known about the effect of non-ionic surfactants on the 
thermodynamic promoter. T-80, as a low-cost and environmentally friendly non-ionic 
surfactant and emulsifier, is commonly used in the food and cosmetics industries [36]. 
It can be used to solubilize hydrophobic organic compounds from the soil due to its 
low polarity, low toxicity, and high solubilization capacity [37]. Zhang et al. [38] 
found that the solubilization of 1310-ppm T-80 produced supersaturated CH4 
molecules to promote the mass transfer and provided the complexation between water 
and CH4, performing a reduction in induction time. Prah et al. [36] experimentally 
investigated the flow characteristics of CO2 hydrate slurry in the presence of T-80 to 
elucidate the potential of CO2 hydrate transportation in HBCC. The results showed 
that T-80 had a positive effect on the slurry stability, slurry temperature, and slurry 
density. Mohammadi et al. [32] studied the impact of T-80 on CO2–TBAB hydrate 
formation. They used pure CO2 in 0–15-wt% TBAB systems and concluded that 500-
ppm T-80 presented a slight positive effect on the kinetics of hydrate formation in the 
presence and absence of TBAB, while 1500-ppm T-80 was found to inhibit the 
kinetics of hydrate formation. 

 

1.3.3 Combined effects of thermodynamic and kinetic promotion 

To form CO2 hydrates in both moderate conditions and at a fast rate, thermodynamic 
and kinetic promoters were added jointly in some studies. For example, THF+SDS 
mixtures have been used in the work of Lirio et al. [33]. It was found that in the 
presence of SDS, the induction time was highly reduced. By adopting the recipe of 
500-ppm SDS and 5-mol% THF, the largest CO2 capture amount reached 91.9% with 
an induction time of 25 min. Torré et al. [39] also reported the CO2 enclathration in 
the presence of THF and SDS. THF was found to increase the hydrate temperature 
and decrease the hydrate pressure, while SDS showed no influence on phase 
equilibrium conditions. The combination of THF and SDS significantly improved gas 
uptake. The optimal concentration in the experiments was 0.3 wt% SDS+4 wt% THF. 
However, these studies only focused on pure CO2, or gas mixtures with a single 
promoter. The effects of binary promoters on the separation of CO2 from gas mixtures 
are still unknown. 
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Most current studies focus on the combined effects of TBAB with ionic surfactants, 
which may influence the performance of TBAB through electrostatic interactions. 
Renault-Crispo and Servio [40] studied the combined effect of TBAB and anionic 
surfactant SDS on CH4 hydrate formation and found initially reduced growth kinetics 
in 100–1250 ppm SDS with 5-wt% TBAB. The inhibition trend of 5-wt% and 20-wt% 
TBAB was also found with SDS. Wang et al. [41] studied the synergetic effect of SDS 
and TBAB on CO2 separation. They found that the kinetics of hydrate growth were 
promoted by SDS, but the CO2 separation efficiency was reduced. Zhang et al. [35] 
tested the effect of varied concentrations of SDS and DTAC with 10-wt% TBAB on 
CO2 hydrate formation kinetics. The separation performance was also found to be 
reduced by SDS. The gas uptake yield was reduced by 39%–52% with DTAC 
concentrations higher than 1000 ppm due to the reduced water activities caused by 
intramolecular interactions. However, the mechanism of non-ionic T-80 on TBAB 
semiclathrates is still unclear; very few papers studied the T-80+TBAB pairs, and the 
effect of T-80 on CO2 separation from gas mixtures is still unclear. 

 

1.3.4 Hydrate formation in porous media 

Porous materials are widely used on various occasions as a way to increase the contact 
area and improve mass transfer. The use of particles in gas hydrate formation provides 
an effective alternative to mechanical mixing for reduced energy consumption and 
improved safety. Water (or aqueous solution) is usually dispersed uniformly around 
or inside the small particles, so that the contact area between gas and water is 
significantly increased, and then hydrates can form in the pores. Widely used particles 
include hydrophilic silica gels [42, 43], silica sands [44, 45], activated carbons [46], 
commercial zeolite [47], aluminum foam [48], montmorillonite[49], polymers [50], 
hydrogels [51], and dry water [52]. The low-temperature (at 163 K) scanning electron 
microscopy (SEM) image for methane hydrates formed around porous silica gels is 
shown in Figure 1.5 [2]. 

Some experiments on CO2 hydrate formation and dissociation in porous media, 
and even with the addition of some promoters, have been carried out. The formation 
mechanism of methane hydrate in porous materials like seafloor sediments has been 
reported [51, 53, 54], but information on the influence of porous materials on the 
formation of CO2 hydrate is insufficient. Some reports showed that with the existence 
of porous media, more water will be converted to hydrate, and the CO2 recovery rate 



Introduction 

13 

can also be increased [45, 55–60]. However, some articles revealed that the 
equilibrium pressure of the corresponding gas hydrates in porous media were higher 
than those of bulk hydrates [2]. Uchida et al. [61, 62] experimentally determined the 
equilibrium pressures of CH4, C3H8, and CO2 hydrates in porous glass. Wilder et al. 
[63, 64], Seshadri et al. [65], Smith et al. [66], and Zhang et al. [67] used conceptual 
models to explain the hydrate equilibria in porous media adopting a pore size 
distribution. Some researchers [68, 69] have modified the thermodynamic model for 
bulk hydrates originally developed by van der Waals and Platteeuw to elucidate the 
effect of pore size on hydrate equilibrium conditions. The mechanism of porous media 
to effect the hydrate equilibriu, and formation kinetics is unknown. 

 

 
Figure 1.5. Low-temperature (at 163 K) SEM image for methane hydrates formed around 

porous silica gels [2]. 

 

1.4 Kinetics models of hydrate growth 

The growth of gas hydrates practically takes place right after the nucleation, and is 
considered as a complicated interfacial phenomenon, which involves multicomponent 
(i.e., water, gas, and hydrate) distribution in multiphase (i.e., aqueous, gas and hydrate) 
at multiscale level (i.e., molecular-scale and macroscopic-scale). The analysis of this 
phenomenon requires the understanding of heat and mass transfer, fluid flow, and 
intrinsic kinetics of phase change. At the macroscopic level, the rate of gas hydrates 
growth was typically quantified according to the gas consumption rate calculated from 
the measurement of pressure and temperature, as well as other direct visualization 
techniques on the hydrate film thickness and morphology [70–72]. At the microscopic 
level, hydrates growth can be considered as a combination of three different factors: 

(i) mass transfer of water and gas molecules to the growing hydrate surface; 
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(ii) the intrinsic kinetics of hydrate growth at the hydrate surface; 
(iii) transport of the heat released from the exothermic hydrate formation 

reaction from the growing crystal surface. 
Accordingly, the structure of a kinetic model can be based on the particular 

controlling mechanism: (i) mass transfer; (ii) intrinsic kinetics; (iii) heat transfer, or a 
combination of them. Since hydrate growth is generally considered as an interfacial 
phenomenon, the movement of guest gas molecules from one phase to another should 
be considered in the rate equation. Thus, the common rate expression typically 
incorporated mass transfer rate terms in addition to the commonly known “intrinsic 
kinetics” [73, 74]. In addition, heat transfer analysis stemming from classical 
nucleation theory also provided insight into the thickness and growth rate of the initial 
gas hydrate film [72, 75]. These mechanisms are often coupled and either one of them 
could be dominating during the process of hydrate growth, depending on the hydrate 
formation condition.  

To better understand the formation kinetics, many modeling studies have been 
implemented since the early 1970s [76]. Vysniauskas and Bishnoi [77] first proposed 
a semiempirical Arrhenius-type rate equation in 1983. Englezos et al. [4] improved 
Vysniauskas’ experimental setup and built a kinetic model to represent the physical 
and chemical insights into the process of hydrate growth. The model, with high 
prediction accuracy, considers clathrate hydrate formation in two consecutive steps: 
diffusion and adsorption. Further, Skovborg and Rasmussen simplified the model of 
Englezos [78]. Table 1.5 summarizes the different hydrate growth models that have 
been developed by various research groups. 

The shrinking core model (SCM) was first used in hydrate formation of deepwater 
oil/gas blowouts systems [79]. It was further explored in water-in-condensate oil 
emulsions in a flow loop unit [80, 81]. Later, the SCM was modified to predict hydrate 
formation from ice powders [82] and CH4 formation kinetics in the hydrogel particles 
[53, 83]. While these studies have demonstrated the high suitability of the SCMs to 
particles with well-defined geometries, the models developed so far have not yet 
completely reflected the chemical process. For instance, heat transfer and the effects 
of the porous structure of hydrates have not been clearly considered in the previously 
reported SCMs. Some assumptions, such that the hydrate nucleus is homogeneously 
distributed in all pores, conflict with the shrinking core concept that supports the 
growth and propagation of gas hydrate from the outer to the inner layers [28]. 
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Table 1.5. Hydrate growth models. 

Growth model 
based on Driving force / model features Researchers and references 

Growth kinetics ( )eqf f−
 

Englezos et al., 1987 a,b [4, 
74] 

Growth kinetics ( )eqf f−  Minor modification to 

Englezos’ model 
Malegaonkar et al., 1997 

[84] 

Mass transfer ( )int b
i ix x−  Simplification/modification 

to Englezos’ model 
Skovborg and Rasmussen, 

1994 [78] 

Mass transfer Based on phase field theory Svandal et al., 2005 [85] 
Mass transfer Based on Monte Carlo cellular automata Buanes et al., 2006 [86] 

Heat transfer 
Curved film front growth on 

water–hydrate former interface 
Uchida et al., 1999 a [87] 

Heat transfer 
Curved film front growth on 

water–hydrate former fluid interface 
Mori, 2001 [88] 

Heat transfer 
Straight film front growth on water side 

of water–hydrate former interface 

Freer et al., 2001; 
Mochizuki 

and Mori, 2006 [75, 89] 
 

1.5 Hydrate-based carbon capture 

In recent years, CO2 emissions have increased year by year, and the resulting climate 
change issues, such as the greenhouse effect, have attracted widespread attention. 
Corresponding CO2 emission reduction technologies have also been extensively 
studied. At present, carbon capture and storage (CCS) technology is one of the most 
effective ways to reduce CO2 emissions in the short term [90]. The conventional CO2 
capture technologies include chemical absorption, physical adsorption and membrane 
separation, and so on. These technologies have been commercially available for over 
50 years. However, some analyses have shown that such technologies increase the 
power plants’ energy requirement by 25%–40% [91], with the capture part making up 
to two-thirds of the total CCS cost [92]. Consequently, the conventional capture 
methods are not cost-effective, and they also may produce a corresponding negative 
impact due to the solvent emission [93]. Therefore, different strategies and 
technologies need to be developed to decrease both the overall CCS cost and the 
environmental impact of conventional CO2 absorbers or absorbers. Currently, gas 
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hydrates are getting more significant attention as a potential CO2 capture and storage 
technology [7].  

The fact that gas can form solid hydrates in water has been known for many years 
[94], and has driven intensive investigation in recent years into its capability to 
separate and to store gas. Many researchers have unveiled the existence of gas hydrate 
in nature, like methane hydrate in deep oceans where the pressure is very high and the 
temperature is low. HBCC technology has been recognized as a potential method for 
CO2 capture because each individual gas has different hydrate formation conditions; 
for example, CO2 forms hydrate at 1.2 MPa and 273K, N2 forms hydrate at 15.9 MPa 
and 273K, and H2 forms hydrate at 200 MPa and 273K. The mechanism of HBCC is 
shown in Figure 1.6. Additionally, the advantage that per volume gas hydrate can 
contain hundreds of times that volume of gas makes it a promising application for CO2 
storage after CO2 capture. 

 

 
Figure 1.6. Mechanism of hydrate-based CO2 capture [21]. 

 
This HBCC technology involves no or very few chemical agents, but only uses 

cold water or lean aqueous solution as the working fluid. In most cases, the 
equilibrium temperature of hydrate is lower than the ambient temperature, hence the 
regeneration by raising the temperature can be easily achieved through heat exchange 
with the atmospheric environment, and the release of CO2 at a high pressure which 
benefits the subsequent transportation and storage [95]. The cost of HBCC technology 
in an integrated gasification combined cycle (IGCC) plant was reported in 1999 by 
the US Department of Energy to be US$8.75 per ton of CO2 captured, which is 
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significantly lower than the cost of US$59 per ton of CO2 captured using conventional 
amine-based absorption and US$64 per ton of CO2 for adsorption by zeolite [9, 92, 
96–98].  

However, the practical application of this new technology is limited due to the low 
mass transfer between the gas phase and the liquid phase. In a common experiment of 
hydrate formation, the interface area between the gas and liquid is always just the 
cross-sectional area of the reactor, which is very limited for mass transfer and reaction. 
Although the addition of promoters to accelerate the rate of hydrate formation has 
been discussed in a large body of literature [99–102], the rate of hydrate formation has 
not yet been as rapid as in conventional absorption methods, such as chemical 
absorption. So it is essential to enhance the mass transfer between the gas and liquid 
and speed up the reaction duration to form hydrates rapidly under a relatively moderate 
pressure condition[103, 104]. 

 

1.6 Research objectives 

This work aims to study the mechanism of promoting CO2 hydrate formation for 
effective carbon capture. Both chemical promoters and porous material will be used 
to enhance the mass transfer. Except for the experimental study, kinetics models for 
hydrate growth will also be built to investigate the detailed theoretical basis for the 
improvement of kinetics. The whole thesis will be divided into two parts, the 
experiments and model strategies. 

 

(1) Thermodynamic and kinetic promotion experiments 
Unlike previous studies, in this work we try to find the optimal recipe for CO2 

hydrate formation considering both thermodynamic and kinetic properties with the 
help of TBAB and an anionic, a cationic, or a non-ionic surfactant—TBAB+SDS, 
TBAB+DTAC, and TBAB+T-80, and to investigate their practical applications for 
CO2 separation from gas mixtures with high CO2 proportion of CO2/N2. In order to 
moderate the CO2 hydrate phase equilibrium conditions and accelerate their formation, 
TBAB was used as a primary promoter for thermodynamic enhancement. Secondary 
kinetic promoters, i.e., surfactants, were added to compensate for the lower gas uptake 
caused by TBAB. Anionic surfactant SDS, cationic surfactant DTAC, and non-ionic 
surfactant T-80 were chosen to prompt the performance of HBCC from CO2/N2 gas 
mixtures in the presence of TBAB. Experiments were conducted in TBAB systems at 
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the concentration of 10 wt% in conjunction with varied surfactant concentrations. The 
effects of the concentration of SDS, DTAC and T-80 on induction time, CO2 gas 
uptake, and separation performance in the TBAB systems were investigated and 
compared with those in the pure water system. The effect of temperature driving force 
on CO2 separation was also studied.  

CO2/N2 gas mixtures with a mole fraction ratio of 70:30 were used in this study. 
Although the concentration of CO2 in power plants is generally in the range from 15 
mol% to 20 mol%, it can be several tens of percent in steelmaking plants. This 
includes the tail gas in the FINEX® process with a concentration from 66 mol% to 80 
mol%, or in natural gas production, for example, CH4 replacement from natural gas 
hydrates by CO2-rich gas mixtures (approx. CO2:N2 = 3:1) [105]. More importantly, 
the HBCC is suitable to integrate with other carbon capture processes, where the 
HBCC can be used in the later stage with the benefits of energy saving and storage in 
one step [34, 106]. Thus the CO2/N2 gas mixtures with 70-mol% CO2 were used in 
this work. Our findings will fill the gap in knowledge of the effects of combined 
TBAB and surfactants for high-efficiency HBCC separation processes. 

(2) Hydrate formation experiments in “dry water” and the shrinking core model 
In this work, a comprehensive SCM was developed and validated to study the CO2 

hydrate formation kinetics in “dry water” particles. “Dry water” is the term for the 
isolated water drops encapsulated by hydrophobic silica [51, 52, 54, 107, 108]. It 
provides a suitable scattered structure within dispersed small spherical particles for 
the kinetic promotion of gas hydrate formation through enhancing mass transfer. CO2 

dissolved in water and the capillary effect of the porous hydrate shell were particularly 
considered in the model. The impact of heat released on the formation kinetics was 
determined by establishing a new heat transfer model. As a comparison, the model 
was also applied to the formation process of CH4 hydrate, for which the experimental 
data was obtained from the previous work of Shi et al. [83]. The different volume 
expansion in CO2 and CH4 hydrate growth in “dry water” was also considered in this 
work. Key parameters during CO2 and CH4 hydrate formation, namely the effective 
diffusion coefficient, hydrate shell thickness, and water consumption in capillaries, 
were determined by the model. This work aims to propose a more accurate modeling 
strategy to describe the hydrate formation kinetics in particles, revealing the roles of 
critical parameters on hydrate formation kinetics, thus providing a detailed theoretical 
basis for the improvement of kinetics. 

(3) Hydrate formation experiments in silica gels and the shrinking core model 
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Moreover, silica gels (SGs) in varied pore sizes were used as the base structure for 
hydrate formation. The effects of SG pores and surfactants on the hydrate formation 
kinetics were also investigated both experimentally and numerically. SDS or DTAC 
solutions at varied concentrations were used to further improve the water activity. An 
advanced SCM was used to simulate CO2 hydrate formation kinetics in SGs, which is 
the first model considering pore size, capillary effect, CO2 solubility, and the effects 
of surfactants. Key parameters of CO2 hydrate formation were determined by the 
model, including the reaction rate constant, effective diffusion coefficient, water 
consumption by capillaries, and hydrate shell thickness in the pores. Specifically, it 
reveals four mechanisms: (a) the migration of hydrate–liquid interface in nanopores 
during CO2 hydrate formation; (b) the variation of the effective diffusion coefficient 
during hydrate formation; (c) the effect of surfactants on the reaction rate constant, 
effective diffusion coefficient, and capillary effect; and (d) the possible changes in the 
capillary structure.  

(4) Investigation of the effects of surfactants by shrinking core model 
Furthermore, the SCM was also advanced to investigate the effects of surfactants 

on the CO2 separation performance from CO2/N2 gas mixtures. The SCM especially 
considers the role of N2 in the CO2 separation of HBCC. The modeling strategies 
quantitatively analyze the binary effects of surfactants and nanopores, revealing the 
variations and roles of critical parameters of hydrate formation kinetics, thus 
contributing to a theoretical ground for gas hydrate kinetics improvement. 

  
This work reveals the mechanism of mass transfer during gas hydrate formation 

in microparticles compared to that in bulk water. This work also enhances the 
understanding of the transport phenomena of gas molecules and helps to extend the 
knowledge of gas separation and surfactants in hydrate formation. 

 
 
 
 





21 

Chapter 2 Thermodynamic and kinetic 

promotions of CO2 hydrate formation using 

chemical promoters1 

2.1 Introduction 

Tetra-n-butyl ammonium bromide (TBAB) takes part in the formation of semicla-
thrate hydrate structures by joining in and changing the water cages. The cages of 
semiclathrate hydrates are able to encage small-sized gas molecules and the formation 
of these hydrates promotes a dramatic reduction of formation pressure. This chapter 
presents experimental results of the CO2–TBAB semiclathrate hydrate formation 
kinetics. The phase equilibrium and gas uptake yields of CO2–TBAB semiclathrate 
hydrate formation are investigated under different TBAB concentrations with pure 
CO2 to determine the optimal TBAB concentration. In order to maintain the high-
temperature and low-pressure phase equilibrium while compensating for the reduced 
gas uptake caused by TBAB, surfactants are added to the system to increase the 
formation rate. The combined effects of TBAB and surfactants on CO2–TBAB 
semiclathrate hydrate formation kinetics are investigated. The three kinds of 
surfactants used in this chapter are anionic surfactant sodium dodecyl sulfate (SDS), 

 
1 The content of this chapter has been published in the following articles: 

Zhang F, Wang X*, Lou X, Lipiński W*. The effect of sodium dodecyl sulfate and 
dodecyltrimethylammonium chloride on the kinetics of CO2 hydrate formation in the presence 
of tetra-n-butyl ammonium bromide for carbon capture applications. Energy. 
2021;227:120424. 

Zhang F, Wang X*, Lou X, Lipiński W*. Effects of Tween 80 on clathrate and semiclathrate 
CO2 hydrates formation kinetics for carbon capture from CO2-rich gas mixtures. Carbon 
Capture Science & Technology. 2022;4:100053. 
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cationic surfactant dodecyltrimethyl-ammonium chloride (DTAC), and non-ionic 
surfactant Tween 80 (T-80). All the experiments are implemented under isothermal 
conditions. CO2/N2 (70:30 mol%) gas mixtures are used in this chapter to evaluate the 
separation performance of CO2–TBAB semiclathrate hydrate. Key parameters, 
namely the induction time, CO2 gas uptake yield, percentage water conversion, CO2 
recovery rate, and separation performance, are comprehensively evaluated in this 
chapter. 

 

2.2 CO2–TBAB semiclathrate hydrate formation 

The phase equilibrium of CO2–TBAB semiclathrate hydrate formation was 
investigated in a previous study of Wang et al. [13]. TBAB solutions were prepared 
with the various mass fractions of 10, 20 and 32 wt%, where the 32 wt% is the 
stoichiometric concentration for CO2–TBAB semiclathrate formation. The hydrate 
formation is induced by stepwise cooling of the samples, and the equilibrium 
temperature is determined not only by the visibility of the solids formed but also by 
the variations in the cooling curve.  

Figure 2.1 shows the dissociation equilibrium of CO2–TBAB semiclathrate 
hydrate. In the dissociation, the required pressure at a certain temperature is 
considerably reduced by the rise in TBAB mass fraction. These data are also compared 
with those from other literature and show reliability [109–112]. This reveals that the 
addition of TBAB is helpful in increasing the hydrate formation temperature.  

 
Figure 2.1. Phase equilibrium of CO2–TBAB hydrate at various mass fraction [13].  



Thermo. & kinetic promo. of CO2 hydrate formation using chemical promoters  

23 

However, the higher concentration of TBAB will also result in reduced CO2 gas 
uptakes. The combined effect of feed pressure and TBAB mass fraction on the CO2 
gas uptake is presented in Figure 2.2. This analysis was conducted in a pressure range 
from 2.3 to 9.4 bar with the same TBAB mass fraction of 10, 20 and 32 wt% as 
mentioned above. The results show that higher feed pressure leads to larger CO2 
uptake quality and efficiency for all the TBAB mass fractions studied. However, a 
higher TBAB mass fraction results in lower CO2 uptake quality and efficiency 
throughout the pressure range. It is assumed that with sufficient overpressure driving 
force the amount of CO2 uptake mainly relies on the number of vacant cages 
(nucleation sites) in the hydrate structure, which is to some extent enhanced by high 
TBAB mass fractions. However, at a low feed pressure, the trapping of CO2 is less 
dependent on the number of vacant cages; instead, the mass transfer becomes a major 
restraint on the hydrate formation. In this case, a lower TBAB mass fraction is more 
favorable since it provides more free water for CO2 gas dissolution thus improving the 
mass transfer. This tendency is also attributed to the hydrate growth of 32 wt% TBAB 
not being sustainable, with its effect diminishing and finally this may result in an early 
stoppage of gas consumption [23].  

A similar finding is also in the work of Fukumoto et al. [113], in which the CO2 
separation factor drops with increasing TBAB concentration, which was attributed to 
that when the pressure is lower and salt concentration is high, type A hydrate is more 
stable and the separation factors of type A hydrate are much smaller than those of type 
B hydrates. 

 
Figure 2.2. CO2 gas uptake at various feed pressures and TBAB mass fractions [13]. 
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Considering the trade-off of experimental conditions and gas uptake yields, 10-
wt% TBAB will be used in the rest of this chapter to evaluate the combined effects of 
TBAB and surfactants. 

 

2.3 Experimental study on combined effects of TBAB 

and ionic surfactants 

To form CO2 hydrates both in moderate conditions and at a fast rate, thermodynamic 
and kinetic promoters were added jointly in this study. Unlike previous studies, this 
work aims to find the optimal recipe for CO2 hydrate formation considering both 
thermodynamic and kinetic properties with the help of an anionic and a cationic 
surfactant, respectively—TBAB+SDS and TBAB+DTAC, and their practical 
applications for CO2 separation from gas mixtures with high CO2 proportion of 
CO2/N2. TBAB was used as a primary promoter for thermodynamic enhancement. 
Anionic surfactant SDS and cationic surfactant DTAC were chosen to prompt the 
performance of HBCC from CO2/N2 gas mixtures in the presence of TBAB. 
Experiments were conducted in TBAB systems at the concentration of 10 wt% in 
conjunction with SDS at 500, 1000 and 1500 ppm, or DTAC at 1000, 2000 and 6000 
ppm. The effects of the concentration of SDS and DTAC on induction time, CO2 gas 
uptake, and separation performance in TBAB systems were investigated and 
compared with those in the pure water system. The effect of subcooling on CO2 
separation was also studied. 

In addition to the promoters, previous studies of HBCC mainly focused on the CO2 
proportion of 17 mol% to 20 mol% for the flue gas [34, 114]. Although this proportion 
is approximately the gas composition after combustion, it is very intensive in energy 
consumption [7, 9]. In addition, the exhaust gas in the process is at a high temperature 
and not suitable for HBCC directly. In practical applications, it is applicable to use a 
cheap separation method for the first stage that generates a CO2/N2 gas mixture with 
a high CO2 proportion, and then use the HBCC method in the following stage for 
separation and storage to produce CO2 with a purity of  >95 mol%. This multi-stage 
capture not only reduces energy consumption but also allows the high-temperature 
exhaust gas to cool down before reaching the capture unit for stable and continuous 
operations. To be applied in the second or third stage of separation/storage, HBCC for 
a gas mixture with a high CO2 proportion (around 70 mol%) is of significance. 
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2.3.1 Experimental methods 

CO2/N2 gas mixtures containing 70 mol% CO2 and 30 mol% N2 were used in this 
work, supplied by BOC Limited Australia. TBAB (CAS: 1643-19-2), SDS (CAS: 151-
21-3), and DTAC (CAS: 112-00-5) were supplied by Sigma Aldrich with purity of 
99%, 98.5%, and 99% respectively. The TBAB water solution with a concentration of 
10 wt% was prepared in the lab with the deionized water. 

The apparatus consisted of a 635-mL steel cylindrical reactor (maximum pressure 
30 MPa) with a mechanical stirrer from the top, a low-temperature thermostatic bath, 
a water tank containing cooling fluid, a vacuum pump, as well as a data acquisition 
system, shown in Figure 2.3. The QMS 100 Series Gas Analyzer from Stanford 
Research Systems was used to measure the gas components. The QMS series gas 
analyzer had a fast response time of less than 0.5 seconds. The pressure and 
temperature variations in the reactor were recorded by a pressure transducer and 
thermocouples with accuracy of ±0.01 MPa and ±0.1℃, respectively. More details of 
the apparatus are shown in Table 2.1.  

The kinetic experimental program was conducted under the condition of constant 
temperature and volume (batch mode). The solution volume used in each experiment 
was 100 mL. The reactor was first washed and rinsed with deionized water five times 
and allowed to dry. After the solution was charged into the reactor, the reactor was 
sealed and degassed using a vacuum pump. Then the reactor was cooled by the 
thermostatic bath. Once the reactor reached and further stabilized at the desired 
temperature for 60 min, it was pressured by CO2/N2 gas mixtures to 3.8 MPa. 
Meanwhile, the adjustable motor stirrer was set to 500 rpm. The gas composition in 
the reactor was sampled and characterized by the gas analyzer every 30 min 
instantaneously. The gas loss due to gas sampling, 0.1–0.3 mL, was negligible. Each 
experiment lasted for at least 6 hours after hydrates were formed, and was repeated 
twice under the same conditions with the same reaction system, referring to one 
“fresh” run and two “memory” runs, where the “memory” runs are—runs with water 
or TBAB solution that have formed CO2 hydrates before. Throughout these processes, 
the pressure and temperature in the reactor were acquired every 10 seconds. 

The temperatures in the experiments were chosen considering all the equilibrium 
temperatures of CO2 hydrates, TBAB hydrates, and CO2–TBAB semiclathrate 
hydrates. To form CO2 hydrate in pure water, the temperature should not exceed 
279.35 K, and should be higher than 262.65 K in case of CO2 liquefaction at a global 
pressure of 3.8 MPa for 70% CO2 gas mixtures. TBAB could form two types of salt 
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hydrates in the absence of guest gas, which are type A and type B [115]. The minimum 
temperature to prevent TBAB from forming salt hydrates with water at the 
concentration of 10 wt% is 280 K, according to the data from the work of Oyama and 
Darbouret [116, 117]. On the other hand, based on the phase equilibrium data of CO2–
TBAB semiclathrate hydrates reported by Ye and Zhang in Figure 2.4 [25], the 
temperature should be lower than 287.84 K at a global pressure of 3.8 MPa for gas 
mixtures with 70 mol% CO2. Thus, in this work, the experimental temperature was set 
in the range of 280.00–287.84 K for TBAB systems to form CO2–TBAB semiclathrate 
hydrates. The experimental conditions for all experiments in this study are shown in 
Table 2.2. 

 
Figure 2.3. Schematic diagram of the experimental apparatus. 

 
Table 2.1. Apparatus and materials properties. 

Apparatus Model Technical index Supplier 

Cylindrical reactor 316L steel 635 mL, 30 MPa Hai’an Scientific Research 
Apparatus Co., Ltd, China 

Adjustable motor 
stirrer MY-358 200 W Hai’an Scientific Research 

Apparatus Co., Ltd, China 

Thermostatic bath HX-1030 –10 to 99.99℃, 
30 L, 16 L min–1 

TOPTION Group Co., Ltd, 
China 

Vacuum pump VP6DE 144 L min–1 CPS Products Australia 
Pressure 

transducer PX790GW 40 ± 0.01 MPa OMEGA Engineering Australia 

Thermocouple TJ36 –20 to 100℃, 
±0.1℃ OMEGA Engineering Australia 
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Figure 2.4. Phase diagram for CO2 hydrate in the water system and CO2–TBAB 

semiclathrate hydrate at different TBAB concentrations [25]. 

 
Table 2.2. Experimental conditions for the studied CO2 hydrate formation systems. 

Exp. no. System Kinetic promoters Exp. state Texp (K) ΔT 1 (K) 
1 

TBAB – 
Fresh 283.15 

4.69 2 Memory 1 283.15 
3 Memory 2 283.15 
4 

Water – 
Fresh 276.45 

2.9 5 Memory 1 276.45 
6 Memory 2 276.45 
7 

Water SDS (500 ppm) 
Fresh 276.45 

2.9 8 Memory 1 276.45 
9 Memory 2 276.45 

10 
Water SDS (1000 ppm) 

Fresh 276.45 
2.9 11 Memory 1 276.45 

12 Memory 2 276.45 
13 

Water SDS (1500 ppm) 
Fresh 276.45 

2.9 14 Memory 1 276.45 
15 Memory 2 276.45 
16 

TBAB SDS (500 ppm) 

Fresh 283.15 4.69 
17 Memory 1 283.15 4.69 
18 Memory 2 283.15 4.69 
19 Fresh 285.15 2.69 
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Exp. no. System Kinetic promoters Exp. state Texp (K) ΔT 1 (K) 
20 Fresh 286.15 1.69 
21 

TBAB SDS (1000 ppm) 
Fresh 283.15 

4.69 22 Memory 1 283.15 
23 Memory 2 283.15 
24 

TBAB SDS (1500 ppm) 
Fresh 283.15 

4.69 25 Memory 1 283.15 
26 Memory 2 283.15 
27 

Water DTAC (0.1 wt%) 
Fresh 276.45 

2.9 28 Memory 1 276.45 
29 Memory 2 276.45 
30 

Water DTAC (0.2 wt%) 
Fresh 276.45 

2.9 31 Memory 1 276.45 
32 Memory 2 276.45 
33 

Water DTAC (0.6 wt%) 
Fresh 276.45 

2.9 34 Memory 1 276.45 
35 Memory 2 276.45 
36 

TBAB DTAC (0.1 wt%) 

Fresh 283.15 4.69 
37 Memory 1 283.15 4.69 
38 Memory 2 283.15 4.69 
39 Fresh 285.15 2.69 
40 Fresh 286.15 1.69 
41 

TBAB DTAC (0.2 wt%) 
Fresh 283.15 

4.69 42 Memory 1 283.15 
43 Memory 2 283.15 
44 

TBAB DTAC (0.6 wt%) 
Fresh 283.15 

4.69 45 Memory 1 283.15 
46 Memory 2 283.15 

1 ΔT, subcooling, is defined as the difference between the phase equilibrium temperature and 
the experimental temperature at a given pressure. 
 

2.3.2 Performance metrics 

2.3.2.1 Gas uptake and normalized gas uptake 

The initial amount of gas pressurized into the reactor is defined as 
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where P0 is the initial pressure in the reactor at the onset of an experiment (t = 0), RV
and SV are the inner volume of the reactor and the volume of solution added into the 
reactor, respectively. R is the ideal gas constant, and Texp is the temperature of the gas 
phase in the reactor. Z0 is the gas compressibility factor at t = 0, calculated by Peng–
Robinson equations of state [118]. The gas compressibility factor of gas mixtures can 
be obtained by solving the Peng–Robinson cubic equation with the binary interaction 
parameters for mixtures (see Appendix B). The value of the compressibility factor in 
this paper was compared with that obtained by Pitzer’s correlation [119], which shows 
a good agreement with the present study with a small error of ±0.001. 

The amount of gas in the reactor at any given time t is calculated as 
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where Pt and Zt are the pressure in the reactor at time t and the gas compressibility 
factor at time t, respectively. Thus, the gas uptake g,tn∆  at time t can be expressed as 

follows 

 g,t g,0 g,t=n n n∆ − . (2.3) 

The normalized gas uptake NGt at any given time t is calculated as [120] 

 
2
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where 
2H On  is the total number of moles of water initially in the reactor. 

To calculate the gas uptake of CO2 in a gas mixture, Eqs (2.1) and (2.2) are 
multiplied by the mole fraction of CO2 measured by the gas analyzer.  

2.3.2.2 Normalized rate of CO2 hydrate growth 

The normalized rate of CO2 hydrate growth for the first 30 min after the CO2 hydrate 
formation is calculated by using the following equation [121] 

 2 2

2

2

R
CO ,0 CO ,30

30,CO
H O

NR
n n

V t
−

=
×

, (2.5) 
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where 
230,CONR is the normalized rate of CO2 hydrate growth for the first 30 min after 

the CO2 hydrate formation, 
2CO ,0n is the initial moles of CO2 in the reactor, 

2

R
CO ,30n is the 

moles of CO2 in the reactor at 30 min after the CO2 hydrate formation, and 
2H OV is the 

initial volume of water in the reactor. 

2.3.2.3 Percent water conversion 

The percent water conversion (PWC) is determined by Eq. (2.6) as 

 
2

g, 

H O

hydration number
PWC = 100%tn

n
∆ ×

× , (2.6) 

where the hydration number is the theoretical number of water molecules consumed 
per guest molecule [55]. The hydration numbers of clathrate hydrates and TBAB 
semiclathrate hydrates were chosen at 7.23 and 15.1 in this study based on the test 
results of Kang et al. [122] and Lin et al. [109], respectively. 

2.3.2.4 Split fraction and separation factor 

The split fraction of CO2, also referred to as CO2 recovery, was proposed by Linga to 
quantify the selectivity towards CO2 of the gas hydrate reaction [114] as 

 2

2

H
CO

CO ,0

S.Fr.
n
n

= , (2.7) 

where 
2CO ,0n is defined as the number of moles of CO2 at t = 0 and 

2

H
COn is the number 

of moles of CO2 in the hydrates phase at the end of the experiment. 
The separation factor of CO2 shows the relative capability to capture CO2 gas 

rather than other gases in a gas mixture, which is determined by the following equation 
[114] as 

 2 2

2 2

H gas
CO N
H gas
N CO

S.F.
n n
n n

= , (2.8) 

where 
2

gas
COn  and 

2

gas
Nn  are the number of moles of CO2 and N2 in the gas phase at the 

end of the experiment, respectively, and 
2

H
COn  and 

2

H
Nn  are the number of moles of CO2 

and N2 in the hydrate phase at the end of the experiment, respectively. 
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2.4 Results and discussion of combined effects of 

TBAB and ionic surfactants 

2.4.1 Induction time 

The time interval between the establishment of the target pressure and temperature 
conditions to the moment when there is both a sudden pressure decrease and 
temperature increase is defined as the induction time [123]. The period onward is 
defined as the hydrate growth period. Figure 2.5 shows the experimentally determined 
induction times for the “fresh” runs and “memory” runs. It can be seen that the 
“memory” runs result in a remarkable reduction in the induction time for all sets of 
experiments. Exp. no. 1–3 and 4–6 (as marked in Table 2.2) are for the systems of 10 
wt% TBAB solution and pure water without any kinetic promoter, respectively, acting 
as reference cases in the experiment. The induction time for the 10 wt% TBAB system 
at 283.15 K in the experiment is 15.2–20 min, and that for the water system at 276.45 
K is 12.5–31 min. For the water system in the presence of SDS only, the induction 
time is significantly reduced from 12.5–31 min to 0.5–2 min in the presence of SDS 
at 500–1000 ppm. It is due to the fact that SDS as a surfactant can lower its surface 
tension and change the water activity [34]. However, it is found that for the SDS 
concentration of 1500 ppm (exp. no. 13–15 in Table 2.2), the induction time is 17.4–
25.5 min, which is significantly longer than that of the SDS system at 500–1000 ppm. 
This is likely due to a reduced SDS activity for gas migration at high concentrations 
of SDS. SDS molecules tend to interact with each other and form micelles in water at 
its critical micelle concentration (CMC), which is 2450 ppm at 276.45 K, calculated 
by the method of Marcolongo and Mirenda [124]. The higher SDS concentration 
(1500 ppm) in this study may have resulted in stronger intramolecular interactions of 
SDS–SDS molecules, and reduced SDS–gas and/or SDS–water interactions, and 
therefore prolonged induction time. DTAC also shows a reduction effect on induction 
time in pure water systems. At 276.45 K, the induction time is shortened from 36 min 
to 4.6 min when DTAC concentration increases from 0.1 to 0.6 wt%. 

As for the TBAB systems, with the addition of SDS or DTAC, the induction time 
is also reduced in general compared with the reference case of TBAB solution. As in 
the water system, SDS reduces the induction times at the two lower concentrations but 
increases the induction time at the high concentration (1500 ppm). For DTAC, just as 
in pure water, a positive correlation between the increase of the concentration and the 
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induction time reduction is observed. Furthermore, DTAC has an overall better effect 
on induction time reduction than SDS in the TBAB system for the concentrations 
studied. This is different from what occurs in the water system, in which a low 
concentration of SDS results in a stronger effect on induction time reduction than 
DTAC. One possible reason is that TBAB itself is a cationic surfactant [22]. The 
TBAB molecules may interact with the anionic molecules of SDS, reducing its 
capacity to reduce the induction time. It has been reported that formulas containing 
cationic surfactants and oppositely charged anionic surfactants tend to produce a 
gooey mess that falls out of solution due to the molecular interactions of the two types 
of surfactants [125, 126]. Therefore, where TBAB is present, the effect of the anionic 
surfactant SDS is impaired. 
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Figure 2.5. Induction time for the experimental runs investigated in this study. For the water 
system, the experimental temperature is 276.45 K; for the TBAB system, the experimental 

temperature is 283.15 K. 

 

2.4.2 Gas uptake during hydrate formation 

In addition to the induction time, normalized CO2 gas uptake is used to evaluate the 
performance of different kinetic promoters. Figure 2.6 and Figure 2.7 show the 
normalized CO2 gas uptake in experimental runs of SDS and DTAC promoters in 
water systems at 276.45 K at the same initial pressure of 3.8 MPa. The points in the 
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lines of the figures represent the mean normalized gas uptake of three repeated runs. 
The vertical error bars correspond to 95% confidence intervals based on a student’s t-
test (see Appendix C). The errors in the methods come from both random errors and 
systematic errors. Because the hydrate nucleation is random in the solution [127], 
there are bound to be discrepancies in the results of different runs, although operated 
in the same condition. In addition, the cooling temperature is slightly affected by the 
change of room temperature during the long experimental duration. The thermostatic 
bath temperature also fluctuates within a small temperature range of ±0.05 K. 
Moreover, the gas analyzer also bring measurement errors, including the operation of 
testing gas samples and the precision of the gas analyzer. It can be seen that the 
normalized CO2 uptake increases with the increase of SDS and DTAC concentrations. 
Variations in CO2 uptake rate, that is, the slope of the curves, are observed in the first 
half of the experiments. The uptake rates in the DTAC system are closer to each other 
(Figure 2.7), while those in the SDS system are further apart (Figure 2.6). With DTAC, 
the final CO2 uptake yields within 6 hours are also close to each other, and are in 
general double that in pure water. Comparing all the runs, 6000-ppm DTAC achieves 
the largest amount of normalized CO2 uptake of 0.0825 mol(gas)/mol(water), which is 
2.17 times that of the reference water system. Although the gas uptake is still gradually 
increasing at around 6 hours for some runs without TBAB, the results are all compared 
in a unique 6 hours in this work because of the practical operation needs and the 
intensive uptake periods. 

0 40 80 120 160 200 240 280 320 360
0.00

0.02

0.04

0.06

0.08

0.10

N
or

m
al

iz
ed

 C
O

2 g
as

 u
pt

ak
e

(m
ol

 o
f g

as
/m

ol
 o

f w
at

er
)

Time (min)

 Water system
 SDS 500 ppm
 SDS 1000 ppm
 SDS 1500 ppm

 
Figure 2.6. Normalized CO2 gas uptake with SDS at 276.45 K. Vertical error bars 

correspond to 95% confidence intervals. 
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Figure 2.7. Normalized CO2 gas uptake with DTAC at 276.45 K. Vertical error bars 

correspond to 95% confidence intervals. 

 
Figure 2.8 and Figure 2.9 present the normalized CO2 gas uptake for CO2–TBAB 

semiclathrate hydrates formed in the presence of SDS and DTAC at 283.15 K and 
3.8 MPa at the same TBAB concentration of 10 wt%. It can be seen in Figure 2.8 that 
the normalized CO2 gas uptake decreases with increased SDS concentration, which is 
different from the trend found in the pure water systems (Figure 2.6). Overall, only 
SDS at 500 ppm presents a slightly higher normalized CO2 uptake than that of the 
reference case of the TBAB system. The normalized CO2 gas uptake in the reference 
case of the TBAB system reaches 0.025 mol(gas)/mol(water) in 120 min, but in other 
studies, it was only 0.0104 mol(gas)/mol(water) in 5 wt% TBAB solution without other 
promoters at 6 MPa and 279.2 K [23]. This reflects that the gas uptake can vary widely 
under different experimental conditions and setups. The higher concentration of SDS 
results in lower CO2 uptake after exceeding 500 ppm, indicating an inhibitory effect 
of SDS in TBAB solutions. In the water system (Figure 2.6), there is no inhibitory 
effect of gas uptake found for all SDS concentrations studied, while the inhibitory 
effect appears in the TBAB solution for SDS concentrations of 1000 and 1500 ppm 
(Figure 2.8). The inhibitory effect of SDS in CO2 recovery has been reported by others 
where it can also be used as an inhibitor for hydrate formation with thermodynamic 
promoters at certain concentrations [128]. The addition of the SDS may in turn cancel 
some thermodynamic effects of TBAB due to the opposite charge of SDS, especially 
at higher concentrations of 1000 and 1500 ppm. As can be seen in Figure 2.4, a higher 
driving force is required for CO2 hydrate formation at reduced TBAB concentrations. 
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In other words, the presence of the anionic kinetic promoter SDS, alleviating the 
thermodynamic effects of TBAB, reduces the driving force for CO2 hydrates 
formation when compared with the TBAB system without SDS, and thus results in 
reduced CO2 uptake. The opposite charge of TBAB also in turn alleviates the kinetic 
effects of SDS, as discussed, which is another reason for the lower uptake in the SDS–
TBAB system than in the SDS–water system. 
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Figure 2.8. Normalized CO2 gas uptake in TBAB+SDS solution at 283.15 K. Vertical error 

bars correspond to 95% confidence intervals. 

 
Figure 2.9 illustrates a similar dependence of CO2 uptake on DTAC concentration. 

At the concentration of 1000 ppm, a much higher CO2 uptake than that of the TBAB 
system is observed during the entire 6 hours, and it keeps growing even at the end of 
experiment. At 2000 ppm, the results are very close to those of the reference case 
(system with only TBAB). A further increase in DTAC concentration to 6000 ppm 
results in a dramatic reduction in CO2 uptake compared to the TBAB system. The 
CMC of DTAC in water at the experimental temperature is 6600 ppm as reported in 
the work of Mehta et al. [129], and the investigated concentration of 6000 ppm, in the 
present study is very close to the reported CMC. The presence of TBAB may further 
reduce its CMC due to the impact of the ionic strength on the surfactant [129]. 
Therefore in the presence of TBAB, the increased DTAC concentration may 
predominantly strengthen the DTAC–DTAC intramolecular interactions and reduce 
DTAC–gas and/or DTAC–water interactions, resulting in reduced water activities and 
therefore reduced gas uptake. In addition, TBAB is a strong polar and acidic 
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compound. The TBAB semiclathrate crystals can rapidly form a dense hydrate layer 
due to the effect of dispersive forces, induction forces, orientation forces and ionic 
polarization [130]. In the present work, the hydrates formed from TBAB solutions are 
only observed at the water–gas interface. It is believed that as the surface tension is 
lowered by surfactants, CO2–TBAB hydrate forms more intensively on the water–gas 
interface, which however, blocks CO2 permeability into bulk water in an earlier stage 
for further hydrate formation [23], resulting in a low gas uptake. Besides, as is shown 
in Figure 2.9, with the addition of DTAC, the CO2 uptake continuously rises until the 
end of the experiment, but in Figure 2.8, with the addition of SDS, it rises more rapidly 
and plateaues in a short time (around 75 min). This may be due to the higher density 
and lower porosity of semiclathrate hydrates formed with SDS than those with DTAC. 
Morphology studies of the CO2–TBAB semiclathrate hydrates in the presence of SDS 
or DTAC are needed to understand the mechanisms. Overall, within 6-hour hydrate 
formation, the highest uptake (0.0412 mol(gas)/mol(water)) is achieved by DTAC at 1000 
ppm, which is close to that of the pure water system at 276.45 K. 
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Figure 2.9. Normalized CO2 gas uptake in TBAB+DTAC solution at 283.15 K. Vertical 

error bars correspond to 95% confidence intervals. 

 
Figure 2.10 shows a comparison of the rate of CO2 hydrate growth in all the 

experimental runs in the first 30 min after hydrate nucleation, which is denoted by

230,CONR . It can be seen clearly that CO2 hydrates in the SDS and TBAB+SDS systems 

grow faster than those in the DTAC and TBAB+DTAC systems. In the water system 
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with SDS, the highest CO2 hydrate growth rate is achieved. In the case of SDS at 1500 
ppm in water system, the normalized rate of CO2 hydrate growth is 30 mol min–1m–3, 
and the normalized gas uptake reaches up to 0.08 mol(gas)/mol(water) in Figure 2.6. 
Interestingly, in the work of Linga et al. [131, 132], the CO2 hydrate formation in the 
silica sand was reported to have a similar gas uptake of 0.09 mol(gas)/mol(water) and the 
normalized hydrate growth rate of 32 mol min–1m–3. This is a surprising result that the 
SDS 1500 ppm has a close promotion effect to the silica sand with an average diameter 
of 329 μm (specific surface area of 0.3499 cm2g–1). In the water system with DTAC, 
CO2 hydrate growth rates in the three runs are similar, which is consistent with the 
results shown in Figure 2.7. In TBAB solutions, SDS also performs better than DTAC 
to accelerate hydrate growth. However, the overall effects of both SDS and DTAC on 
the acceleration of hydrate growth are weakened as the surfactant concentrations 
increased in TBAB systems. 
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Figure 2.10. Normalized rate of CO2 hydrate growth,

230,CONR . For DTAC and SDS in water 

system, Texp = 276.45 K. For TBAB+DTAC and TBAB+SDS, Texp = 283.15 K. Horizontal 
error bars correspond to 95% confidence intervals. 

2.4.3 CO2 recovery during hydrate formation 

The separation efficiency of the combined effect of TBAB and kinetic promoters is 
evaluated using split fraction (S.Fr.) and separation factor (S.F.). Figure 2.11 
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compares S.Fr. for experiment runs at the end of 6 hours. All the experiments, both in 
the water system and TBAB system are conducted at the same initial pressure of 
3.8 MPa. What stands out in the figure is that S.Fr. in systems with DTAC is in general 
larger than that in systems with SDS. In the water system, S.Fr. ranges from 0.37 to 
0.46 with the addition of DTAC and from 0.32 to 0.39 with the addition of SDS, and 
it is seen that S.Fr. increases continuously with the rise of surfactant concentration 
throughout the concentration range studied. Compared with the work in a previous 
study [114], the S.Fr. was only 0.32 for CO2/N2 gas mixtures in the water system 
without any kinetic promoters. In the TBAB system, S.Fr. is lower than that in water, 
that is, 0.18–0.23 for the TBAB+SDS system and 0.13–0.29 for the TBAB+DTAC 
system. It was reported that in 5 wt% TBAB and 4000 ppm DTAC solution, the S.Fr. 
was 0.54 [34], almost double the result in the present work. So it is also considered 
that although a high concentration of TBAB (e.g., the present work in comparison to 
[34]) can raise the phase equilibrium temperature, the CO2 recovery performance is 
reduced. It is also noted that in TBAB systems, SDS at 1000 and 1500 ppm and DTAC 
at 6000 ppm demonstrate inhibitory effects in S.Fr. compared with the reference case, 
which is also in agreement with the inhibitory effect shown in Figure 2.8 and Figure 
2.9. 

The results of the separation factor for 6-hour hydrate formation are summarized 
in Figure 2.12. S.F. is an indicator that reflects the ability to separate CO2 selectively 
from other gases. It is apparent that DTAC performed better selectivity than SDS in 
both water and TBAB systems. The S.F. of DTAC in the water system varies from 
6.79 to 10.20, and the S.F. of SDS in the water system ranges from 5.57 to 8.09. 
Similarly, S.F. in TBAB systems is also lower than that in water systems. In general, 
the trends of S.F. is consistent with that of S.Fr. in Figure 2.11. It can be concluded 
that DTAC performs better than SDS in CO2 recovery and selectivity from gas 
mixtures of CO2 and N2 at given concentrations. 
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Figure 2.11. Split fraction after hydrate formed for 6 hours. For DTAC and SDS in water 

systems, Texp = 276.45 K; for DTAC and SDS in TBAB systems Texp = 283.15 K. Horizontal 
error bars correspond to 95% confidence intervals. 
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Figure 2.12. Separation factor after hydrate formed for 6 hours. For DTAC and SDS in 
water systems, Texp = 276.45 K; for DTAC and SDS in TBAB systems, Texp = 283.15 K. 

Horizontal error bars correspond to 95% confidence intervals. 
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2.4.4 Effect of subcooling on CO2 hydrate formation 

Subcooling (ΔT) is defined as the difference between the phase equilibrium 
temperature and the experimental temperature at a given pressure. Figure 2.13 and 
Figure 2.14 show the normalized CO2 gas uptake for the SDS concentration of 
500 ppm and DTAC concentration of 1000 ppm (the optimal concentrations 
considering induction time, gas uptake and separation factor) in the 10-wt% TBAB 
system at three different subcooling degrees (4.69, 2.69 and 1.69 K). As shown in the 
results of SDS in Figure 2.13, in the case of subcooling at 4.69 K, the gas uptake 
reaches at peak at around 75 min after the formation starts, and similarly, the gas 
uptake with subcooling at 2.69 and 1.69 K approaches the peak at about 125 and 
170 min, respectively, and then flattened out. The greater the degree of subcooling, 
the earlier the peak point appears. For the results of DTAC in Figure 2.14, the 
normalized CO2 gas uptake rises continuously even at the end of 6 hours for all 
subcooling conditions. No obvious plateau is seen, although the increase of gas uptake 
becomes slower after a turning point. In both cases, the overall CO2 gas uptake 
increases with increased subcooling. It can be concluded when kinetic promoters have 
a promotion effect on gas uptake, a larger subcooling will also enhance this promotion 
effect. 
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Figure 2.13. Effect of subcooling for TBAB+SDS system with SDS of 500 ppm. 
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Figure 2.14. Effect of subcooling for TBAB+DTAC with DTAC of 1000 ppm. 

 
Figure 2.15 and Figure 2.16 present the split fraction and separation factor for the 

TBAB+SDS (SDS at 500 ppm) and TBAB+DTAC (DTAC at 0.1 wt%) systems at 
three different subcooling degrees. For each experiment, the time duration is 6 hours 
after hydrate formation. As shown in Figure 2.15, the split fraction increases with the 
increase in subcooling for both TBAB+SDS and TBAB+DTAC systems. DTAC 
shows a higher split fraction than SDS at all the three subcooling conditions. The effect 
of subcooling on the split fraction of systems with DTAC is more obvious. The split 
fraction of the TBAB+SDS system ranges from 0.16 to 0.23, and the split fraction of 
the TBAB+DTAC system varies from 0.19 to 0.30 at the subcooling of 1.69–4.69 K. 
It can be seen in Figure 2.16 that the separation factor also increases with the rise of 
subcooling, and DTAC presents better separation performance than SDS at all three 
subcooling conditions. In addition, subcooling affects the separation factor of DTAC 
systems more significantly. The separation factor of the TBAB+SDS system varies 
from 2.65 to 4.17, and the separation factor of the TBAB+DTAC system changes from 
3.03 to 5.41 at subcooling of 1.69–4.69 K. 
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Figure 2.15. Effect of subcooling on split fraction. 
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Figure 2.16. Effect of subcooling on separation factor. 

 

2.4.5 CO2 uptake rate and intensive uptake period of hydrate 

formation 

The normalized CO2 uptake rate (1st derivative of normalized CO2 uptake), shown as 
the dashed lines in Figure 2.17, is used to evaluate the kinetics of the TBAB+SDS 
(SDS at 500 ppm) system and the TBAB+DTAC (DTAC at 0.1 wt%) system at a 
unique subcooling of 2.69 K. A green demarcation line of CO2 uptake rate is defined 
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as 5×10–5 mol(gas)/mol(water)/min for effective CO2 uptake. The period with CO2 uptake 
rate higher than this value is identified as an intensive uptake period, while the one 
with lower uptake rate than this value is taken as a weak uptake period, as is illustrated 
in Figure 2.17. It can be seen that the TBAB+DTAC system has a longer intensive 
uptake period of 154 min than the TBAB+SDS system of 126 min. 

Based on this definition, the intensive uptake periods of the two systems at three 
subcooling degrees (1.69, 2.69 and 4.69 K) are summarized in Table 2.3. As can be 
found in Table 2.3, the duration of the intensive uptake period of TBAB+SDS (SDS 
at 500 ppm) system decreases with the increment of subcooling, indicating that the 
system completes effective uptake more rapidly with higher driving force, probably 
due to the early blockage of hydrate film on the gas–water interface. In contrast, the 
intensive uptake periods of the TBAB+DTAC (DTAC at 1000 ppm) system are 
extended with higher subcooling, which is also a result of a lower blockage effect on 
CO2 permeability of the hydrates formed with DTAC, and this is to be verified in 
subsequent studies. The aim of proposing this intensive uptake period based on the 
normalized gas uptake rate is to understand the optimal duration of hydrate-based 
carbon capture (HBCC) processes. It is noted that in different systems and conditions, 
the normalized gas uptake rate of a benchmark will vary. The intensive uptake period 
is another metric of promoter selection and can be used to recommend practical 
applications for energy saving. 
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Figure 2.17. Normalized CO2 gas uptake rate for TBAB+SDS (SDS at 500 ppm) and 

TBAB+DTAC (DTAC at 1000 ppm) systems at subcooling of 2.69 K. The scatter lines 
represent the normalized CO2 gas uptake, and the dash lines are the 1st derivatives of the 

normalized CO2 uptake. 



Chapter 2 

44 

Table 2.3. The intensive uptake periods of TBAB+SDS (SDS at 500 ppm) and 
TBAB+DTAC (DTAC at 0.1 wt%) systems at three subcooling degrees. 

Exp. no. System Kinetic promoters Texp (K) ΔT (K) 
Intensive uptake  

period (min) 
16 TBAB SDS (500 ppm) 283.15 4.69 82 
19 TBAB SDS (500 ppm) 285.15 2.69 126 
20 TBAB SDS (500 ppm) 286.15 1.69 165 
36 TBAB DTAC (1000 ppm) 283.15 4.69 159 
39 TBAB DTAC (1000 ppm) 285.15 2.69 154 
40 TBAB DTAC (1000 ppm) 286.15 1.69 121 

 
 
Figure 2.18 is the illustration of CO2 and surfactants movement during hydrate 

formation with/without TBAB considering the aforesaid hydrate film blockage 
mechanism in a stationary hydrate formation. DTAC 2000 ppm solutions with/without 
TBAB (runs no. 30 and 41) are used as examples to show the difference in the presence 
and absence of TBAB. N2 is not included in this diagram for simplification. As shown 
in Figure 2.18 (a1) and (b1), before hydrates form, the surfactants improve CO2 
transport into the liquid phase both in the system with/without TBAB. In Figure 2.18 
(a2) and (b2), as hydrate film is formed, CO2 will need to cross the hydrate film to 
reach water to form further hydrate. With the help of surfactants in the water system, 
effective CO2 transportation is maintained; however, as CO2–TBAB double hydrate 
is more compact than CO2 hydrate [23, 130], CO2 transportation through the hydrate 
film requires more driving force, and therefore less CO2 permeates in this stage in 
Figure 2.18 (b2) with TBAB. As the thickness of hydrate film reaches the critical 
hydrate film thickness (CHFT), as shown in Figure 2.18 (a3) and (b3), no CO2 can be 
transported to water anymore (i.e., the CO2 transportation path is entirely blocked), 
and the onward hydrate formation only makes use of CO2 that is already in the bulk 
water until the end of hydrate formation, as shown in Figure 2.18 (a4) and (b4). The 
CHFT is defined in this work. It is believed that the turning point of normalized CO2 
uptake curves and the end of the intensive uptake period are very likely to coincide 
with the time when the hydrate film reaches the CHFT, that is, the period before CHFT 
represents the intensive uptake period. It is also noted that the CHFT with TBAB is 
thinner than that without TBAB, as shown in Figure 2.18 (a3) and (b3), due to the 
compact CO2–TBAB double hydrate. Comparing Figure 2.18 (a4) and (b4), it can be 
seen that for the above reasons the gas uptake is bound to be less in the system with 
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TBAB and the effect of surfactant is weakened, which is consistent with the findings 
in Section 2.4.2. In the present study, due to the stationary formation process, small 
reactor size and low TBAB concentrations, deposition of hydrate to the bottom of the 
reactor is not observed. However, in large reactors with continuous agitation, the 
blockage effect of hydrate film may not be dominant. It is noted that the semiclathrate 
hydrate formation can happen synchronously inside the aqueous solution and be 
deposited at the bottom of the reactor due to the high density, as reported in an 
experimental study under continuous stirring [25]. In this case, the hydrate nucleation 
is more likely to occur inside the solution due to the prompted CO2 permeation in 
water and the homogeneity of the solution. However, in this present study, the stirrer 
is stopped after hydrates started to form, and in the stationary system the semiclathrate 
hydrates formed in the gas–liquid interface preferentially. 

 
Figure 2.18. CO2 hydrates formation with 2000-ppm DTAC with/without TBAB in the 

hydrate reactor: (a1) and (b1) before hydrate formation; (a2) and (b2) hydrate film thickness 
less than CHFT; (a3) and (b3) hydrate film thickness reaches CHFT; (a4) and (b4) end of 

hydrate formation. 
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2.5 Experimental study on combined effects of TBAB 

and non-ionic surfactant 

The combined effects of thermodynamic promoters and ionic surfactants have been 
studied for years. However, little is known about the effect of non-ionic surfactants on 
the thermodynamic promoter. T-80, as a low-cost and environmentally friendly non-
ionic surfactant and emulsifier, is commonly used in the food and cosmetics industries 
[36]. Currently, the mechanism of non-ionic T-80 on TBAB semiclathrates is still 
unclear; very few papers studied the T-80+TBAB pairs, and the effect of T-80 on CO2 
separation from gas mixtures is still unknown. This section aims to experimentally 
explain the influence of the non-ionic T-80 on the CO2 hydrates formation conditions 
in TBAB semiclathrate hydrates and to improve the gas uptake yields that may not be 
possible with TBAB alone. CO2/N2 gas mixtures with 70-mol% CO2 were also used 
in this section. The kinetic experiments were conducted in TBAB solutions (0 and 
10 wt%) containing varied T-80 concentrations of 0, 1000, 2000 and 3000 ppm. The 
effects of T-80 on CO2 hydrate kinetic performance were comprehensively evaluated, 
including induction time, CO2 gas uptake yield, hydrate growth rate, percent water 
conversion, and separation performance. The pressure change on selected systems was 
also examined. Photos of hydrates formed in different systems were analyzed.  

 

2.5.1 Experimental procedure 

The experimental apparatus used in this section was the same as that in Section 2.3. 
The reactor was first cleaned and rinsed five times before the solution was poured in. 
Then, the reactor was closed tightly and degassed by a vacuum pump. The 
thermostatic bath was turned on to provide a thermostatic condition for hydrate 
formation. Once it has been maintained at the target temperature for 30 min, the 
reactor was charged with the gas mixtures, and the motor stirrer on top was set to run 
at 500 rpm. This is the onset of the kinetic experiment. During the experiments, the 
gas composition was analyzed by the gas analyzer. The amount of gas taken for 
sampling was ~0.1 mL, <0.2‰ of the total charged gas volume, and negligible. Each 
experimental run lasted for at least 360 min and was repeated twice under the same 
conditions. Since the repeated runs were conducted in solutions that have experienced 
hydrate formation, the memory effect may occur; therefore, the experimental runs 
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were named as “Fresh”, “Memory 1” and “Memory 2” respectively. The volume of 
solution used in each run is 100 mL. The initial experimental pressures (Pexp) and 
temperatures (Texp) in this work are shown in Table 2.4. 

 

2.5.2 Experimental conditions 

Although 15–25-mol% CO2 with N2 are approximately the actual composition of flue 
gas [27, 114], HBCC is perfectly employed in the latter stage of multi-stage carbon 
capture [7–9] with approximately 70-mol% CO2 to achieve high CO2 purity of >95 
mol% after separation [35]. The TBAB concentration used in this work was 10-wt%, 
unique for all the runs, for both a suitable phase equilibrium condition and a large gas 
uptake yield of the hydrate formation, based on the findings of our previous studies 
[13, 35]. For the experimental conditions in this work, they are also carefully chosen. 
As is found in literature, TBAB itself can form hydrates in water without guest gas 
[116]. To form CO2–TBAB semiclathrate hydrates and prevent TBAB itself from 
hydration, the pressure and temperature setting should be carefully determined. In 
water system (clathrate hydrates), Texp was set to 276.45 K (the corresponding 
equilibrium data can be found in [133]). To prevent CO2 from liquefaction at 276.45 
K, the pressure should be lower than 5.48 MPa. In the 10-wt% TBAB solution, TBAB 
itself can form hydrate below 280 K, so the Texp was set to 283.15 K (the corresponding 
equilibrium data of CO2–TBAB semiclathrate hydrates can be found in [134]). The 
subcooling, defined as the difference between Teq and Texp at given pressure for each 
experiment, is listed in Table 2.4. 

 

Table 2.4. Summary of experimental conditions and measured data. 

Exp. no. Solution Kinetic 
promoters Exp. state Pexp 

(MPa) 
Texp 
(K) 

ΔT 
(K) xCO2

* 

1 
Water – 

Fresh 
3.8 276.45 2.90 

64.12 
2 Memory 1 63.84 
3 Memory 2 63.69 
4 

Water 
T-80  

(1000 ppm) 

Fresh 
3.8 276.45 2.90 

53.22 
5 Memory 1 52.11 
6 Memory 2 52.09 
7 Fresh 

3.0 276.45 0.91 
54.70 

8 Memory 1 54.35 
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Exp. no. Solution Kinetic 
promoters Exp. state Pexp 

(MPa) 
Texp 
(K) 

ΔT 
(K) xCO2

* 

9 Memory 2 54.13 
10 Fresh 

4.5 276.45 5.25 
51.10 

11 Memory 1 51.25 
12 Memory 2 50.86 
13 

Water 
T-80  

(2000 ppm) 

Fresh 
3.8 276.45 2.90 

56.05 
14 Memory 1 55.92 
15 Memory 2 55.61 
16 

Water 
T-80  

(3000 ppm) 

Fresh 
3.8 276.45 2.90 

59.71 
17 Memory 1 57.78 
18 Memory 2 57.50 
19 

TBAB 
(10 wt%) 

– 
Fresh 

3.8 283.15 4.69 
66.35 

20 Memory 1 66.12 
21 Memory 2 65.89 
22 

TBAB 
(10 wt%) 

T-80  
(1000 ppm) 

Fresh 
3.8 283.15 4.69 

55.65 
23 Memory 1 55.41 
24 Memory 2 54.12 
25 Fresh 

3.0 283.15 4.10 
56.32 

26 Memory 1 56.24 
27 Memory 2 56.18 
28 Fresh 

4.5 283.15 5.65 
53.28 

29 Memory 1 53.03 
30 Memory 2 52.65 
31 

TBAB 
(10 wt%) 

T-80  
(2000 ppm) 

Fresh 
3.8 283.15 

 54.12 
32 Memory 1 4.69 53.98 
33 Memory 2  53.77 
34 

TBAB 
(10 wt%) 

T-80  
(3000 ppm) 

Fresh 
3.8 283.15 

 60.59 
35 Memory 1 4.69 60.14 
36 Memory 2  59.87 

*xCO2 represents the final CO2 concentration in the gas phase. 
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2.6 Results and discussion of combined effects of 

TBAB and non-ionic surfactant 

2.6.1 Induction time 

Induction time is determined as the time period between the onset of the experiment 
and the moment when an abrupt pressure decrease and a temperature increase occur 
simultaneously, as shown in Figure 2.19 [123]. Figure 2.20 shows the induction time 
for different experimental runs. “Ref. clathrate hydrates” or “Ref. semiclathrate 
hydrates” represents the reference runs in water or TBAB solution without adding T-
80, corresponding to exp. no. 1–3 and 19–21 in Table 2.4, respectively. As can be 
seen, the induction time is lower in “memory” runs than in “fresh” runs in both 
systems, especially in the clathrate hydrates. The induction time is overall shorter in 
semiclathrate hydrates (2–20 min) than that in clathrate hydrates (13–31 min). The 
diffusion of CO2 into the liquid phase is thus believed vital for hydrate formation 
kinetics. Moreover, for both systems, the greater the concentration of T-80, the shorter 
the induction time. It is also found from Figure 2.20 that in semiclathrate hydrates, the 
induction time is more significantly reduced by T-80 than for clathrate hydrates. For 
instance, in the “fresh” runs, the induction time of the TBAB+T-80 systems has a 
67.5%–85.0% reduction compared to that of the “Ref. semiclathrate system”, whereas 
it is only 14.5%–32.2% reduced in clathrate hydrates compared to the “Ref. clathrate 
hydrates”. The induction time in “memory” runs is also dramatically reduced 
compared with “fresh” runs. For example, the induction time is reduced by 31%–50% 
in clathrate hydrates, and reduced by 18%–38% in semiclathrate hydrates from “fresh” 
runs to “memory” runs. However, the induction time reduces very little from “memory 
1” to “memory 2” runs. 

2.6.2 CO2 gas uptake 

The CO2 gas uptake is a key metric for kinetic performance. This work measures all 
the gas uptakes under the normalized gas uptake. Figure 2.21 shows the CO2 gas 
uptake in clathrate hydrates with T-80 at 276.45 K. The data presented in the figure 
are the average values of the three runs, and the error bars are the 95% confidence 
intervals based on the Student’s t-distribution. It can be found that the CO2 gas uptake 
of three systems with T-80 is all higher than that of the “Ref. clathrate hydrates”. At 
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the end of experiments (t = 360 min), T-80 at 1000 ppm presents the highest gas uptake 
among all the systems studied. It is also noted that although the gas uptake is still 
gradually increasing at around 360 min, the increasing rates of gas uptake are getting 
slower after 200 min. Thus, the results are all compared within a unique 360-minute 
time frame, taking into account the energy-saving requirements in practical CO2 
capture operations. 
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Figure 2.19. A typical temperature and pressure curve (For exp. no. 4). 
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Figure 2.20. Induction time in the experimental runs of different systems at Pexp = 3.8 MPa. 

For clathrate hydrates, Texp = 276.45 K; for semiclathrate hydrates, Texp = 283.15 K. 
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Due to the overlap of the error bars and the stochasticity of gas hydrate formation, 
an analysis of variance (ANOVA) [135] (see Appendix C) is conducted to determine 
the magnitude of discrepancy in the results of different runs in the first 180 min. Only 
the time period before 180 min is studied by ANOVA as the difference in gas uptake 
after 180 min can be viewed apparently from the curves. Figure 2.22 shows the 
calculated probability (p-value) of the statistical significance of the systems studied 
containing T-80 at 1000, 2000 and 3000 ppm. Based on the theory of ANOVA, if the 
p-value is greater than 0.05, the difference of data is statistically insignificant, which 
means the data can be recognized as no difference. As can be seen, within 80–140 min 
at which error bars overlap severely, the p-value is greater than 0.05, indicating that 
the difference of gas uptakes is statistically insignificant; however, beyond this range, 
the differences in the results are convincing. This indicates that the gas uptakes can be 
recognized as different from 0–80 min and 140–360 min although the error bars are 
partly overlapped. Considering both Figure 2.21 and Figure 2.22, an initial positive 
correlation between the T-80 concentration and the gas uptakes (before t = 80 min) 
becomes inversely correlated afterward (after t = 140 min). The initial positive 
correlation is attributed to the fact that more micelles form at higher T-80 
concentrations. Previous studies have reported that the critical micelle concentration 
(CMC) of T-80 is around 0.015 mM (20 ppm) at 298 K and depends weakly on 
temperature [136, 137]. Although the optimal concentration of anionic surfactants as 
efficient promoters is generally lower than its CMC, the T-80 concentrations in this 
work are far beyond its CMC. When exceeding CMC, the surface area is significantly 
increased by micelles formed in water, therefore enhancing CO2 transport and uptake, 
which is prompted at higher concentrations of surfactants [138]. Zhang et al. [38] also 
reported that 1310 ppm T-80 produced supersaturated CH4 molecules to promote the 
mass transfer and provide the complexation between water and CH4. The inverse 
correlation between T-80 concentration and gas uptake later on can be caused by the 
increased viscosity of T-80 solution at higher concentrations. It is known that the 
viscosity of T-80 is 375 times that of water [32]. The viscosity of the solution might 
be increased at higher T-80 concentrations, which hinders the gas diffusion in the 
liquid phase. 
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Figure 2.21. Normalized CO2 uptake in clathrate hydrates with T-80 at 276.45 K, 3.8 MPa. 
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Figure 2.22. The p-value of the normalized CO2 uptakes in clathrate hydrates. 

Figure 2.23 presents the CO2 gas uptake in TBAB systems with T-80 at 283.15 K. 
An ANOVA analysis of the four systems studied, as shown in Figure 2.24, is 
conducted within the first 100 min, during which overlaps of curves were noticed. It 
reveals that the gas uptake of the four systems is significantly different (p < 0.05). The 
initial gas uptake is in positive correlation to the concentration of T-80, similar to the 
tendency of pure water systems. Except for T-80 at 3000 ppm, the gas uptakes of the 
other three systems continue rising with increased concentration of T-80 until reaching 
plateaus at around 126 min, due to the “block effect” of the CO2–TBAB semiclathrate 
formed. It is known that TBAB is a strong polar compound. The CO2–TBAB hydrates 
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can rapidly build a compact layer on the gas–water interface due to the effect of 
dispersive forces, induction forces, and ionic polarization of TBAB [130], causing a 
“block effect” that slows down further CO2 transport. Such a characteristic of CO2–
TBAB semiclathrates is observed in Figure 2.25, which compares the morphology of 
CO2 hydrate formation in clathrate hydrates and semiclathrate hydrates at 360 min. It 
can be seen that in clathrate hydrates with T-80 (Figure 2.25 a1–a3), hydrates tend to 
be uniformly suspend in the bulk solution, showing no apparent hydrate layer. 
However, in semiclathrate hydrates with T-80 (Figure 2.25 b1–b3), the hydrates 
formed mostly aggregate on the gas–liquid interface, while the lower solution 
remained clear. The uniform hydrate distribution in clathrate hydrates allows for 
continuing hydrate formation for a longer time and increased gas uptake (Figure 2.21), 
while the compact hydrate layers and blockage in semiclathrate hydrates lead to 
ceased hydrates growth at 80–120 min (Figure 2.23). A similar phenomenon was 
reported in previous studies by Daniel-David et al. [139]. They used a CCD camera to 
investigate the CO2 hydrate formation in a water droplet in the presence of different 
surfactants including T-80, and crusts can be observed in most of the cases, except in 
the presence of some anionic surfactants (SDS). For 3000-ppm of T-80 in TBAB, the 
hydrate growth ceases as early as 80 min, and shows an obvious inhibition effect 
compared with “Ref. semiclathrate hydrates”. It is therefore suggested that for 
practical applications, it is essential to promptly separate the hydrate slurries formed 
from the solution. In addition, identifying the intensive gas uptake period for each 
specified system is vital to determine a proper operation duration for energy-efficient 
carbon capture. 
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Figure 2.23. Normalized CO2 uptake in semiclathrate hydrates at 283.15 K, 3.8 MPa. 
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Figure 2.24. The p-value of the normalized CO2 uptakes in semiclathrate hydrates. 

 

 
Figure 2.25. Photographs of hydrate formation at t = 360 min. For clathrate hydrates, 

Texp = 276.45 K, Pexp = 3.8 MPa; for semiclathrate hydrates, Texp = 283.15 K, Pexp = 3.8 MPa. 
(a1) T-80 at 1000 ppm, (a2) T-80 at 2000 ppm, (a3) T-80 at 3000 ppm; (b1) TBAB with 

1000-ppm T-80, (b2) TBAB with 2000-ppm T-80, (b3) TBAB with 3000-ppm T-80. 

 
In this work, the effect of initial pressure is also studied. The initial pressure varies 

between 3.0, 3.8 and 4.5 MPa to investigate the effect of initial pressure on total gas 
uptake of systems with T-80 at 1000 ppm at 360 min, as shown in Figure 2.26. The 
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corresponding driving force is 1.2 MPa, 2.0 MPa and 2.7 MPa for clathrate hydrates, 
and 2.4 MPa, 3.2 MPa and 3.9 MPa for semiclathrate hydrates. It can be seen that the 
CO2 gas uptake increases with elevated initial pressure for both systems. This is 
because there is more driving force for gas diffusion at a higher pressure. The effect 
of initial pressure is more dominant in clathrate hydrates because the “block effect” in 
semiclathrate hydrates is developed faster with a higher driving force [140]. 
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Figure 2.26. Effect of initial pressure on CO2 gas uptake in clathrate and semiclathrate 

hydrates with 1000-ppm T-80. 

 

2.6.3 Percent water conversion 

The percent water conversion is usually used to quantify the process of reaction. 
Figure 2.27 shows the percent water conversion at 126 and 360 min for all studied 
systems. It can be found that at 360 min, the percent water conversion of the water 
system is 11.75%–17.22%, while in semiclathrate hydrates, it varies from 10.69% to 
22.71%. Except for the inhibition effect observed in the system of TBAB with 3000-
ppm T-80, the water conversion rate in semiclathrate hydrates is generally higher than 
that in the water system at the same T-80 concentration. This is because CO2–TBAB 
semiclathrate hydrates consume more water than clathrate hydrates to capture the 
same amount of CO2. The results also show that the percent water conversions in 
semiclathrate hydrates at 126 min are very close to those at 360 min, accounting for 
72.23%, 77.73%, 79.78% and 73.90% in semiclathrate hydrates with T-80 at 0, 1000, 
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2000 and 3000 ppm, respectively. By contrast, only 36.85%, 35.02 %, 40.05% and 
40.88% of the hydrate formation are completed in the corresponding water systems in 
the first third of the experimental durations. The findings suggest that, although none 
of the semiclathrate hydrates have achieved a comparable gas uptake to the pure water 
system (0.038 mol(gas)/mol(water)), TBAB with T-80 demonstrates higher conservation 
of water to hydrate in a shorter period of time. 
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Figure 2.27. Percent water conversion for all the studied runs at 126 min and 360 min, 

Pexp = 3.8 MPa. 

 

2.6.4 CO2 hydrate growth rate 

Figure 2.28 illustrates the CO2 hydrate growth rate of all the experimental runs. It is 
observed that with the addition of T-80, the CO2 hydrate growth rate increases in both 
systems. In each system, the increment of growth rate is in positive correlation to the 
concentration of T-80, that is, T-80 of 3000-ppm results in the highest growth rate in 
two systems within the first 30 min. In clathrate hydrates, the 

230 CONR , is 

28.57 mol min–1m–3 for T-80 at 3000 ppm, which is improved by 34.7% compared 
with the “Ref. clathrate hydrates”, whereas in semiclathrate hydrates, it is increased 
by 59.6% by T-80 at 3000 ppm. It can also be noted that the CO2 hydrate growth rates 
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are close in the two systems at the same concentration of T-80 for the initial 30 min. 
This indicates that the effect of TBAB is less dominant within the initial stage of 
hydrate formation when there is T-80 in the solution. It can be seen that the 

230 CONR ,

in the first 30 min is lower in “Ref. semiclathrate hydrates” than that in “Ref. clathrate 
hydrates”. We consider the hydrate formation as two consecutive steps of diffusion 
and reaction. Because the TBAB solution is a viscous liquid, the gas diffusion through 
the TBAB solution is harder than that in clathrate hydrates. Although the subcooling 
in semiclathrate hydrates is higher than that in clathrate hydrates, the gas diffusion is 
primarily hindered by the viscous liquid. 
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Figure 2.28. CO2 hydrate growth rate of all experimental runs at Pexp = 3.8 MPa. In clathrate 

hydrates, Texp = 276.45 K. In semiclathrate hydrates, Texp = 283.15 K. 

 

2.6.5 CO2 recovery and separation 

The CO2 recovery and separation efficiency are evaluated by the split fraction and 
separation factor at 126 min and 360 min in this work. It can be seen from Figure 2.29 
that, in the presence of T-80, the split fraction of CO2 increases in both systems. In 
clathrate hydrates, the split fraction of CO2 drops with the rise in T-80 concentration, 
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while in semiclathrate hydrates, the split fraction of CO2 achieves at peak of 0.32 in 
the system of TBAB+T-80 at 2000 ppm, which is similar to the trends of their gas 
uptakes in Figure 2.21 and Figure 2.23. Although the system of TBAB+T-80 at 3000 
ppm shows an inhibition effect on the total gas uptake, its split fraction is still higher 
than that of the “Ref. semiclathrate hydrates”. 
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Figure 2.29. CO2 split fraction of all experiment runs (Pexp = 3.8 MPa). 
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Figure 2.30. CO2 separation factor of all experiment runs (Pexp = 3.8 MPa). 
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The separation factor varies from 5.12 to 12.04 at 360 min in clathrate hydrate, 
2.35 times higher than that of the “Ref. clathrate hydrates”, as shown in Figure 2.30. 
It is apparent that the separation factor of CO2 surges up with the addition of 1000-
ppm T-80 in clathrate hydrates. In semiclathrate hydrates, the separation factor ranges 
from 4.51 to 10.41 at 360 min, and the highest value appears with TBAB with T-80 
of 2000 ppm, which is 2.31 times that of the “Ref. semiclathrate hydrates”. Based on 
the work of Rodriguez et al. [11], the average separation factor for 10-mol% CO2/90-
mol% N2 was 7.5 at 282 K in 35-wt% TBAB solution. The higher separation factor in 
this work may be attributed to the addition of Tween 80 and a higher concentration of 
CO2 in gas mixtures.  

The separation performance of TBAB+Tween 80 pairs is also compared with the 
tetrahydrofuran (THF) in similar CO2-rich gas mixtures. Tang et al. [128] tested the 
separation performance in THF solutions with 59-mol% CO2/41-mol% N2 and 80-
mol% CO2/20-mol% CH4 gas mixtures. The separation factors were 4–6 with different 
THF concentrations in CO2/N2 gas mixtures. In CO2/CH4 gas mixtures, the separation 
factors were as low as 2 with varied THF concentrations. THF has a similar hydrate 
formation mechanism to TBAB, that is, THF generates type II hydrate and occupies 
the large cavities while CO2, N2, and CH4 occupy the small cavities. However, the 
overall separation performance of THF in CO2-rich gases is not as good as that of 
TBAB.  

Further investigation is carried out on the effect of the initial pressure on S.Fr. and 
S.F. with the addition of T-80. Figure 2.31 presents the S.Fr. of CO2 for clathrate and 
semiclathrate hydrates with 1000-ppm T-80. The experimental conditions are the 
same as those mentioned in Section 2.5.2. In clathrate hydrates, the S.Fr. for T-80 at 
1000 ppm rises from 0.33 to 0.47 (increased by 42.4%), for an increment of initial 
pressure from 3.0 to 4.5 MPa. It rises from 0.25 to 0.32 in semiclathrate hydrates 
(increased by 28%) for the same pressure increment. It can be concluded that the 
higher driving force has a positive effect on the split fraction in both hydrates; 
however, the dense CO2–TBAB hydrates layers formed may weaken the favorable 
effect of the driving force. 

Figure 2.32 shows the S.F. of CO2 in two hydrates with 1000-ppm T-80. The 
trends of S.F. in Figure 2.32 are similar to those in Figure 2.31. In both hydrates, the 
S.F. is found to rise with larger initial pressures. The increment of S.F. from 3.0 to 
4.5 MPa in clathrate hydrates is approximately double (55.2%) that in clathrate 
hydrates (28.2%). Compared with other kinetic promoters, such as SDS and DTAC 
[34, 35, 128] in clathrate hydrates, T-80 presents a higher S.F. of CO2 from gas 
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mixtures. The initial pressure affects the S.F. of CO2 in clathrate hydrates more 
significantly than that in semiclathrate hydrates. All the key data of the studied 
experiments are listed in Table 2.5. 

The effects of TBAB+T-80 pairs on the selectivity and separation performance of 
CO2 hydrate are compared to ionic surfactants in Figure 2.33. From the literature [35], 
in 10-wt% TBAB water solutions, the systems with the optimal concentrations, that 
is, 500-ppm anionic surfactant SDS and 1000-ppm cationic surfactant DTAC, showed 
an S.Fr. of 0.23 and 0.30, respectively, and an S.F. of 4.17 and 5.41, respectively. 
They are lower than the S.Fr of TBAB with 2000-ppm T-80 by 28.13% and 6.25%, 
respectively, and lower than the S.F. of TBAB with 2000-ppm T-80 by 59.94% and 
48.03%, respectively. This comparison indicates the superior effects of non-ionic T-
80 in CO2–TBAB semiclathrate hydrate formation. In addition, in the results of Li et 
al. [34], the optimum system of 4.95-wt% TBAB and 4000-ppm DTAC was most 
favorable for CO2 separation from CO2/N2 (17:83 mole fraction) gas mixtures with an 
S.Fr. of 0.54 and S.F. of 9.6. This implies the optimum surfactant concentration may 
vary with the TBAB concentrations, and the separation performance can also be 
affected by gas mixture components. 
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Figure 2.31. Effect of initial pressure on CO2 split fraction. 
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Figure 2.32. Effect of initial pressure on CO2 separation factor. 
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Figure 2.33. Comparison of the kinetic promotion performance of the optimal concentration 

of three surfactants—T-80, SDS and DTAC in 10-wt% TBAB solutions. 
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2.7 Decision box for optimal systems 

In order to select optimal systems for fast hydrate formation with considerable gas 
uptake, we introduce the “Eisenhower Decision Box” to evaluate the performances of 
systems. Figure 2.34 shows the decision box of all the systems studied in this work. 
The evaluation of the performances of the different systems studied are based on two 
criteria—induction time and percent water conversion. It is divided into four boxes by 
lines intersecting at the point of “Ref. semiclathrate hydrates”. The two systems within 
the highlighted parts represent the TBAB+T-80 pairs having shorter induction time 
and higher percent water conversions than those of the reference semiclathrate 
hydrates, which are both desirable. The systems studied, TBAB+T-80 2000 ppm, at 
the very upper left corner manifests the best performance among all the studied 
systems. In contrast, the TBAB+T-80 3000 ppm, which shows the inhibition effect in 
percent water conversion compared to Ref. semiclathrate hydrates, is outside the 
highlighted part for systems selection, although it has a shorter induction time.  

Overall, it is seen that the three systems studied with the presence of TBAB all 
achieved better performances than the three without TBAB and “Ref. clathrate 
hydrates” in both criteria. In the present work, induction time and percent water 
conversion were chosen for evaluation; however, these metrics can be varied 
according to the requirements of practical systems. 
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Figure 2.34. Eisenhower Decision Box for optimal systems. The vertical axis shows the 
percent water conversion of samples at the end of intensive uptake period (t = 126 min). 
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2.8 Summary 

In this chapter, the kinetics of CO2 semiclathrate hydrate formation have been studied 
in a batch reactor for carbon capture from CO2/N2 mixtures in the presence of various 
concentrations of surfactants with tetra-n-butyl ammonium bromide (TBAB). TBAB 
is known as a thermodynamics promoter to moderate the CO2 semiclathrate hydrates 
formation conditions, but it reduces the gas uptake. Considering the trade-off of phase 
equilibrium temperature and gas uptake yield, 10-wt% TBAB was used as a 
thermodynamic promoter for CO2 hydrates formation at constant temperature. In order 
to maintain the high-temperature and low-pressure phase equilibrium while 
compensating for the reduced gas uptake caused by TBAB, anionic surfactant sodium 
dodecyl sulfate (SDS), cationic surfactant dodecyltrimethylammonium chloride 
(DTAC), and non-ionic surfactant Tween 80 (T-80) were added. Their synthetic 
effects with TBAB on the induction time, gas uptake, split fraction and separation 
factor were investigated experimentally.  

 

(1) Synthetic effects of TBAB and SDS/DTAC 
The results showed that in 10-wt% TBAB systems, DTAC at 1000–6000 ppm 

overall had better reduction effects on induction time than SDS at 500–1500 ppm; 
while SDS performed better than DTAC to accelerate hydrate growth. Within a 6-hour 
hydrate formation, the CO2 uptake of the TBAB system with 0.1-wt% DTAC at 
283.15 K approached the same amount of gas uptake as that of the pure water system 
at 276.45 K under the same initial pressure of 3.8 MPa, revealing this recipe to be the 
optimal among all those studied in terms of both thermodynamic and kinetic 
promotion. The system of TBAB with 6000-ppm DTAC showed the highest split 
fraction and separation factor of CO2. In both TBAB systems with SDS at 500 ppm or 
DTAC at 1000 ppm, the CO2 uptake increased overall with increased subcooling. In 
addition, to shorten the process duration for energy saving, an intensive uptake period 
was defined to recommend a reasonable practical operation time of hydrate-based 
carbon capture. The blockage effect that was intensified by the presence of TBAB 
may be an important selection criterion of thermodynamic promoters when used in 
stationary reactors.  

(2) Synthetic effects of TBAB and T-80 
The results also showed that the induction time was significantly reduced by T-80 

in semiclathrate hydrates and clathrate hydrates (with or without TBAB). The initial 
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gas uptake rate increases with the increased concentration of T-80, which resulted in 
a higher gas uptake in the early formation period for both hydrates. After the initial 
growth period, CO2 uptakes increased continuously in clathrate hydrates. However, in 
semiclathrate hydrates, gas uptake became constant at the end of the intensive gas 
uptake period. Both 1000-ppm and 2000-ppm T-80 improved the gas uptake in 
semiclathrate hydrates, while 3000-ppm T-80 showed an inhibition effect. In addition, 
the percent water conversion of the TBAB+T-80 2000 ppm system reached 80% of 
the total value within one-third of the entire test period, whilst that of the best water 
system (T-80 1000 ppm) only achieved 35% over the same test period.  

Based on the above conclusions, a thermodynamic promoter alone cannot achieve 
a satisfactory CO2 gas uptake by HBCC. With the addition of surfactants, the gas 
uptake yield and rate can be improved. In the following chapters, the kinetic promotion 
in porous materials, and the combined effect of surfactant and porous material, will be 
investigated.  
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Chapter 3 Kinetic promotion of CO2 hydrate 

formation in microparticles2 

3.1 Introduction 

The development of clathrate hydrate technology is mainly impeded by its low 
formation rate and unsatisfied gas capacity. Except for the common methods of 
spraying, stirring, and bubbling, porous material can increase the gas–liquid contact 
area, and thus kinetically promote the hydrate formation. The use of particles in gas 
hydrate formation provides an effective alternative to mechanical mixing for reduced 
energy consumption and improved safety. In this chapter, the kinetic promotion of 
CO2 hydrate formation in microparticles is studied experimentally. Two 
microparticles, namely “dry water” and silica gels, are used. Both materials are 
microparticles. Water (or aqueous solution) is dispersed uniformly throughout the 
small particles, so that the contact area between gas and water is markedly increased. 
It provides a suitable structure within dispersed small spherical particles for the kinetic 
promotion of gas hydrate formation through enhancing mass transfer. CO2 hydrate 
formation using various particle sizes is experimentally investigated. 
 
 

 

 
2 Part of the content of this chapter has been published in the following article: 

Zhang F, Wang X*, Wang B, Lou X*, Lipiński W*. Experimental and numerical analysis of 
CO2 and CH4 hydrate formation kinetics in microparticles: A comparative study based on 
shrinking core model. Chemical Engineering Journal. 2022;446:137247. 



Chapter 3 

68 

3.2 Experimental study of hydrate formation in dry 

water 

3.2.1 Preparation of dry water 

“Dry water” refers to free-flowing particles formed by high-speed mixing of the 
hydrophobic silica and dispersed water, as proposed by Wang and Cooper [52]. 
During high-speed mixing in the air, the water was scattered into small drops 
surrounded by hydrophobic silica nanoparticles, which prevented the coalescence of 
the water drops. The pyrogenic silica HDK® H18 (hydrophobic grades) was provided 
by Wacker Chemie AG. It is a loose, bulky, white and chemically inert powder with 
a low order of toxicity and a high grade of purity. The Breville blender (BBL620SIL) 
used in this work had five-speed settings from 17,000 to 23,000 rpm with a glass jug 
of 2.0 L.  

In this work, “dry water” particles with 3-, 5- and 8-wt% H18 silica were prepared. 
The “dry water” with 3-wt% silica was prepared using 97-mL deionized water and 3-
g silica at a blending speed of 19,000 rpm for 90 seconds. The higher concentration of 
H18 requires the water to be broken into smaller droplets at a higher blend speed. The 
preparation conditions of the other sizes of “dry water” particles are shown in Table 
3.1. The blender was paused for 10 seconds every 30 seconds to avoid the evaporation 
of water caused by heat generated while blending. The photograph of prepared “dry 
water” is shown in Figure 3.1. The microscope photos of the three concentrations of 
“dry water” are shown in Figure 3.2. It can be seen that the “dry water” particles were 
basically spherical and scattered, but some inevitably aggregated with each other. The 
average radius of prepared “dry water” is also tabulated in Table 3.1.  

 

 
Figure 3.1. Appearance of “dry water” synthesized from hydrophobic silica “H18” and 

deionized water. 
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Table 3.1. The preparation process and the average measured sizes of “dry water”. 

 
Amount 
of H18 

(g) 

Amount of 
deionized 
water (g) 

Blending 
speed 
(rpm) 

Blending 
time 

(seconds) 

Average 
radius/standard 

errora (µm) 
“dry water” 
with 3-wt% 

silica 
3.0 97.0 19,000 90 26.3/1.95 

“dry water” 
with 5-wt% 

silica 
5.0 95.0 21,000 90 8.1/0.82 

“dry water” 
with 8-wt% 

silica 
8.0 92.0 23,000 90 6.4/0.71 

aStandard error =
( )
( )

2

1
ix x

N N
−

−
∑ , where ix  is of measurement value, x is the mean value of 

measurements, and N is the number of measurements, N = 20.  
 

 

 
Figure 3.2. Micrographs of “dry water” particles: (a) with 3-wt% silica; (b) with 5-wt% 

silica; and (c) with 8-wt% silica. 

 

3.2.2 Apparatus and procedures 

The experimental apparatus, shown in Figure 3.3, mainly consisted of a 635.53-mL 
cylindrical reactor, a thermostatic bath, a data acquisition system, and a CO2 gas 
cylinder. The cooling fluid (30 L) in the thermostatic bath was 30-vol% propylene 
glycol aqueous solution with a freezing point of –13.3oC. The data acquisition system 
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logged the temperature and pressure every 10 seconds via a pressure transducer and a 
thermocouple, respectively.  

The experiments were conducted at a constant temperature in a closed system. The 
reactor was cleaned and rinsed three times before the “dry water” particles were 
poured in. Then the reactor was filled with “dry water” and closed tightly. The 
thermostatic bath was turned on to provide a thermostatic cooling condition for 
hydrate formation. Once it was maintained at the target temperature for 30 min, the 
reactor was purged by CO2 gas and vented three times to remove the residual air in 
the reactor. Then CO2 gas was charged into the reactor slowly to the target pressure. 
The gas valve closure marked the onset of the experiment. Each run was terminated 
when the pressure remained unchanged for half an hour, and runs were repeated twice 
under the same conditions. Memory effect may have occurred when the repeated runs 
were conducted on the same particles that experienced hydrate formation. Therefore, 
the three experimental runs were named “Fresh cycle”, “Repeat 1” and “Repeat 2”, 
respectively. The initial experimental pressures (Pini) and temperatures (Texp) for both 
CH4 and CO2 hydrate formation in “dry water” are shown in Table 3.2. More details 
of CO2 hydrate formation experimental apparatus and procedures can be found in a 
previous study [35]. For the CH4 hydrate experimental setups and procedures, details 
can be found in Shi et al. [83].  

 

 
Figure 3.3. Schematic diagram of the experimental setup. 
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Table 3.2. Experimental conditions and measured induction time of hydrate formation in 
“dry water”. 

Exp. no. Gas Exp. state H18 concentration 
Pini 

(MPa) 
Texp 

(K) 
Induction  
time (min) 

1 
CO2 

Fresh 
3 wt% 3.5 277.15 

24.0 
2 Repeat 1 18.2 
3 Repeat 2 12.5 
4 

CO2 
Fresh 

5 wt% 3.5 277.15 
18.6 

5 Repeat 1 16.0 
6 Repeat 2 10.8 
7 

CO2 
Fresh 

8 wt% 3.5 277.15 
17.5 

8 Repeat 1 5.0 
9 Repeat 2 3.3 
10 CO2 Bulk 0 3.5 277.15 34.5 

11* CH4 Fresh 5 wt% 4.5 273.65 – 
 

 

3.3 CO2 hydrate formation kinetics in dry water 

3.3.1 Pressure and temperature profile of hydrate formation in dry 

water 

Figure 3.4 shows the pressure and temperature profile of CO2 hydrate formation in 5-
wt% “dry water” at a constant temperature of 277.15 K. It shows the initial stage only 
to illustrate the typical temperature peak and pressure drop that indicates the beginning 
of hydrate formation. From an initial pressure of 3.5 MPa, the pressure first decreases 
slowly as CO2 dissolved in water and a supersaturated state is gradually formed [4]. 
There is a noticeable increase in temperature and a sudden pressure drop at 18.6 min. 
The surge in temperature is caused by the exothermic hydrate formation. The period 
before formation (18.6 min) is defined as the induction time. 

The induction time for all experiments is shown in Table 3.2. It can be seen that 
for each formula, the induction time is shorter in repeat runs than in the fresh cycle 
due to the memory effect [141] (from 24 to 12.5 min for “dry water” with 3-wt% silica; 
from 18.6 to 10.8 min for “dry water” with 5-wt% silica; and from 17.5 to 3.3 min for 
“dry water” with 8-wt% silica). Overall, the induction time for “dry water” with 3-
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wt% silica is the longest (24 min), while that for 8-wt% is the shortest (17.5 min). This 
is due to the largest gas–water contact area of “dry water” with 8-wt% silica for its 
smallest particle size. It was reported that with a larger contact area, there tended to 
be more hydrate crystallizing during nucleation, thus taking a shorter induction time 
[5]. 
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Figure 3.4. P-t and T-t profiles at the start of CO2 hydrate formation in “dry water” with 5-

wt% silica at Texp = 277.15 K. 

 

3.3.2 Normalized gas uptake of hydrate formation in dry water 

The normalized gas uptake NGt (mol(gas)/mol(water)) at the time t (min) is calculated by 
the following equation [120]:  

 
2 2

g, g,0 g, 

H O H O

NG t t
t

n n n
n n
∆ −

= = , (3.1) 

where 
2H On is the initial amount of water (mol), g, tn∆  is the CO2 gas uptake yield (mol) 

at time t. g,0n  and g, tn  are the amounts of CO2 in the reactor (mol) at the onset and 

time t of experiment, which can be calculated by Eqs. (3.2) and (3.3), respectively,  
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where V is the volume of gas (m3), and R is the ideal gas constant (J mol–1K–1). Z0 and 
Zt are the gas compressibility factors at the onset and the time t of experiments, 
calculated by Pitzer’s correlation [119]. 

Figure 3.5 shows the normalized CO2 gas uptake in the fresh cycle of hydrate 
formation in different “dry water” samples compared to that in bulk water. All the 
experiments of CO2 hydrate formation were conducted at the same Pini and Texp. It can 
be seen that the gas uptake increases with the increase in silica concentrations (i.e., 
the decrease in particle size and the increase in the overall gas–water interface area). 
“Dry water” with the 8-wt% silica sample has the highest CO2 uptake. The increment 
in gas uptake from 5-wt% to 8-wt% silica (5.5%) is much smaller than the increment 
from 3-wt% to 5-wt% silica (76.5%) in 1000 min. The gas uptakes when using “dry 
water” in all sizes are dramatically higher than that in the bulk water without any 
stirring or additives. 
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Figure 3.5. Normalized CO2 gas uptake in the fresh cycle of different sizes of “dry water” 

particles. 
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3.3.3 Cyclic performance of dry water in hydrate formation 

Figure 3.6 shows the gas uptake of three repeated experiments in different “dry water” 
samples. It can be seen that the gas uptake yield decreases markedly in all sizes of 
“dry water” as experiments are repeated. The percentage of reduction of gas uptake 
yield in 1000 min for the three “dry water” samples in the repeated cycles is 
summarized in Table 3.3. From the fresh cycle to Repeat 1, the gas uptake yield is 
reduced by 29.0%–59.3%; a further reduction from the fresh cycle to Repeat 2 is by 
nearly 70%. Similar observations were reported for repeated CH4 hydrate formations 
in “dry water”; as a result, the “dry water” structure is not stable for repeated hydrate 
formations [142]. 

Figure 3.7 shows the reactor window before “Repeat 2” experiment of 3-wt% 
silica. A clear layer of bulk water above the “dry water” can be seen, indicating that 
the “dry water” structures were broken after the cycles, and the water previously inside 
is released and aggregated into bulk water. It is also noted that the gas uptake yields 
in 1000 min of the two repeated runs in “dry water” with 3-wt% silica and in bulk 
water are almost the same (0.022, 0.021 and 0.018 mol(gas)/mol(water), respectively), 
indicating that after the fresh run the majority of water had turned to bulk water. 

 

Table 3.3. Gas uptake yield in 1000 min and percent reduction of yield for repeat runs. 

“Dry water” sample  8-wt% silica 5-wt% silica 3-wt% silica 

Fresh–Repeat 1 
Yield* 0.100–0.071 0.094–0.059 0.054–0.022 

Reduction 29.0% 37.2% 59.3% 

Fresh–Repeat 2 
Yield 0.100–0.036 0.094–0.025 0.054–0.021 

Reduction 64.0% 73.4% 61.1% 
*unit: mol(gas)/mol(water). 
 

Figure 3.8 illustrates the percent water conversion (PWC) of all the studied “dry 
water” experiments in 1000 min. The PWC increases along with the rise of H18 
concentration as a larger gas–water contact area is favorable to mass transfer and the 
water conversion to hydrate. The PWC has a similar trend to that of the gas uptake 
yield, that is, the value of PWC decreases as the experiments are repeated. As can be 
seen from Figure 3.8, the highest PWC of 77.16% appears at the fresh cycle of 8-wt% 
“dry water”, whereas the lowest PWC is only 13.21% in 3-wt% “dry water” after the 
second repeat.  
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Figure 3.6. CO2 uptake in fresh and repeat hydrate formations in “dry water” at a constant 
temperature of 277.15 K: (a) with 8-wt% silica, (b) with 5-wt% silica, and (c) with 3-wt% 

silica. 
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Figure 3.7. “Dry water” with 3-wt% silica in the reactor after two cycles of CO2 hydrate 

formation. 
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Figure 3.8. Percent water conversion after 1000 min of CO2 hydrate formation. 

 

3.4 Experimental study of hydrate formation in silica 

gels 

3.4.1 Preparation of saturated silica gels 

CO2 gas cylinders supplied by BOC Australia were used in this work. Deionized water 
with a resistivity of 18.2 MΩ·cm, produced by ELGA® PURELAB, was used. 
Spherical silica gels (SGs) were provided by SiliCycle® Inc. (Canada). The SGs used 
in this work were hydrophilic, with silanol groups on the entire surface and pores 
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inside and were not burned, as shown in Figure 3.9. In such a structure, water can be 
absorbed inside the pores by hydrogen bonds. Micromeritics® TriStar II 3020 was 
used to measure the properties of the SGs. The structural properties of SGs of three 
different sizes are listed in Table 3.4. 

 

 
Figure 3.9. Structure of the spherical hydrophilic silica gel used in this work. (Copyright 

Nouryon–image used with permission) 

 
Table 3.4. Structural properties of silica gels. 

Property name 100-nm SG 50-nm SG 30-nm SG 
Mean diameter (µm) 75–200 75–200 75–200 

Average pore diameter (Å) 951 485 311 
Pore volume (mL g–1) 0.9 0.78 0.78 

Specific surface area (m2g–1) 30.09 58.39 82.06 
 

 

3.4.2 Experimental procedures 

The experiments were carried out in the same apparatus as those with dry water. The 
SGs were first dried at 373.15 K for at least 24 hrs to get rid of all the moisture. At 
this temperature, the silanol groups were not burned, so the SGs were still hydrophilic. 
The prepared solution with a volume equal to the pore volume of the SG was added 
into the SG to obtain the saturated SG. Saturated SG ensures the pores are completely 
filled with water, in order to make sure that the SG pores do not result in any prominent 
capillary effect before hydrate formation. To make sure the solution was evenly 
distributed in the SG pores, they were placed in the centrifuge at 3000 rpm for 3 min 
and then transferred to the ultrasonic bath at ambient temperature for another 6 hrs. 
The ultrasonic bath was paused periodically to prevent the evaporation of water from 
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pores caused by the accumulated heat generated by the ultrasound. The SGs were 
found to be evenly dispersed with water from observation. 

It was reported that the hydrate formation in SGs presented higher equilibrium 
pressure (Peq) than that in the bulk water [2, 55]. In this work, the experiments were 
conducted under a constant-temperature and constant-pressure condition with excess 
gas and a constant pressure driving force (ΔP = 1.4 MPa, i.e., the pressure difference 
between Pexp and Peq). The phase equilibrium data of CO2 hydrate formation in SGs 
were obtained from previous studies [42, 62]. After the saturated SGs were placed in 
the reactor, the thermostatic bath was turned on to provide a thermostatic condition 
for hydrate formation. Meanwhile, the reactor was purged with pure CO2 gas and 
vented three times to remove the residual air inside. When the temperature of the gas 
phase in the reactor was maintained at the target temperature (Texp), CO2 was charged 
slowly into the reactor to reach and maintain the target pressure (Pexp). The gas 
consumptions were measured by the mass flowmeter. The experimental conditions are 
shown in Table 3.5. 

 

Table 3.5. Summary of experimental conditions. 

Exp. no. Gas Solution 
SG type 

(nm) 
Texp (K) Pexp 

(MPa) 
Peq at Texp 

(MPa) 
ΔP 

(MPa) 
1 CO2 Pure water 100 275.15 3.01 1.61a 1.4 
2 CO2 Pure water 50 275.15 3.04 1.64a 1.4 
3 CO2 Pure water 30 275.15 3.13 1.73b 1.4 

a Data obtained from Uchida et al. [62]. 
b Data obtained from Seo et al. [42]. 

 

3.5 CO2 hydrate formation kinetics in silica gels 

3.5.1 Normalized gas uptake of hydrate formation in silica gels 

The effects of SG pore size and surfactant concentration on CO2 gas uptake are 
investigated through a comprehensive experimental program. Figure 3.10 shows the 
normalized CO2 gas uptake in SG of different pore sizes. The calculation method of 
normalized gas uptake can be found in a previous work [35]. The vertical error bars 
show the 95% confidence intervals based on student’s t-distribution. The errors come 
from both the thermal couples and the pressure sensors of ±0.1oC and ±0.01 MPa, 
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respectively. The results show a marked increase in gas uptake in larger pores. At 
600 min, the gas uptake in 50-nm and 100-nm SGs are 1.71 times and 3.50 times that 
in 30-nm SG, respectively. As can be seen in Figure 3.10, although the 30-nm SG has 
the largest overall specific surface area, the largest pore diameter of the 100-nm SG is 
more favorable for gas hydrate formation. It seems that the overall surface area is not 
a dominant factor, as all the pores are fully of water. Figure 3.10 also shows the CO2 
gas uptake rate in the systems studied. It can be seen that the overall gas uptake yield 
and rate were higher in larger pore SGs, and the highest were with 100-nm SGs. In 
general, the gas uptake rate was high in the beginning, but it slowly decreased to near 
zero at around 300 min. This is due to the thick hydrate layer formed in the pores 
hindering further gas diffusion. Therefore, it is recommended that the experiment be 
finished early (at about 300 min) in practical applications. 
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Figure 3.10. Normalized CO2 gas uptake in SGs of different pore sizes. 

 

3.5.2 Percent water conversion 

The percent water conversion (PWC) is a metric to evaluate the amount of water 
consumed in the hydrate formation compared to the initial total amount of water, and 
is defined as  

 
2

g, 

H O

hydration number
PWC = 100%tn

n
∆ ×

× , (3.4) 
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where the hydration number is the theoretical number of water molecules consumed 
per guest molecule [55]. 

Table 3.6 shows the final PWC of all the systems at 600 min. It can be clearly seen 
that the 100-nm SG has an absolute advantage in enhancing the PWC over the 50-nm 
SG. The PWC in 100-nm SG cases is above 86%, while they are only approximately 
43% in the 50-nm SG cases. Compared with CO2 hydrate formation in “dry water” 
particles, both the CO2 gas uptake yield and rate in silica gels are much higher. In 
addition, based on observation, the water in the silica gel pores does not aggregate into 
bulk water as in the “dry water” experiment.  

 

Table 3.6. Percent water conversion at the end of CO2 hydrate formation (600 min). 

System 100-nm SG, pure water 50-nm SG, pure water 100-nm SG, 300-ppm SDS 
PWC (%) 86.6 42.8 89.4 

 
 

3.6 Summary 

In this chapter, the hydrate formation kinetics of CO2 have been studied in 
microparticles of “dry water” and silica gels (SGs). “Dry water” particles prepared by 
mixing hydrophobically modified silica and water were used to create micro-size 
droplets of water. The experimental results showed that the hydrate formation in “dry 
water” with 8-wt% silica representd the highest normalized gas uptake due to its 
smallest particle size. A clear layer of bulk water above the “dry water” can be seen, 
indicating that “dry water” structures are broken after cycles. From the fresh cycle to 
Repeat 1, the gas uptake yield was reduced by 29.0–59.3%; a further reduction from 
the fresh cycle to Repeat 2 was by nearly 70%. SGs with 30-, 50- and 100-nm pore 
sizes were used as frameworks for hydrate formation. The experimental results 
showed a marked increase in both gas uptake yield and gas uptake rate in SGs with 
larger pores. No obvious fragmentation of SGs was found. Overall, SGs showed a 
better stability and promotion effect on CO2 hydrate formation kinetics. In the next 
chapter, SGs will be chosen as the framework of CO2 hydrate formation in porous 
material to further investigate the combined effect of surfactants and SGs in kinetic 
promotion. 
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Chapter 4 CO2 hydrate formation in silica 

gel pores in the presence of surfactants3 

4.1 Introduction 

Currently, most of previous studies have mainly focused on gas uptake enhancement 
in SGs; little work has been done to interpret the physics of hydrate formation in SGs 
and the effect of the porous structure and surfactants on the hydrate formation kinetics. 
In this chapter, the effects of the SG porous framework and surfactants on hydrate 
formation kinetics have been investigated experimentally. Both CO2 hydrates and 
CO2/N2 hydrate formation experiments are implemented in an SG column with pore 
diameters of 100, 50 or 30 nm. Sodium dodecyl sulfate (SDS) or dodecyl-
trimethylammonium chloride (DTAC) solutions at different concentrations are added 
to improve the water activity. The kinetic metrics, including the induction time, gas 
uptake yield, gas uptake rate, and separation performance, are analyzed from the 
experimental results. This chapter aims to quantitatively analyze the binary effects of 
surfactants and nanopores, revealing the variations and roles of critical parameters on 
hydrate formation kinetics, and thus contributing to a theoretical ground for gas 
hydrate kinetics improvement. 

 

 
3 The content of this chapter has been submitted in the following article: 

Zhang F, Wang X*, Wang B, Lou X, Lipiński W*. The effect of silica gel nanopores and 
surfactants on CO2 hydrate formation kinetics: An experimental and modeling study based on 
shrinking core model. Chemical Engineering Science. 2022;262:118002. 
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4.2 Experimental study 

4.2.1 Experimental materials 

Pure CO2 and CO2/N2 (70:30 mol%) gas cylinders supplied by BOC Australia were 
used in this work. SDS (CAS: 151-21-3) and DTAC (CAS: 112-00-5) were supplied 
by Sigma Aldrich with the purity of 98.5% and 99.0%, respectively. Deionized water 
with a resistivity of 18.2 MΩ·cm produced by ELGA® PURELAB was used. Spherical 
SGs were provided by SiliCycle® Inc. (Canada). The SGs used in this chapter were 
hydrophilic with silanol groups on the entire surface and pores inside and were not 
burned. Its chemical structure has been shown in Chapter 3. 

4.2.2 Apparatus and procedures 

The experiments were carried out in a previously reported apparatus as shown in 
Figure 4.1. It was reported that the hydrate formation in SGs presented higher 
equilibrium pressure (Peq) than that in the bulk water [2, 55]. In this study, the 
experiments were conducted under constant-temperature and constant-pressure 
conditions with excess gas and a constant pressure driving force (ΔP = 1.4 MPa, i.e., 
the pressure difference between Pexp and Peq). The phase equilibrium data of CO2 
hydrate formation in SGs were obtained from previous studies [42, 62]. The phase 
equilibrium conditions are not obviously affected by surfactants but can be affected 
by both the SG pore sizes and gas mixture components [2, 33]. After the saturated SGs 
were placed in the reactor, the thermostatic bath was turned on to provide a 
thermostatic condition for hydrate formation. Meanwhile, the reactor was purged with 
gases and vented three times to remove the residual air inside. When the temperature 
of the gas phase in the reactor was maintained the target temperature (Texp), the gas 
was charged slowly into the reactor to reach and maintain at the target pressure (Pexp). 
The gas consumption was measured by the mass flowmeter. The experimental 
conditions are shown in Table 4.1; this ensured that CO2 was not liquefied at the 
experimental temperature (Texp) and pressure (Pexp). 
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Figure 4.1. Schematic diagram of the experimental system. 

 
Table 4.1. Summary of experimental conditions. 

Exp. no. Gas Solution 
SG type 

(nm) 
Texp  

(K) 
Pexp  

(MPa) 
Peq  

(MPa) 
ΔP  

(MPa) 
1 CO2 Pure water 100 275.15 3.01 1.61 1.4 
2 CO2 Pure water 50 275.15 3.04 1.64 1.4 
3 CO2 Pure water 30 275.15 3.13 1.73 1.4 
4 CO2 SDS 300 ppm 100 275.15 3.01 1.61 1.4 
5 CO2 SDS 500 ppm 100 275.15 3.01 1.61 1.4 
6 CO2 SDS 500 ppm 50 275.15 3.04 1.64 1.4 
7 CO2 SDS 500 ppm 30 275.15 3.13 1.73 1.4 
8 CO2 DTAC 1000 ppm 100 275.15 3.01 1.61 1.4 
9 CO2 DTAC 2000 ppm 100 275.15 3.01 1.61 1.4 
10 CO2/N2 Pure water 100 275.15 3.70 2.30 1.4 
11 CO2/N2 Pure water 50 275.15 3.75 2.35 1.4 
12 CO2/N2 Pure water 30 275.15 3.87 2.47 1.4 
13 CO2/N2 DTAC 1000 ppm 100 275.15 3.70 2.30 1.4 
14 CO2/N2 DTAC 2000 ppm 100 275.15 3.70 2.30 1.4 
15 CO2/N2 DTAC 6000 ppm 100 275.15 3.70 2.30 1.4 
16 CO2/N2 DTAC 1000 ppm 50 275.15 3.75 2.35 1.4 

 
 



Chapter 4 

84 

4.3 Results and discussion 

4.3.1 Effect of surfactants concentration  

Based on the results in Chapter 3, the CO2 gas uptake yield is much advanced in the 
larger SG pores. In this section, the 100-nm SG was chosen to study the binary effect 
of SG and surfactants on hydrate formation kinetics. Water solutions of SDS at 300 
and 500-ppm and DTAC at 1000 and 2000-ppm were added to 100-nm SG particles. 
These surfactants and concentrations all present good promotion effects of the bulk 
water systems, as discussed in Chapter 2 [35].  

Figure 4.2 shows the normalized gas uptake in CO2 hydrate formation in 100-nm 
SG with different SDS concentrations in pure CO2 systems (Exp. no. 1, 4 and 5). Both 
300- and 500-ppm SDS solutions lead to increased gas uptake rates. At 600 min, the 
normalized gas uptake yield in 300 and 500-ppm SDS systems are 0.139 and 0.142 
mol(gas)/mol(water), respectively, higher than that in the pure water system (0.133 
mol(gas)/mol(water)) by 4.44% and 6.85%, respectively. The rapid increments in gas 
uptake rate by adding SDS mostly appeares in the first 150 min. Therefore, ceasing 
the CO2 capture process at an early stage is also recommended in the presence of 
surfactants. To achieve the same gas uptake yield of 0.119 mol(gas)/mol(water), the 300-
ppm SDS system take 229 min while the 500-ppm one only took 152 min, saving 
23.7% and 49.3% of the total time, respectively. 
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Figure 4.2. Normalized CO2 gas uptake in 100-nm SGs with different SDS concentrations in 

pure CO2 systems (Exp. no. 1, 4 and 5). 
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Figure 4.3 shows the normalized CO2 gas uptake in 100-nm SG with DTAC of 
1000- and 2000-ppm compared with the pure water 100-nm SG system (Exp. no. 1, 8 
and 9). Overall, DTAC in 100-nm SG only promotes the gas uptake rate in the early 
stage, that is, <200 min, but fails to increase the final uptake yield compared to that 
with pure water. An early end can also bring slight time- and energy-saving benefits 
without compromising too much CO2 uptake yield. Time-saving from 300 min to 252 
min (16% time saved) is achieved by using DTAC at the two concentrations for an 
uptake yield of 0.119 mol(gas)/mol(water). Overall, SDS can save more time than DTAC 
to obtain the same gas uptakes at the concentrations studied in the first 250 min. This 
is the same as the results in bulk water systems in Chapter 2. 
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Figure 4.3. Normalized CO2 gas uptake in 100-nm SGs with varied DTAC concentrations in 

pure CO2 systems (Exp. no. 1, 8 and 9). 

 
Figure 4.4 presents the effect of DTAC on CO2 gas uptake in 100-nm SGs in 

CO2/N2 systems (Exp. no. 10, 13, 14 and 15). In general, a marked improvement in 
gas uptake is found in the presence of DTAC. A higher concentration of DTAC results 
in a considerable increase in the amount of CO2 captured. At the end of the experiment, 
the normalized CO2 gas uptake is 0.10, 0.13 and 0.15 mol(gas)/mol(water) for 1000-, 
2000- and 6000-ppm DTAC systems, respectively, which are higher than that in the 
pure water system by 17.6%, 52.9% and 76.5%, respectively. Furthermore, the 
intensive uptake period of 200 min is shortened in the presence of DTAC. 
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4.3.2 Effect of silica gel pore size 

Based on the above discussion, 500-ppm SDS is found to have the greatest 
enhancement in both gas uptake yield and rate in 100-nm SGs. However, the 
promotion effect of 500-ppm SDS in SGs with smaller pores (30 nm and 50 nm) is 
unknown, which is revealed in Figure 4.5 (Exp. no. 2, 3, 6 and 7). It can be seen that 
500-ppm SDS produces a marked enhancement in 50-nm SGs in the first 250 min, and 
the later gas uptake rates are similar. The final gas uptake also increases from 0.0651 
to 0.0668 mol(gas)/mol(water), indicating a similar promotion effect to that of 500-ppm 
SDS in 100-nm SGs in Figure 4.2. However, the gas uptake for the system of 500-
ppm SDS in 30-nm SGs is even slightly lower than that of pure water in 30-nm SGs. 
The reason may be that the effects of surface tension and/or water activity on hydrate 
formation kinetics in very small pores are insignificant. 
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Figure 4.4. Effect of DTAC concentration on the normalized CO2 gas uptake in 100-nm SGs 

(CO2/N2 systems, Exp. no. 10, 13, 14 and 15). 

 
Figure 4.6 shows the effect of SG pore size on the normalized CO2 gas uptake for 

CO2/N2 gas mixture systems in the absence of DTAC (Exp. no. 10, 11 and 12). The 
normalized CO2 gas uptake is defined as the CO2 gas uptake yield per mole of initial 
water. The error bars in the figure correspond to 95% confidence intervals. As can be 
seen, a higher CO2 gas uptake is obtained with larger SG pores. It is believed that with 
the same particle size, in saturated SGs with larger pore size, CO2 has a larger contact 
area with water. Before 270 min (left of the dashed line in the figure), the gas uptakes 



CO2 hydrate formation in silica gel pores in the presence of surfactants 

87 

grows rapidly, especially in the cases with larger pores, while after 270 min, the 
normalized gas uptake lines are flat and almost parallel, indicating no obvious effect 
of the pore size. The time period from the onset of the experiment to the time when 
intensive gas uptake ends (around 270 min in this study) can be defined as the 
“intensive uptake period” [35]. 
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Figure 4.5. Effects of 500-ppm SDS on CO2 hydrate formation in 30-nm SGs and 50-nm 

SGs in pure CO2 systems (Exp. no. 2, 3, 6 and 7). 
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Figure 4.6. Effect of silica gel pore size on the normalized CO2 gas uptake for CO2/N2 gas 

mixture systems (Exp. no. 10, 11 and 12). 
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4.3.3 CO2 recovery and separation performance 

Table 4.2 summarizes the split fraction, separation factor and final gaseous CO2 
concentration at the end of each study (600 min) of all the CO2/N2 cases. In the pure 
water system, the final CO2 concentration in the gas phase decreases from the initial 
70 mol% to 46.2–52.3 mol%, with the split fractions of CO2 varying from 0.61 to 0.69 
and the CO2 separation factor from 25.54 to 32.61. SGs with larger pores present a 
better promotion effect in CO2/N2 separation than those with smaller pores. When 
DTAC is added to the systems, the final CO2 concentration in the gas phase decreases, 
showing a significant improvement in both split fraction and separation factor. For 
example, in 100-nm SGs, with the addition of 1000, 2000 and 6000-ppm DTAC, the 
CO2 split fractions increase by 13.0%, 18.8% and 20.3%, respectively, and the CO2 
separation factors even rise by 36.6%, 65.9% and 77.5%, respectively. Compared with 
the work of Zhang et al. [35] that reported the split fraction of CO2 from the same gas 
mixtures was 0.32–0.39 with the addition of SDS, and 0.37–0.46 with the addition of 
DTAC in the pure water system without SGs, the results of this study indicate that the 
combination of SGs and DTAC leads to a much improved CO2 separation 
performance with the split fraction of CO2 up to 0.83.  

 

Table 4.2. Separation performance for CO2/N2 hydrates formation with DTAC. 

Exp. no. 
SG type 

(nm) 
System 

Split  
fraction 

Separation  
factor 

Final gaseous CO2 
concentration (mol%) 

10 100 Pure water 0.69 32.61 46.2 
11 50 Pure water 0.65 28.22 49.8 
12 30 Pure water 0.61 25.54 52.3 
13 100 DTAC 1000 ppm 0.78 44.54 38.6 
14 100 DTAC 2000 ppm 0.82 54.11 34.1 
15 100 DTAC 6000 ppm 0.83 57.89 32.6 
16 50 DTAC 1000 ppm 0.77 42.53 39.7 

 

4.3.4 Induction time 

Induction time is defined as the time period between the onset when the desired 
experimental condition is reached and the moment when a sudden pressure decrease 
and temperature rise both take place [123, 143]. After the induction, as a certain 
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number of crystals are formed exceeding the critical size, the gas hydrate growth starts. 
Figure 4.7 shows the average induction time of all the systems studied. In pure water 
systems without DTAC, it can be seen that the induction time was much shorter in 
larger pore SGs. In the 100-nm SG pure water system, the induction time is only 20.5 
min, while it increases by a factor of 2 and 5 to 41.3 and 102.2 min in 50- and 30-nm 
SGs, respectively. With the addition of DTAC, the induction time is reduced 
markedly. In 100-nm SGs, the induction time is in a range of 10.6–13.8 min with 
DTAC at 0.1–0.6 wt%, and a shorter induction time appears at higher DTAC 
concentrations. This is because DTAC surfactant lowers the surface tension and 
changes the water activity, and thus gases diffuse into the liquid phase more efficiently 
[34]. The shortest induction time appears at 0.6-wt% DTAC in 100-nm SG (10.6 min). 
In 50-nm SG systems, DTAC is also found to shorten the induction time compared 
with the pure water case. 
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Figure 4.7. Induction time of CO2/N2 hydrates formation with DTAC. 

 

4.3.5 Percent water conversion 

The percent water conversion (PWC) of all the CO2/N2 gas mixture systems at the end 
of the experiment is shown in Figure 4.8. It can be seen that the PWC increased in 
larger pores or in higher DTAC concentrations. In the pure water cases, the PWC 
increases from 44.3% to 53.5% in large pores. In the presence of 1000-, 2000- and 
6000-ppm DATC, the PWC increases by 19.3%, 57.6% and 76.6%, respectively, 
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compared with the pure water system in 100-nm SG. With the addition of 6000-ppm 
DTAC, PWC grows even higher to 94.5%, showing a dramatic improvement in water 
conversion ratio. 
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Figure 4.8. Percent water conversion at the end of each experiment (600 min). 

 

4.4 Summary 

In this chapter, the effects of surfactants on CO2 hydrate formation kinetics in silica 
gels (SGs) have been studied in both pure CO2 systems and CO2/N2 gas mixture 
systems. SGs with 30-, 50- and 100-nm pore sizes were used as frameworks for 
hydrate formation. Sodium dodecyl sulfate (SDS) and dodecyltrimethylammonium 
chloride (DTAC) surfactants were added as kinetic promoters and their effects on 
kinetic parameters were experimentally analyzed.  

The experimental results in pure CO2 systems showed a marked increase in both 
gas uptake yield and gas uptake rate in SGs with larger pores. With the addition of 
surfactants in 100-nm SGs, SDS systems saved 23.7%–49.3% of the time to achieve 
the same amount of gas uptake, while DTAC systems save 16% of the time.  

The experimental results in CO2/N2 gas mixture systems revealed that the 
induction time was much shorter in larger pores of SGs, and was markedly reduced 
with higher DTAC concentrations. The CO2 gas uptakes increased considerably in the 
initial 200–270 min but tended to change little later, indicating the finish of the 
intensive uptake period. When DTAC was added to the systems, the final CO2 
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concentration in the gas phase decreased from 70 mol% to 32.6 mol%, showing a 
significant improvement in both split fraction and separation factor. Overall, the 
combined effect of surfactants SDS and DTAC on CO2 hydrate formation in SGs pores 
improved CO2 gas uptake yield and rate while maintaining high separation 
performance. 
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Chapter 5 Modeling study of CO2 hydrate 

formation kinetics in microparticles4 

5.1 Introduction 

To better understand the formation kinetics, many modeling studies have been 
implemented since the early 1970s [76]. The shrinking core model (SCM) is 
commonly used in simulating the gas–water reactions where the diffusion rate is lower 
than the reaction rate. It was first applied in hydrate formation in deepwater oil/gas 
blowouts [79], and developed in water-in-condensate oil emulsions in the flow loop 
unit [80, 81]. Later, the SCM was modified to predict hydrate formation from ice 
powders [82] and CH4 formation kinetics in the hydrogel particles [53, 83]. While 
these studies have demonstrated the high suitability of the SCMs to particles with well-
defined geometries, the models developed so far have not yet completely reflected the 
chemical process. For instance, heat transfer and the effects of the porous structure of 
hydrates have not been clearly considered in the previously reported SCMs. Some 
assumptions such as the hydrate nucleus being homogeneously distributed in all pores 
conflict with the shrinking core concept that supports the growth and propagation of 
hydrate from the outer to the inner layers. 

 
4 The content of this chapter has been published in the following article: 

Zhang F, Wang X*, Wang B, Lou X*, Lipiński W*. Experimental and numerical analysis of 
CO2 and CH4 hydrate formation kinetics in microparticles: A comparative study based on 
shrinking core model. Chemical Engineering Journal. 2022;446:137247. 

Zhang F, Bhatia SK, Wang B, Chalermsinsuwan B, Wang X*. Experimental and numerical 
study on the kinetics of CO2–N2 clathrate hydrates formation in silica gel column with 
dodecyltrimethylammonium chloride for effective carbon capture. Journal of Molecular 
Liquids. 2022;363:119764. 
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In this chapter, a comprehensive SCM is developed and validated to study the CO2 
hydrate formation kinetics in “dry water” and silica gel (SG) pores. The CO2 dissolved 
in water and the capillary effect of the porous hydrate shell are particularly considered 
in the model. The impact of heat released on formation kinetics is determined by 
establishing a new heat transfer model. As a comparison, the model is also applied to 
the formation process of CH4 hydrate, for which the experimental data is obtained 
from a previous work of Shi et al. [83]. The different volume expansion in CO2 and 
CH4 hydrate growth in “dry water” is also considered in this work. Key parameters 
during CO2 and CH4 hydrate formation, namely the reaction rate constant, effective 
diffusion coefficient, and hydrate shell thickness, are determined by the model. This 
chapter aims to propose a more accurate modeling strategy to describe the hydrate 
formation kinetics in particles. 

 

5.2 System description and assumptions 

5.2.1 Hydrate formation in dry water particles 

To better understand the formation kinetics and the key parameters that dominate the 
hydrate formation in small particles, a model was developed with modification based 
on the SCM reported in a previous study [80, 83]. The model of the hydrate growth 
mechanism was based on the work of Englezos et al. [4], where the hydrate growth 
consists of two consecutive steps: diffusion of dissolved gas to the hydrate–water 
interface and “reaction” at the interface (actually gas encaged by water cages). The 
hydrate formation in the SCM can be described as follows. Once nucleation starts, the 
initial hydrate film forms at the outer surface of the water droplets inside the silica 
shell, that is, the water surface where the CO2 concentration is the highest. The hydrate 
grows inwards to the center of the water droplet. The schematic diagram for hydrate 
growth in “dry water” is shown in Figure 5.1. Assumptions made for the modeling 
study are: 
1. “Dry water” particles are assumed to be spherical. 
2. The system is assumed to be in a quasi-steady state where gas concentration in 

the system will not change during a small time interval. 
3. The solution of CH4 in water is neglected because of its low value at 

experimental conditions (approx. 0.10 mol L–1) [144]. 
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4. The solution of CO2 in water is based on Henry’s law for solubility at Pexp and 
Texp. 

5. The fugacity difference between the gas phase and the three-phase equilibrium 
condition at Texp is considered as the driving force, since the latter is the 
minimum fugacity for hydrate to exist. 

6. Capillaries spread all over the porous hydrate shell for the permeation of water, 
according to the study of Mori [145]. Only the hydrate growth in the radius 
direction of capillaries is considered. 

7. The hydrate density is considered as a constant of 0.91 g cm–3 for CH4 hydrate 
and 1.117 g cm–3 for CO2 hydrate at the studied experimental conditions, 
according to the analytical expression of Sloan and Koh [1]. 

8. Although the theoretical hydration number for sⅠ hydrate is 5.75, in reality the 
water cages cannot be fully occupied by gas molecules [1]. The actual hydration 
number varies with the occupancy rate of the cages. We choose 6.0 and 6.4 as 
the CH4 and CO2 hydration numbers based on the reported data of previous 
studies in the studied experimental conditions [146, 147]. 

 

 
Figure 5.1. Schematic diagram of the physical model for hydrate growth in “dry water”. 

 

5.2.2 Hydrate formation in silica gel pores  

The schematic diagram of CO2 hydrate formation in an SG is shown in Figure 5.2. 
The SCM of CO2 hydrate formation in an SG is described as: the initial hydrate film 
forms at the outer surface of the water in the SG pores once the nucleus appears, and 
the hydrate grows inwards to the center of the SG. The formed porous hydrate layer 
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is assumed as capillaries that are permeated with the water. More assumptions are 
given below. 
1. The diameter of SG is calculated as the mean value of the particle size 

distribution because the particles number is large. 
2. The driving force is also defined as the fugacity difference between the gas phase 

and the three-phase equilibrium condition since the latter is the minimum 
fugacity for hydrate to exist.  

3. The hydrate formation is also considered a quasi-steady state in each calculation 
step. 

4. The gas can only diffuse towards the core through the SG pores rather than the 
SG skeletons. 

5. Capillaries distribute themselves randomly in all directions in the formed 
hydrates. In the SCM, only the capillaries in the radial direction are considered 
valid for inward mass transport. 

 

 
Figure 5.2. Physical model for CO2 hydrate formation within a SG particle. 

 

5.3 Hydrate growth at the hydrate–water interface 

5.3.1 Diffusion-controlled functions 

The gas molecules diffuse to the hydrate–water interface through the hydrate shell. 
Fick’s second law can be used to describe the spherical symmetric diffusion 
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1c cD r
t r r r
∂ ∂ ∂ =  ∂ ∂ ∂ 

, (5.1) 

where Ds is the effective diffusion coefficient of gas through the hydrate shell, c is the 
gas concentration, and r is the particle radius. The system is assumed to be in a quasi-
steady state where gas concentration in the system will not change during a small time 
interval, so that the following governing function of diffusion can be obtained 

 ( )2
i o

d d 0,
d d

cr r r r
r r
  = < < 
 

, (5.2) 

where ri and ro are the inner and outer radius of the hydrate shell, respectively.  
The boundary conditions of Eq. (5.2) are 

 HW i

HG o

,
,

c c r r
c c r r
= =

 = =
, (5.3) 

where HWc and HGc are the gas concentration at the hydrate–water interface and 
hydrate–gas interface, respectively. The analytical solution of Eq. (5.3) can be 
obtained, and the gas diffusion rate at the hydrate–water interface can be expressed as 

 
i
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g, d i s s

i o

d d4 4 1 1d d r r

c cn cr D D
t r

r r

α π α π
=

−
Φ = = =

−
, (5.4) 

where α is the volume fraction of the pores for porous material. In this thesis, 1α =
for “dry water” particles. 

 

5.3.2 Reaction-controlled functions 

The gas diffusing through the hydrate shell may join the reaction of hydrate growth at 
the hydrate–water interface. The reaction is described as an adsorption process, 
including the trapping of gas molecules in water cages and the subsequent stabilization 
of cage frameworks [4]. From the perspective of reaction kinetics, the gas 
consumption rate in the reaction of a single “dry water” particle can be expressed as 

 ( )2
g, r i HW eq4K r f fα π∗Φ = − , (5.5) 
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where K* is the combined reaction rate constant for the entire diffusion and adsorption 
process, fHW is the fugacity of gas at the hydrate–water interface, and feq is the fugacity 
of gas at the three-phase equilibrium condition at Texp. 

The definition of K* is followed by the crystal growth theory of Karpiński and 
Englezos [4, 148], where the hydrate growth consists of two consecutive steps: gas 
diffusion to the nuclei at the hydrate–water interface (Kd) and gas adsorption into the 
structured water (“reaction”) at the interface (Kr). K*, Kd and Kr are related by the 
following equation 

 
d r

1 1 1
K K K∗ = + . (5.6) 

Since the concentration of the gas can be written in terms of its fugacity, assuming 
that the number of moles of water remains practically constant, we have 

 j
j H, j

j w0

c
f k

c c
=

+
, (5.7) 

where kH,j is Henry’s law constant. The w0 j55.6 mol/Lc c=  , so the fugacity can be 

written as 

 j
j H, j

w0

c
f k

c
≈ . (5.8) 

The Henry’s law constant is not easy to decide, especially in a gas mixture system. 
Here we define a concentration parameter to describe the degree of gas dissolution, 
the ratio of the fugacity to the concentration 

 j H, j
j

j w0

f k
c c
 

Ω = = 
 

, (5.9) 

where jΩ  is a constant that only depends on gas species and temperature. Thus, Eq. 

(5.5) is written as 

 ( )2
g, r i HW HW eq eq4K r c cα π∗Φ = Ω −Ω . (5.10) 
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5.3.3 Mass balance of gas 

Before the hydrates formed, CO2 gas had already dissolved in the water. The gas 
molecules pre-dissolved in water also participate in hydrate formation. In the growth 
stage, the gas consumption rate resulting from pre-dissolved gas is expressed as 

 3 2 i
g, s i i

dd 4 4
d 3 d

rr c r c
t t
α π α π Φ = ≈ 
 

. (5.11) 

The above approximation holds for the quasi-steady state where concentration 
does not change in a small time interval. We assume that the water is saturated with 
CO2 around the hydrate–water interface as the CO2 in the reactor is in excess so that 
the solubility of gas, s, at Texp and Pexp is used to represent the pre-dissolved gas 
concentration. The solubility of gas is calculated using Henry’s law at the studied 
temperature and pressure. 

When water is consumed for hydrate formation, the gas pre-dissolved in the 
amount of hydrated water will separate out and also participate in hydrate formation 
together with the gas diffused through the hydrate shell. The mass balance for gas 
diffusion and reaction can be written as 

 g, d g, s g, rΦ +Φ =Φ . (5.12) 

5.4 Capillary effect of the hydrate shell 

According to hydrate morphology studies, the formed hydrate shell is porous [2, 13, 
149–151]. We assumed that the water permeated from the water droplet was 
instantaneously converted into hydrates, because the gas concentration at the hydrate–
gas interface was sufficient for hydrate formation and growth. Thus, it is considered 
the hydrate shell a “water-permeable solid plate” within which the transport capillaries 
were distributed. Permeated water from the water droplet was totally converted into 
gas hydrates. The degree of hydrate formation and growth at the hydrate–gas interface 
depended on the amount of water permeated. This made the outside of the hydrate 
shell dry and inert. 

In this work, the assumptions to describe the permeation of water have referred to 
the model developed by Mori and Mochizuki (1997) [152] with the incorporation of 
some alterations. Micro perforations and tortuous capillaries with the same radius and 
length were evenly distributed over the shell. The driving force for sucking the water 
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was the capillary pressure induced by the water and outside interface, which was 
located near the gas-side mouth of each capillary and was strongly concave towards 
the gas side due to the hydrophilic nature of the hydrate surface. 

The driving force for water to be transported through the capillaries is the surface 
tension, and the water transport can be considered as a Hagen–Poiseuille flow [145], 
which is given by 

 ( )
4

3c
water

w

m /s
8

r Pv
L

π
µ

∆
= , (5.13) 

 
c

2 cosP
r

σ θ
∆ = , (5.14) 

 ( )o iL r r τ= − , (5.15) 

where P∆ is the pressure difference between the two ends of the capillary tube, L is 
the length of capillary tube, cr is the radius of capillary tubes, ( )1τ ≥ denotes the 

tortuosity of the capillary, so the ( )o ir rτ −  is the length of capillary tubes, θ is the 

water-side contact angle on the capillary wall, σ is the water–gas interfacial tension, 

wµ is the viscosity of water, and cn  is the number of capillary tubes. So, the water 
consumption in capillaries is given by 

 
( )
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4
c
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w c o i

3
c c

w o i

2 cos 1
8

cos .
4

rv n
r r r

n r
r r

π σ θ
µ τ

θ πσ
τ µ

=
−

=
−

 (5.16) 

We assume the water sucked out by the capillaries is totally converted into hydrate 
continuously and instantly due to sufficient gas on the outer surface. However, the 
water transport rate by the capillaries will decrease due to the blockage of capillaries 
or the increase in tortuosity of the capillaries as the hydrate grows [153]. Here, we use 
εcap as the capillary structure parameter to describe the change of all unknown 
parameters including the number and radius of capillaries, and the tortuosity of the 
capillary, and so on. ( 3

cap c c cosn rε θ τ= ). The water consumption rate resulting from 

the capillary effect is given by [81, 145] 

 
( )

w
w, cap cap

w o i w

=
4 r r M

ρπσε
µ

Φ
−

, (5.17) 
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where σ is the surface tension of water at Texp, and µw is the dynamic viscosity of water 
at Texp, wρ is the water density and Mw is the molar mass of water. 

 

5.5 Mass balance of water 

The total water consumption rate related to the radius of water droplets can be 
expressed as 

 3 2w w i
w, total i i

w w

dd 4 4
d 3 d

rr r
t M M t

ρ ρ
α π α π
 

Φ = = 
 

. (5.18) 

The total water consumption by hydrate formation is divided into that at the 
hydrate–water interface inward the particle ( w, HWΦ ) and the one in the capillaries (

w, capΦ ). Thus, the mass balance for the water consumption rate is given by 

 w, HW w, total w, capΦ =Φ −Φ . (5.19) 

In addition, the gas consumption rate is proportional to the water consumption rate 

 g, r w, HWβ Φ = −Φ , (5.20) 

where β is the hydration number. So the following equation can be obtained 

 ( )2 2 2HG HW i w i
s i i HW HW eq eq i w, cap

w

i o

d d4 4 4 41 1 d d
c c r rD r s r K c c r

t M t
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ρα πβ α π β α π β α π∗−
+ = Ω −Ω = − + Φ

−
. (5.21) 

Coupling the first two terms of Eq. (5.21) to solve HWc , we can obtain 

 

2 2i
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d
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1 1
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t
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=
Ω +

−

. (5.22) 

Then taking HWc  to the first and third items of Eq. (5.21), id
d
r
t

can be solved: 
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where 
( )
cap w

w, cap
w o i w4 r r M
ε πσρ

µ
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−
.  

So the inner radius change rate is expressed as 
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Equation (5.26) is a nonlinear ordinary differential equation (ODE), which can be 
rearranged into 
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Equation (5.27) is the explicit form of finite differences, where the Euler forward 
integration is used to give a straightforward calculation of the hydrate shell inner 
radius change Δri at time tn directly from the previous time step tn–1. 
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In addition, the percent water conversion (PWC) is a metric to evaluate the amount 
of water consumed in the hydrate formation compared to the initial total amount of 
water, defined as 

 w, total

w, ini

dPWC
dt n

Φ
= , (5.28) 

where w, inin is the initial number of moles of the water in a single microparticle. 

 

5.6 Effective diffusion coefficient and capillary 

structure parameter 

Along with the hydrate growth, the hydrate shell becomes thicker and more compact, 
which however, hinders the mass transfer. The diffusion coefficient becomes a 
function of the shell thickness decreasing along with hydrate growth. The PWC is a 
metric to evaluate the amount of water consumed in the hydrate formation compared 
to the initial total amount of water. Thus, the boundary conditions for the diffusion 
coefficient can be expressed as: 

 0 , PWC 0
0, PWC 1

D D
D
= =

 > =
. (5.29) 

The diffusion coefficient of gas through the hydrate shell is a vital parameter for 
hydrate formation; it is affected by the gas composition and temperature/pressure 
conditions, and is difficult to measure. Although the diffusion coefficient is a physical 
parameter, it varies with the shell density and compactness as hydrate grows. Thus we 
believe the diffusion coefficient is a function of the amount of water consumed. In the 
work of Shi et al. [81], the decreasing trend of the diffusion coefficient was described 
by a logarithmic function; when the calculated diffusion coefficient value becomes 
less than zero, it is taken as equal to zero. It conflicts, however, with the fact that the 
diffusion coefficient can never be zero since even when all water forms hydrate, the 
gas molecules can still diffuse into the hydrate phase. Thus, here we propose an 
exponential function to present the variation of the effective diffusion coefficient,  

 ( ) ( )s s,0 exp PWC , 0,D D ξ ξ= − ∈ +∞ , (5.30) 
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where Ds,0 is the initial effective diffusion coefficient of gas through the hydrate layer 
at t = 0, that is, the end of nucleation and the onset of hydrate growth, and ξ is the 
reduction factor of the diffusion coefficient. 

Similarly, for the capillary structure parameter εcap, when the water in the capillary 
is being consumed, the capillary will become thinner, and both the number of 
capillaries and the amount of water in the capillaries will decrease. Therefore, the 
capillary structural parameter is also a gradually decreasing function. But even if all 
the water is consumed, the porous structure of the hydrate still exists, and the capillary 
structural parameter will not drop to zero. Therefore, the exponential function is also 
used to construct the capillary structural parameter as follows: 

 ( ) ( )cap cap,0 exp PWC , 0,ε ε ς ς= − ∈ +∞ , (5.31) 

where εcap,0 is the initial capillary structure parameter and ς is the reduction factor of 
the capillary structure parameter. It is noted that there are many kinds of construction 
functions to describe the diffusion coefficient and capillary structural parameters such 
as those in Eqs. (5.30) and (5.31). The simple expression chosen in this work is 
intended to reduce the computational load.  

Thus far, all the mass transfer models of hydrate growth in a single “dry water” 
particle have been established. The numerical calculation is implemented by a 
nonlinear curve-fitting function “lsqcurvefit” of MATLAB to obtain the optimal 
parameters. 

 

5.7 Model validation and extraction of kinetic 

constants 

Based on the modeling strategies established above, this section validates the models 
through experimental data of CO2 hydrate formation in “dry water” and silica gels 
(SGs) presented in Chapters 3 and 4. Basically, the models are suitable for both “dry 
water” and SGs; however, the practical calculation and parameter selection may vary 
in different systems. This chapter discusses the model validation and simulation 
results for “dry water” and SGs separately. Both CO2 hydrate and CO2/N2 hydrates 
formation are included. Key parameters, including effective diffusion coefficient, 
water consumption in capillaries, hydrate shell thickness in CO2 and CH4 hydrate 
formation were found. The heat transfer models are further established for CO2 
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hydrate formation in “dry water” particles. The effects of surfactants sodium dodecyl 
sulfate (SDS) and dodecyltrimethylammonium chloride (DTAC) on hydrate formation 
in SG pores are also investigated. Furthermore, the models are applied to CO2/N2 
hydrate formation in SG pores to investigate the roles of N2 in hydrate formation and 
to reveal the effects of DTAC in CO2 separation, due to the better separation 
performance of DTAC over SDS, as mentioned in Chapter 4. 
 

5.7.1 CO2 hydrate formation in dry water 

The simulated gas consumptions of CO2 and CH4 in the gas hydrate growth in “dry 
water” particles are shown in Figure 5.3. It can be seen that the simulation results are 
in good agreement with the experimental data. The data of CH4 hydrate formation in 
5-wt% “dry water” particles was obtained from Shi et al. [83] at Texp = 273.65 K and 
Pexp = 4.5 MPa. The reaction rate constant, K*, is in the range of 6.9 – 7.1 × 10–6 
mol m–2MPa–1s–1 for CO2 hydrate formation, and 5.5–6.5×10–6 mol m–2MPa–1s–1 for 
CH4 hydrate formation, according to the measured data used in Englezos’ modeling 
that took fugacity as the driving force, as is done in this work [4, 154]. Shi et al. [83] 
reported that  K* of CH4 hydrate formation was in the range of 5.49 – 6.05 × 10–6 
mol m–2MPa–1s–1. The K* value regressed in a preliminary modeling work under the 
same Pexp and Texp also had a magnitude of 10–6 mol m–2MPa–1s–1. Since K* should be 
a constant under the same experimental conditions, it is reasonable to use a known K* 
as a constant of 7.0×10–6 mol m–2MPa–1s–1 for CO2 and 6.05×10–6 mol m–2MPa–1s–1 

for CH4 from references with similar experimental conditions. 
The fitting results are evaluated by the mean absolute percentage error (MAPE), 

expressed in Eq. (5.32). The MAPE of CH4 hydrate formation is 2.11%, which is lower 
than that of a previous simulation work [83]. The values of MAPE of CO2 hydrate 
formation are below 5%, showing the accuracy of the modified model. Table 5.1 
summarizes these optimal parameters. 

 sim, exp,

1 exp,

1MAPE 100%
N

i i

i i

x x
N x=

−
= ×∑  (5.32) 
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Figure 5.3. Simulated gas consumptions during hydrate formation in “dry water” using the 

SCM: (a) CO2 with 3-wt% silica; (b) CO2 with 5-wt% silica; (c) CO2 with 8-wt% silica; and 
(d) CH4 with 5-wt% silica. 

 

5.7.2 CO2 hydrate formation in silica gels 

The CO2 hydrate formation experiments in SG pores were implemented in surfactant 
solutions. To determine the constant parameter (Ω) and CO2 solubility (s) in the 
solutions with surfactants, Henry’s law constants (kH) should first be determined. 
There are several ways to determine kH. In this work, a flash column (Flash 2 block) 
with components of gas and solutions in the feed stream was run in Aspen Plus to 
obtain the values of components at equilibrium. Then kH can be calculated by the ratio 
of components after the flash calculation. The calculated kH values are 0.93 and 1.29 
mol L–1MPa–1 for CO2 in 300-ppm and 500-ppm SDS solutions at Texp, and 1.10 and 
1.84 mol L–1MPa–1 in 1000-ppm and 2000-ppm DTAC solutions at Texp. The kH values 
calculated by Aspen Plus are also validated with the reported data of CO2 dissolution 
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experiments in SDS [155] and DTAC [156] solutions with high accuracy. Then Ω and 
s can be calculated. 

Figure 5.4 shows the fitting of the experimental gas consumption results in SGs 
with the results from the revised SCM. As can be seen, the simulation results are in 
good agreement with the experimental data. The fitting results are evaluated by the 
MAPE. It can be seen that the MAPEs of all the simulation results are in the range of 
1.58%–3.11%, proving the high accuracy of the modified models. 

 
 

Table 5.1. Summary of optimal parameters of CO2 hydrate formation in “dry water”. 

Parameters Notation 
“Dry water” system 

CO2 in 3-
wt% silica 

CO2 in 5-
wt% silica 

CO2 in 8-
wt% silica 

CH4 in 5-
wt% silica 

Initial effective 
diffusion coefficient 

Ds,0  

(×10–14 
m2s–1) 

6.41 6.44 6.50 6.83 

Reduction factor of 
diffusion coefficient 

ξ  7.86 6.77 2.64 8.82 

Initial capillary 
structure parameter 

εcap,0  
(×10–27 

m3) 
1.15 1.34 1.82 1.37 

Reduction factor of 
the capillary structure 

ς  
(×10–11) 

6.90 3.58 1.02 1.04 

Mean absolute 
percentage error MAPE 2.24% 4.74% 3.00% 2.11% 
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Figure 5.4. Experimental and simulation results of gas consumption in CO2 hydrate 

formation in SGs. 

 
Based on the optimal simulation results, all of the Ds,0 regress within a small range 

of 4.7–4.9×10–12 m2s–1. Ds,0 refers to the initial effective diffusion coefficient of CO2 
that is transported through the initially formed gas hydrate shell when the nucleation 
ceases and hydrate growth begins. The very close results of Ds,0 reveal that Ds,0 is an 
inherent property of hydrate, which is only related to the type of hydrate and is not 
affected by surfactants. Thus, it’s reasonable to choose Ds,0 as a constant of 4.8×10–12 
m2s–1 in simulation to reduce the freedom of the modeling. For comparison, the 
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reported effective diffusion coefficient of CO2 through the hydrate shell varied from 
10–15 to 10–12 m2s–1 during hydrate formation under similar experimental conditions 
[157]. The other simulated optimal parameters are summarized in Table 5.2. 

 

Table 5.2. Summary of optimal parameters of CO2 hydrate formation in silica gels. 

System Exp. no.a 
K* 

(×10–6) 
ξ  

εcap,0 
(×10–23) 

ς  
MAPE 

(%) 
100-nm SG, pure water 1 17.20 9.73 5.65 3.91 3.11 
50-nm SG, pure water 2 5.38 37.16 14.26 4.22 2.62 

100-nm SG, 300-ppm SDS 4 23.52 10.08 145.07 4.44 1.77 
100-nm SG, 500-ppm SDS 5 28.87 11.84 165.83 4.66 1.58 

100-nm SG, 1000-ppm DTAC 8 20.70 10.94 151.27 4.44 2.30 
100-nm SG, 2000-ppm DTAC 9 33.32 15.20 190.73 4.58 2.87 

50-nm SG, 500-ppm SDS 6 6.45 59.96 174.90 4.69 2.41 
a Experiment numbers refer to those in Table 4.1. 

 

5.7.3 CO2/N2 hydrate formation in silica gels 

Figure 5.5 shows the experimental results and the simulation results from the modified 
SCM. The SCM has three unknown parameters to be fitted, namely the combined 
reaction rate constant K*, the initial effective diffusion coefficient Ds,0, and the 
reduction rate of the effective diffusion coefficient ξ . The total gas uptake yields 
shown in Figure 5.5 include those for CO2 and N2. The errors between the simulation 
results and the experimental data are evaluated using the MAPE in gas mixtures, as 
expressed in Eq. (5.33) below. The simulation results are in very good agreement with 
the experimental data, showing evidence of the high accuracy of the SCM. 

 2 2sim, CO ,i sim, N ,i exp,total,i

exp,total,i

1MAPE 100%
x x x

N x
+ −

= ×∑  (5.33) 



Chapter 5 

110 

0 100 200 300 400 500 600
0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

0.40

0.45

To
ta

l g
as

 u
pt

ak
e 

(m
ol

)

Time (min)

 100-nm SG, DTAC 1000 ppm, experiment
 100-nm SG, DTAC 1000 ppm, simulation
 100-nm SG, pure water, experiment
 100-nm SG, pure water, simulation

MAPE = 2.19%

MAPE = 1.86%

 
Figure 5.5. Experimental and simulation results of CO2/N2 hydrate formation in silica gels. 

 
The parameters of CO2 and N2 of all studied cases from the simulation are shown 

in Table 5.3. The data obtained were based on the mean values of the three repeated 
runs. All of the MAPEs are within the range of 1.52%–2.42%. Other simulation results 
can be obtained in the following sections. 

 

Table 5.3. Summary of optimal parameters of CO2/N2 hydrate formation in silica gels. 

Systems Exp. no.a 2COK ∗

 
(×10–5) 

2COξ  
2NK ∗

 
(×10–6) 

2Nξ  
MAPE 

(%) 

100-nm SG, pure water 10 1.66 24.13 0.46 23.16 2.26 
50-nm SG, pure water 11 1.32 27.24 0.44 25.27 1.52 
30-nm SG, pure water 12 1.07 30.15 0.40 29.88 1.56 

100-nm SG, 1000-ppm DTAC 13 2.27 23.68 0.65 24.66 1.84 
100-nm SG, 2000-ppm DTAC 14 3.42 10.19 1.15 14.28 2.11 
100-nm SG, 6000-ppm DTAC 15 5.24 8.52 1.69 11.89 2.42 
50-nm SG, 1000-ppm DTAC 16 1.80 22.51 0.56 24.38 2.29 

a Experiment numbers refer to those in Table 4.1. 
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5.8 Simulation results of CO2 hydrate formation in dry 

water 

5.8.1 Volume change as hydrate forms 

The hydrate formation will lead to a volume change around the microparticle due to 
the density change from water to gas hydrate. It is known that the density of CH4 and 
CO2 hydrate are 0.91 g cm–3 and 1.117 g cm–3 at the experimental conditions, 
respectively [158]. According to the density change from water to hydrate and the 
hydration number of CH4 and CO2 hydrates, it can be calculated that the volume in the 
hydrate growth will expand by a factor of 1.260 for CH4 hydrate and 1.234 for CO2 

hydrate. The schematic diagrams of CH4 and CO2 hydrate formation in “dry water” 
particles are illustrated in Figure 5.6. 

 

 
Figure 5.6. Schematic diagrams of hydrate formation in a “dry water” particle. 

 
It is believed that the initially formed hydrate layer starts from the outer surface of 

the droplet and the formed shell is rigid. The expansion mentioned above at the 
hydrate–water interface due to CH4 and CO2 hydrate formation keeps driving water to 
move outside the hydrate shell through the capillaries in the hydrate shell. The water 
transported through capillaries then forms hydrates on the outer surface of the hydrate 
shell, which causes continuous growth of the outer radius of the particle (Figure 5.6). 
The volume expansion in the CH4 and CO2 hydrate growth can be written as 

 ( )3 3 w
w, total o i

w

d 41.260 =
d 3

r r
t M

ρ
π

 
Φ − 

 
 for CH4 (5.34) 

 ( )3 3 w
w, total o i

w

d 41.234 =
d 3

r r
t M

ρ
π

 
Φ − 

 
 for CO2 (5.35) 
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Figure 5.7 shows the inner and outer radius change of the hydrate shells (i.e., the 
hydrate–water interface and the hydrate–gas interface, respectively) during the 
hydrate formation in a “dry water” particle. It can be seen that in all the cases, the 
thickness of the hydrate shell increases with time. The inner hydrate radius in the 
figure indicates the amount of unconverted water remaining inside the hydrate shell. 
The dashed lines in the figures represent the initial “dry water” radius. In Figure 5.7 
(a), for CO2 hydrate formation in “dry water” with 3-wt% silica, the initial “dry water” 
radius is 26.3 µm, and the radius of the sphere of unconverted water at the end of the 
experiment changes very slightly to 23.1 µm, resulting in the lowest percent water 
conversion (PWC). In contrast, although the hydrate shell of 8-wt% silica is the 
thinnest among all CO2 studies (Figure 5.7 (c)), its PWC is the highest, revealing that 
the proportion of remaining water is the lowest. The changes in the outer radius show 
the volume expansion from water to hydrate. It can be seen that in Figure 5.7 (b) and 
(d), for “dry water” of 5-wt% silica, CH4 hydrate formation has a larger volumetric 
expansion than that of CO2 hydrates, which is consistent with the expansion factors 
used in Eqs. (5.34) and (5.35).  

 

5.8.2 Effective diffusion coefficient 

It can be seen in Table 5.1 that the values for the initial effective diffusion coefficient, 
Ds,0, of gas through hydrate shell in this work are in a small range of 6.41–6.50×10–14 
m2s–1 for CO2 at 277.15 K and 6.83×10–14 m2s–1 for CH4 at 273.65 K. To be compared, 
the reported effective diffusion coefficient was in range of 1×10–16 to 2×10–14 m2s–1 

for CO2 diffusion through CO2 hydrate at 270 K [159], and varied from 10–15 to 10–12 
m2s–1 for CH4 diffusion through CH4 hydrate at temperatures of 264.85–270.45 K 
[157]. 
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Figure 5.7. The variation of radius of hydrate shell and inner water droplets during hydrate 
formation in “dry water”: (a) CO2 with 3-wt% silica; (b) CO2 with 5-wt% silica; (c) CO2 

with 8-wt% silica; and (d) CH4 with 5-wt% silica. 

 
In further evidence that the effective diffusion coefficient should not be taken as a 

constant in the model, this work introduces a simple calculation based on the water 
consumption and gas consumption in hydrate in the 3-wt% silica and 8-wt% silica 
“dry water” particles. The initial average radii of larger 3-wt% and the smaller 8-wt% 
silica “dry water” particles are 26.3 µm and 6.4 µm, respectively. It is found that the 
water consumption of a single large particle is 35.9 times that of a single small particle, 
while the gas consumption of a single large particle is 38.6 times that a single small 
particle. This indicates the gas occupancy in the hydrate shell in the two types of 
particles differs, with a slightly higher rate of gas occupancy in the large particle. This 
may be attributed to the large initial gas–water interface area of a single large particle 
that allows better gas transport and occupancy. The diffusion coefficient in a larger 
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particle is lower due to the denser state of the hydrate shell with a higher rate of gas 
occupancy. 

Figure 5.8 shows the variations of effective diffusion coefficient with time during 
the CO2 hydrate formation in a “dry water” particle. The dashed lines represent the 
average effective diffusion coefficient for the three sizes of “dry water” particles, 
which are 1.27×10–14, 1.83×10–14, and 3.46×10–14 m2s–1 for 3-wt%, 5-wt% and 8-wt%, 
respectively. That is to say, the average effective diffusion coefficient is higher in a 
smaller particle. It can be seen that the initial effective diffusion coefficients, Ds,0, are 
very similar for all the CO2 hydrate cases. The effective diffusion coefficient decreases 
with time as the hydrate shell grows. The decrease in the first 4 h is rather rapid and 
becomes slower afterwards. It decreases most rapidly in the largest 3-wt% silica “dry 
water” particles than in the other two sizes. The reason is that the larger particle has a 
larger initial gas–water interface area in a single particle, allowing a better mass 
transfer of gas from the beginning and thus a higher rate of gas occupancy, and as a 
result, the denser hydrate shell is formed within the same time, so lowering the 
diffusion coefficient. In the model, the decreasing rate of the effective diffusion 
coefficient, Ds, is controlled by the reduction factor, ξ. For 3-wt% silica particles, ξ is 
7.86, which is higher than the factor of 6.77 for 5-wt% silica and 2.64 for 8-wt% silica, 
that is, ξ is higher in a larger particle. For CO2 hydrate formation in 3-wt% silica “dry 
water” particles, the diffusion coefficient tends to be very low after 4 h, indicating the 
end of the gas hydrate formation at an earlier time. This is consistent with the result 
of PWC in Chapter 3. 

0 2 4 6 8 10
0

1

2

3

4

5

6

7
x10-14

D
s 
(m

2 /s
)

Time (h)

 CO2 in "dry water" with 8-wt% silica
 CO2 in "dry water" with 5-wt% silica
 CO2 in "dry water" with 3-wt% silica

 
Figure 5.8. Effective diffusion coefficient of CO2 through formed hydrate in “dry water” 

particles of different sizes. 
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5.8.3 Water consumption and capillary effect 

Figure 5.9 presents the water consumption during the hydrate formation in a “dry 
water” particle. The left four figures (a1)–(d1) show the water consumption at the 
hydrate–water interface, Vw,HW, for CO2 and CH4 hydrate formation at different silica 
concentrations; and the right four figures (a2)–(d2) show the water consumption by 
the capillary effect of the hydrate shell, Vw,cap. It can be seen that both Vw,HW and Vw,cap 
decrease with time. For hydrate formation in “dry water” particle with 3-wt% silica, 
Vw,cap accounts only for 1% of Vw,HW; however, in “dry water” particles with 5-wt% 
and 8-wt% silica, Vw,cap is about 10% of Vw,HW. These small percentages reveal that 
the inward hydrate growth was faster than the outward growth, indicating that the gas 
diffusion through the hydrate shell was easier than the water permeation through the 
capillaries. It also indicates that for smaller particles, the capillary effect is more 
significant to the reaction kinetics.  

The consideration of capillary effect, which is a novelty of this work, has the 
following importance: (1) many studies have assumed that each particle is expanding 
from water to gas hydrate for different gases; however they failed to explain how water 
is transported to the outer surface [160, 161]; in considering the capillary effect, we 
are able to explain how water is squeezed out through the hydrate shell. (2) if the 
capillary effect is ignored, all the water consumed will contribute to the hydrate 
formation at the hydrate–water interface, which will lead to a much higher value of 
diffusion coefficient in the modeling result. This is contradictory to the fact. For 
example, if the capillary effect in 8-wt% silica “dry water” is ignored, the calculated 
average effective diffusion coefficient will be 1.13×10–14 m2s–1, much lower than 
3.46×10–14 m2s–1 with the capillary effect considered. This reveals the importance of 
the inclusion of the capillary effect in the kinetic model. It should be noted that the 
actual hydrate growth does not proceed only in the radius direction. Inter-crosslinking 
of capillaries may cause water consumption in other directions, and the actual water 
consumption by the capillary effect may be higher. 
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Figure 5.9. Water consumption at hydrate–water interface and by capillary effect in hydrate 

formation in “dry water”: (a) CO2 with 3-wt% silica; (b) CO2 with 5-wt% silica; (c) CO2 
with 8-wt% silica; and (d) CH4 with 5-wt% silica. 

 

5.8.4 Heat transfer of hydrate formation in dry water 

Since hydrate formation is an exothermic reaction, the heat release will cause a 
temperature gradient in the particle. A decoupled quasi-steady-state heat transfer 
model was developed to predict the temperature profile of the hydrate shell by 
processing the data from the aforesaid mass transfer models. The schematic diagram 
for heat transfer is shown in Figure 5.10. The heat released at the hydrate–water 
interface will be transferred to both the water phase and hydrate phase (indicated by 
the arrows). The other heat released at the hydrate–gas interface is instantaneously 
conducted to the gas phase and cooled by the water bath. The control volume of the 
heat transfer model is defined as the hydrate shell. 

 



Modeling study of CO2 hydrate formation kinetics in microparticles 

117 

 
Figure 5.10. The schematic diagram for heat transfer at the hydrate–water interface. 

 
The basic energy balance equation can be written in the form [162] 

 
( ) ( )p

p cond

c T
c T E

t
ρ

ρ
∂

+∇ ⋅ = −∇ ⋅ +
∂

u q

, (5.36) 

where cp is the specific heat capacity, T is the temperature profile of the control 
volume, t is time, u is the velocity vector, cond∇ ⋅q is the heat conduction term and E is 
the heat source term. 

The hydrate formation is considered as a quasi-steady state within each time step, 
and there is no heat convection in the particle. As hydrate formation occurs only on 
the hydrate–water interface, there is no heat generation within the control volume. 
Thus, Eq. (5.36) can be written as 

 cond 0∇ ⋅ =q . (5.37) 

For the uniform growth of hydrate, the one-dimensional form of the heat 
conduction equation in spherical coordinates is written as 

 2
2

1 0Tr
r r r

∂ ∂  = ∂ ∂ 
, (5.38) 

where r is the radius.  
Because heat released at the hydrate–water interface was conducted to the inner 

water phase and hydrate shell simultaneously, ignoring the convective heat transfer of 
inner water, we assume the temperature of inner water is uniform. Hence, the 
boundary conditions for both sides of the control volume at time t are expressed as 

 
2 3

H w p,w i

exp o

d 44 ,  
d 3

,  

Q T Tr r c r r
t r t
T T r r

λ π π ρ∂ ∂ = − + = ∂ ∂
 = =

, (5.39) 

where Q is the heat released at the hydrate–water interface, and Hλ is the thermal 
conductivity of the hydrate shell. The hydrate formation reaction is expressed as 
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 2 2 fM H O M H O , 0Hβ β+ → ⋅ ∆ < , (5.40) 

where M is the gas, fH∆ represents the enthalpy change during hydrate formation (

f 0H∆ < for the exothermic process). The rate of heat released at the hydrate–water 
interface is thus expressed as 

 f
w, HW

d
d

HQ
t β

∆
= −Φ . (5.41) 

The analytical solution of Eq. (5.38) at time t can be obtained and coupled with Eqs. 
(5.39)–(5.41), and the temperature contours of the hydrate shell can be plotted. 

After the optimal parameters of hydrate formation are obtained, the temperature 
profile in the hydrate shell can be calculated. Figure 5.11 presents the temperature 
contour in the CO2 hydrate shell in an 8-wt% silica “dry water” particle at t = 100, 300 
and 500 min. It can be seen that along with the formation, the temperature at the 
hydrate–water interface decreases due to the reduced heat released that results from 
the lowered gas uptake rate with time. The temperature at the hydrate–water interface 
represents the mean temperature of the inner water droplet in our models. The 
calculation results show that the temperature gradient at the initial 10 min just after 
the nucleation can be 10–1 K m–1. After that, with the effective cooling by water bath, 
the temperature gradient is only 10–2 K m–1, and the temperature increase in the 
hydrate shell is as low as 10–8 K in the stable hydrate growth period. In addition, the 
thermal conductivity of the hydrate shell (λH) is 0.584 W m–1K–1 [163], almost the 
same as that of water (0.582 W m–1K–1) under experimental conditions. This proves 
that both our decoupled processing of the heat transfer model and the assumption of 
the homogenous temperature of inner water are reasonable. It also implies that the 
effect of heat released by the hydrate formation on kinetics is negligible in the 
presence of effective cooling. 

As the temperature gradient is small during the hydrate formation in 
microparticles, and the heat released caused minor impacts, the heat transfer in silica 
gel particles will not be considered in the following discussions. 
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Figure 5.11. Temperature profile of CO2 hydrate shell in “dry water” particle with 8-wt% 

silica at (a) t = 100 min; (b) t = 300 min; and (c) t = 500 min. 

 

5.9 Simulation results of CO2 hydrate formation in 

silica gels  

5.9.1 Combined reaction rate constant 

The simulated combined reaction rate constant, K*, was in the range of 5.38–
17.20×10–6 mol m–2MPa–1s–1 for CO2 hydrate formation in SGs in pure water systems 
in Table 5.2. The value of K* is verified by a previous study reporting that the K* of 
CO2 hydrate formation in a bulk water system was 6.9–7.1×10–6 mol m–2MPa–1s–1 
with a stirring speed of 500 rpm based on the fugacity driving force [154]. It should 
be noted that both the unit and the value of K* can be different when using another 
driving force in the model (e.g., concentration difference). The K* of 100-nm SGs in 
this work is much higher than that in the literature, indicating a strong promotion effect 
in large SG pores. 

With surfactant added to the system, K* is much higher. When adding surfactants 
to 100-nm SG, K* rises to 2.07–3.33×10–5 mol m–2MPa–1s–1, over 1.9 times that 
without surfactants. The results of K* show a great improvement effect by surfactants. 
As is mentioned in the above Chapters, the surfactants increase the mass transfer by 
reducing the surface tension; thus gas molecules quickly dissolve into the water, 
causing the improvement of K*. In this work, it can be seen in Table 5.2 that for both 
SDS and DTAC, the higher the concentration of surfactants, the higher the value of 
K*.  
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Furthermore, it is also found that K* is lower in smaller pore sizes. As mentioned 
in the modeling strategies, the combined reaction rate constant K* is a comprehensive 
performance of Kd and Kr. In this way, Kr relates to the rate when gas is encaged by 
water cages. The water–silica interactions will slow down the water–CO2 interactions 
due to the hydrophilicity of the silica. This retardation will be more significant in 
smaller pores with more specific surface areas (58.39 m2g–1 for 50-nm SG and 30.01 
m2g–1 for 100-nm SG), so that the limitation effect of Kr is stronger in smaller pores.  

5.9.2 Effective diffusion coefficient 

Figure 5.12 compares the effective diffusion coefficient of CO2 through the hydrate 
shell (Ds) in SG pores, which is obtained from the constructed exponential function in 
Eq. (18). For all the studied cases, Ds decreases dramatically with time. The decrease 
in the first 200 min is rather rapid and becomes slower afterwards, indicating hindered 
gas–water mass transfer. The initial effective diffusion coefficients, Ds,0, of all the 
cases are very similar regardless of surfactants; however, the decreasing rates are 
different with varied surfactant concentrations. The decreasing rate of Ds is controlled 
by the reduction factor ξ. From both Table 5.2 and Figure 5.12, the reduction factor ξ 
is larger in the presence of surfactants, and the higher the concentration of surfactants, 
the higher value of ξ. This is evidenced by the fact that, when the water activity is 
extremely increased by more surfactants, the CO2 hydrate shell forms more 
intensively, which, in turn, hinders CO2 permeability to water in an earlier stage and 
thus slows down further hydrate formation [23]. In addition, ξ is also found higher in 
SGs with smaller pores, showing a more significant blockage in smaller pores.  
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Figure 5.12. Effective diffusion coefficient of CO2 through hydrate shell in SG pores. 

 

5.9.3 Variation of hydrate shell radius 

The hydrate shell thickness during CO2 hydrate formation in a single SG is presented 
in Figure 5.13. It can be found in Figure 5.13 (a) that the hydrate shell thicknesses in 
100-nm SGs grow rapidly at the beginning, and the growth rate gradually slows down. 
The radius of the inner water sphere does not change obviously after ~200 min in 50-
nm SGs, indicating the end of hydrate formation. This is consistent with the gas uptake 
rate growth pattern found in Chapter 4. The results in Figure 5.13 (b) also show the 
further increase in the hydrate shell thickness in the presence of 300 and 500-ppm SDS 
in 100-nm SGs. SDS shows a rapid increase of hydrate shell thickness in the first 200 
min. 
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Figure 5.13. Hydrate shell thickness during CO2 hydrate formation. 

 

5.9.4 Water consumption by capillary effect 

Figure 5.14 shows the water consumption by capillary effect in the porous hydrate 
shell formed (Vw,cap in the left seven figures) and the total water consumption (Vw,total 
in the right seven figures) at every moment during the CO2 hydrate formation in the 
SG pores. It can be seen that both Vw,cap and Vw,total decrease with time in all systems. 
However, the ratio of Vw,cap to Vw,total is very small.  

The proportion of water consumed by capillary effect to the total water 
consumption can be calculated from Vw,cap/Vw,total. Figure 5.15 shows the initial 
proportion of water consumed by capillaries at t = 0. For the 100-nm SG pure water 
system, the water consumed by capillary effect accounts for only ~1% of the total 
water consumed. With the addition of surfactants, the proportion increases to 19.8%–
24.6% in 100-nm SGs. The proportion is higher in the SDS systems studied than that 
in DTAC systems, but it is not obviously affected by surfactant concentration. What 
stands out in the figure is that in the smaller pores of the 50-nm SG pure water system, 
the proportion is about 26.6%, and it increases to almost 74.9% in the presence of 500-
ppm SDS. These results reveal that the capillary effect is more prominent in both 
smaller pores and in the presence of surfactants.  
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Figure 5.14. Water consumption during CO2 hydrate formation in SG pores. (a1)–(a7) water 

consumed by capillary effect; (b1)–(b7) total water consumption. 
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Figure 5.15. Initial proportion of water consumed by capillaries. 

 
As can be seen in Table 5.2, the initial capillary structure parameter (εcap,0) also 

increases over 30 times for both SDS or DTAC systems. The capillary structure 
parameter (εcap) is defined as 

 
3

c c
cap

w

cos= n r σ θε
τ µ

. (5.42) 

From Table 5.2, εcap,0 is higher in the presence of surfactants, and the reduction 
factors ς  are similar in all the cases, revealing a much higher εcap in surfactant cases 
than those in pure water cases. Compared with the pure water systems, when the 
surfactant is added, the surface tension (σ) will be reduced substantially, the viscosity 
(µw) will also be slightly increased, but the contact angle (θ) is reported to change little 
[164]. This means the term wcosσ θ µ is reduced when the surfactant is added. Thus, 

based on Eq. (6.11), the higher εcap in surfactant cases must be caused by an increased 
number of tubes (nc) or radius of capillary tubes (rc), or a reduced tortuosity of 
capillary tubes (τ) along with hydrate formation, as shown in Figure 5.16. It should be 
noted that Figure 5.16 is only indicative and the real distribution of capillaries in 
hydrates is random.  
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Figure 5.16. Indicative illustration of initial changes of capillaries with the addition of 

surfactants. 

 
During the hydrate formation, although all of the three factors—the number, radius 

and tortuosity of the capillaries—are considered in Figure 5.16, it is speculated that 
the facts most likely to change are the number and radius of capillaries. The tortuosity 
of capillaries in the hydrate shell is unlikely to change much once an initial 
configuration is formed, as hydrate grows continuously and the hydrate shell is rigid. 
At a later stage, as the further formed hydrate in the capillary tubes becomes a 
blockage, the number and/or radius of capillaries will decrease dramatically and 
finally maintain a status similar to that of the systems without surfactants.  

 

5.10 Simulation results of CO2/N2 hydrate formation in 

silica gels 

5.10.1 Combined reaction rate constant 

The combined reaction rate constant, K*, quantifies the direction and rate of a chemical 
reaction. It is determined by the type of reaction and the experimental conditions. The 
definition of K* is followed by the crystal growth theory of Karpiński and Englezos 
[4, 148], where the hydrate growth consists of two consecutive steps: Step 1, gas 
diffusion to the hydrate–liquid interface, and Step 2, gas adsorption into the structured 
water (“reaction”) at the interface. The rate constants of the two steps are represented 
as Kd and Kr, respectively, and are related by the following equation 
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d r

1 1 1
K K K∗ = + . (5.43) 

In this case, the Kr relates to the rate at which encapsulating cages form. From 
Table 5.3, it can be seen that in pure water systems, the

2COK ∗ varies in a small range of 

1.07–1.66×10–5 mol m–2MPa–1s–1 due to similar experimental conditions. However, it 
is also found that 

2COK ∗ is lower in smaller pore sizes. This is because the water–silica 

interactions will slow down the process of water–CO2 interactions due to the 
hydrophilicity of the silica. This retardation will be stronger in smaller pores with 
more specific surface areas where the confinement effect is stronger. Zhang et al. [160] 
also reported that the hydrate formation rate was controlled by the gas diffusion 
process (Kd) in smaller pores and was controlled by the reaction process (Kr) in larger 
pores. This implies that the diffusion is very fast in the larger pores, so Kd is more 
significantly affected by the pore size than is Kr.  

Moreover, when DTAC is added to the system, 
2COK ∗ increases to 1.80–5.24×10–5 

mol m–2MPa–1s–1. With a higher concentration of DTAC, a higher 
2COK ∗ is obtained, 

indicating that DTAC, as a surfactant, increases the reaction rate by allowing CO2 
molecules to be transported in water more efficiently. Moreover, the addition of 
DTAC improves

2NK ∗ , which is more obvious with DTAC at a higher concentration, 

as in the case for CO2. It should be noted that the calculation of K* is based on a certain 
driving force in the model, and both the unit and the value of it can be different when 
using another driving force in the model. The driving force can be the difference of 
pressures, concentrations, and fugacities. Fugacity difference is used as the driving 
force in this work. The K* in this work is much higher than that in the literature based 
on the same driving force, where CO2 hydrate was formed in bulk water without any 
surfactant (6.9–7.1×10–6 mol m–2MPa–1s–1) [154]. This proves that the reaction rate 
constant is greatly improved by DTAC.  

 

5.10.2 Effective diffusion coefficient 

As the hydrate shell grows thicker with time, it becomes more and more difficult for 
gases to diffuse through the hydrate shell, so the effective diffusion coefficient is 
controlled by a constructed function in this work. Ds,0 refers to the effective diffusion 
coefficient of gas molecules that are transported through the initially formed gas 
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hydrate shell right after the induction period. Based on the optimal simulation results, 
the 

2s0,COD regresses in the range of 4.6–4.8×10–10 m2s–1 and 
2s0,ND regresses in the 

range of 7.6–8.4×10–12 m2s–1. It is considered that the formed hydrate shell at t = 0 has 
little difference under the same experimental temperature and pressure. Thus, it is 
reasonable to choose

2s0,COD and
2s0,ND as constants of 4.7×10–10 m2s–1 and 8.0×10–12 

m2s–1 in simulation, respectively, to reduce the freedom of the modeling. For 
comparison, the reported gas diffusion coefficient through the hydrate can be in a wide 
range of 10–12–10–8 m2s–1 under experimental conditions close to this work [157, 165]. 
The lower value of 

2s0,ND than for 
2s0,COD in this work is due to the very low solubility 

of N2 in water.  
The initial effective diffusion coefficient Ds0 and reduction factor ξ together 

control the gas diffusion through the hydrate shell. As defined, a larger ξ value results 
in a faster decrease in the diffusion coefficient. It can be seen in Table 6.3 that in the 
pure water systems, smaller SG pores lead to a higher 

2COξ and
2Nξ . This means that 

in smaller pores, the diffusion coefficient of gas drops more rapidly. ξ is reduced with 
more DTAC added, which also shows that DTAC can help gas molecules diffuse into 
the water through the hydrate shell more efficiently. 

Figure 5.17 shows the change of 
2s,COD with PWC in 100-nm SGs. It is found that 

the
2s,COD decreases dramatically with an increased PWC, and the decreasing rate drops 

as the PWC value increases. PWC represents how much water is hydrated, reflecting 
the progress of the hydration reaction. 

2s,COD is a fixed value for a certain material if 

its density does not change. It decreases when the proportion of the hydrate in the shell 
region increases and the shell becomes more compact, with more water being 
converted into hydrates during the hydrate formation. This is because that the hydrate 
shell is composed of solid hydrate and a small amount of liquid water. Mori and 
Mochizuki [145] considered the shell a permeable plate, where capillaries provided 
transport channels for water so that the outer surface could always be wet. The water 
in these capillaries also participates in the hydrate formation, resulting in thinner or 
more tortuous capillaries or fewer capillaries with increased PWC [166]. Therefore, 

2s,COD decreases with an increased PWC, indicating that gas molecules diffuse through 

the shell less easily. This is also the reason we use the effective diffusion coefficient 
rather than the bulk diffusion coefficient for the porous hydrate shell. Considering the 
shape and size of the capillaries are not homogeneous, the effective diffusion 
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coefficient and the bulk diffusion coefficient have the following relationship with the 
porosity and tortuosity in hydrates [167, 168]: 

 
s,bulk

sD
D

ϕ
τ

= , (5.44) 

where Ds is the effective diffusion coefficient, Ds,bulk is the bulk diffusion coefficient, 
φ is the porosity of the hydrate shell, and τ is the tortuosity of capillaries in the hydrate 
shell. On the other hand, it can be seen from Figure 6.15 that 

2s,COD is higher with a 

higher DTAC concentration. This may be because the porosity of the hydrate shell φ 
is higher and/or the tortuosity of capillaries τ is lower since there is more DTAC in the 
system. 
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Figure 5.17. Effective diffusion coefficient of CO2 through the hydrate shell with percent 

water conversion. 

 

5.10.3 Variation of hydrate shell radius 

Figure 5.18 shows the radius change during the hydrate formation in 600 min. The 
dashed lines indicate the initial radius of the SG particle. The lines above the dashed 
lines represent the outer radius (ro), and the ones below indicate the inner radius (ri) 
of the spherical SG particle after hydrate growth. It can be seen in all the systems of 
Figure 5.18 that the hydrate shell thicknesses grow rapidly at the beginning and the 
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growth rate gradually slow down later on. In Figure 5.18 (a), the hydrate shell grows 
thicker in SGs with larger pores but tends to remain unchanged after 300 min, 
indicating that the hydrate growth has almost ceased. In Figure 5.18 (b), a higher 
concentration of DTAC results in a thicker hydrate shell, showing the same trend of 
gas uptake in Chapter 4. Moreover, the hydrate shell thickness in the 6000-ppm DTAC 
was more than double that in the 1000-ppm DTAC, showing a significant promotion 
by DTAC on the PWC. 
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Figure 5.18. Radius change of hydrate shell during the gas hydrate formation. (a) in pure 

water systems; (b) in 100-nm SGs. 

 

5.11 Summary 

In this chapter, numerical studies of CO2 and CO2/N2 hydrates formation kinetics in 
“dry water” microparticles and silica gel (SG) pores have been implemented based on 
the advanced shrinking core model (SCM). The model of the hydrate growth 
mechanism was based on the work of Englezos, in which the hydrate growth consisted 
of two consecutive steps: diffusion of dissolved gas to the hydrate–water interface and 
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“reaction” at the interface (actually gas encaged by water cages). Compared with 
previous models, the dissolved CO2 and capillary effect of the porous hydrate shell 
were specially considered in this model. Key parameters, including the effective 
diffusion coefficient, water consumption in capillaries, and hydrate shell thickness, 
were found. For the CO2 hydrate formation in “dry water” particles, the modeling 
results fit the experimental data well with a high agreement, evidenced by the small 
mean absolute percentage error in the range of 2.11%–4.74%. During the gas hydrate 
formation, the thickness of the hydrate shell increased quickly at first and then slowed 
down. The effective gas diffusion coefficient through the shell decreased more 
dramatically in larger particles, with the average value in a range of 1.27–3.46×10–14 
m2s–1. The water consumed in the capillaries was less than 10% of the water consumed 
at the hydrate–water interface, and it was found to be more dominant in smaller 
particles. In addition, a decoupled quasi-steady-state heat transfer model was 
developed to quantify the effect of heat released on kinetics. The results showed that 
the temperature gradient in the hydrate shell is only 10–2 K m–1, revealing that the 
impact of heat transfer on gas hydrate formation kinetics in microparticles was 
negligible.  

For the CO2 hydrate formation in SG pores, the surfactants SDS and DTAC were 
added as kinetic promoters. The simulation results revealed that when surfactants or 
larger pores exist, the combined reaction rate constant increases. The effective 
diffusion coefficient dropped dramatically in all cases, but the initial diffusion 
coefficients were very close. The reduction factor of the diffusion coefficient was 
higher in small pores or in the presence of surfactants, which resulted in a more 
marked decrease in the diffusion coefficient. The initial water consumed by the 
capillary effect was more prominent in smaller pores, that is, about 1% and 26.6% in 
100-nm and 50-nm SGs, respectively. In the presence of surfactants, the initial 
proportion of water consumed by the capillary effect even rose up to 74.9% in smaller 
pores. Based on the modeling of capillary structure, it was likely to be due to the 
increased number of capillaries with larger radii formed in the presence of surfactants.  

For the CO2/N2 hydrates formation in SG pores in the presence of DTAC, the SCM 
was established to investigate the roles of CO2 and N2 in hydrate formation and to 
reveal the effects of DTAC in hydrate formation. Based on the simulation results, the 
higher concentration of DTAC, the higher the reaction rate constant, indicating that 
DTAC increased the reaction rate by allowing both CO2 and N2 molecules to be 
transported in water more efficiently. The lower reaction rate constant in smaller pores 
indicated that the diffusion rate constant changed with pore size more rapidly than the 
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reaction rate constant. The dramatic decreasing trend of the effective diffusion 
coefficient reflected the higher porosity of the hydrate shell with more DTAC added. 
The establishment of SCM for hydrate formation in microparticles provided a detailed 
analysis of the complex hydrate formation mechanism in nanopores. These findings 
contributed to the understanding of the roles of pores, DTAC, and N2 in hydrate 
formation kinetics, and provided a basis for the improvement of the kinetics and 
separation performance of hydrate-based carbon capture. This chapter is of great value 
in developing hydrate formation mechanisms in other porous materials.  
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Chapter 6 Conclusions and outlook 

6.1 Summary and conclusions 

This thesis aims at investigating mechanisms of promoting carbon dioxide (CO2) 
hydrate formation for effective carbon capture application. Both experimental work 
and a numerical study on mass transfer enhancement have been implemented in this 
thesis. Chemical promoters and porous materials were used to enhance the mass 
transfer. Comprehensive kinetics models for hydrate growth were built to investigate 
the detailed theoretical basis for the improvement of kinetics. The simulation results 
further analyzed the factors affecting the rapid formation of hydrates, which guided 
the practical application of hydrate-based carbon capture (HBCC).  

The promotion experiments of CO2 hydrate formation were divided into 
thermodynamic and kinetic promotion in the presence of tetra-n-butyl ammonium 
bromide (TBAB) and kinetic promotion in microparticles. In Chapter 2, the 
thermodynamic promotion of CO2–TBAB semiclathrate hydrate formation was 
investigated. Three kinds of surfactants, namely anionic surfactant sodium dodecyl 
sulfate (SDS), cationic surfactant dodecyltrimethylammonium chloride (DTAC), and 
non-ionic surfactant Tween 80 (T-80), were added in the system to offset the low gas 
uptake yields of semiclathrate hydrates. The kinetic promotion experiments on CO2 
hydrate formation in “dry water” microparticles and silica gel (SG) pores were 
described in Chapter 3, and the combined effects of surfactants and SG pores were 
studied in Chapter 4. Later in Chapter 5, an advanced shrinking core model (SCM) 
was established to study the gas hydrates formation kinetics in microparticles. The 
detailed simulation results of CO2 hydrate formation kinetics are also summarized in 
Chapter 5. 

The thermodynamic promotion experiments on CO2 hydrate formation were 
studied in TBAB solution. TBAB is known as a thermodynamic promoter to moderate 
the CO2 semiclathrate hydrates formation conditions, but it reduces the gas uptake. 
The kinetics of CO2 semiclathrate hydrate formation was studied in a batch reactor for 



Chapter 6 

134 

carbon capture from CO2/N2 mixtures in the presence of various concentrations of 
surfactants with TBAB. Considering the trade-off of phase equilibrium temperature 
and gas uptake yield, 10-wt% TBAB was used as a thermodynamic promoter for CO2 
hydrates formation at constant temperature. The combined effects of surfactants and 
TBAB on the induction time, gas uptake, split fraction and separation factor were 
investigated experimentally. The results showed that in 10-wt% TBAB systems, 
DTAC at 1000–6000 ppm overall had better reduction effects on induction time than 
SDS at 500–1500 ppm; while SDS performed better than DTAC to accelerate hydrate 
growth. The system of TBAB with 6000-ppm DTAC showed the highest split fraction 
and separation factor of CO2. In both TBAB systems with SDS at 500 ppm and DTAC 
at 1000 ppm, the CO2 uptake increased overall with increased subcooling.  

The results also showed that the induction time is significantly reduced by T-80 in 
semiclathrate hydrates and clathrate hydrates (with or without TBAB). The initial gas 
uptake rate increased with the increased concentration of T-80, which resulted in a 
higher gas uptake in the early formation period for both hydrates. After the initial 
growth period, CO2 uptakes increased continuously in clathrate hydrates. However, in 
semiclathrate hydrates, gas uptake became constant at the end of the intensive gas 
uptake period. Both 1000-ppm and 2000-ppm T-80 can improve the gas uptakes in 
semiclathrate hydrates, while 3000-ppm T-80 produced an inhibition effect. In 
addition, the percent water conversion of TBAB+T-80 2000-ppm system reached 80% 
of the total value within one-third of the entire test period, while that of the best water 
system (T-80 1000 ppm) only achieved 35% over the same test period.  

In addition, to shorten the process duration for energy saving, the intensive uptake 
period was defined to recommend a reasonable practical operation time of HBCC. 
Based on the above conclusions, thermodynamic promoters alone cannot achieve a 
satisfactory CO2 gas uptake by HBCC. The kinetic promotion effects of "dry water" 
and SG on CO2 hydrate formation were further studied experimentally. “Dry water” 
particles prepared by mixing hydrophobically modified silica and water were used to 
create micro-size droplets of water. The hydrate formation in “dry water” with 8-wt% 
silica represented the highest normalized gas uptake due to its smallest particle size. 
A clear layer of bulk water above the “dry water” can be seen, indicating that “dry 
water” structures were broken after cycles. From the fresh cycle to Repeat 1, the gas 
uptake yield was reduced by 29.0%–59.3%; a further reduction from the fresh cycle 
to Repeat 2 was by nearly 70%. However, no obvious fragmentation of SGs was 
found. Overall, SGs showed better stability and promotion effect than “dry water” on 
CO2 hydrate formation kinetics.  
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The effects of surfactants on CO2 hydrate formation kinetics in SGs were studied 
in both pure CO2 systems and CO2/N2 gas mixture systems. SGs with 30, 50 and 100-
nm pore sizes were used as frameworks for hydrate formation. SDS and DTAC 
surfactants were added as kinetic promoters. Both gas uptake yield and gas uptake rate 
were greatly improved in SGs with larger pores. With the addition of surfactants in 
100-nm SGs, SDS systems saved up to 23.7%–49.3% time to achieve the same amount 
of gas uptake, while DTAC systems saved 16% of the time. In CO2/N2 gas mixture 
systems, DTAC was used to improve the CO2 separation performance. The final CO2 
concentration in gas phase decreased from 70 mol% to 32.6 mol%, showing a 
significant improvement in both split fraction and separation factor. Overall, the 
combined effects of surfactants SDS and DTAC on CO2 hydrate formation in SG pores 
improved CO2 gas uptake yield and rate while maintaining high separation 
performance. 

To further investigate the intrinsic formation kinetics, an SCM was established to 
study the gas hydrates formation kinetics in microparticles. The model of the hydrate 
growth mechanism was based on the work of Englezos, in which the hydrate growth 
consists of two consecutive steps: diffusion of dissolved gas to the hydrate–liquid 
interface and “reaction” at the interface. Compared with previous models, the 
dissolved CO2 and capillary effect of the porous hydrate shell were specially 
considered in this model. Key parameters, including effective diffusion coefficient, 
water consumption in capillaries, hydrate shell thickness in CO2 hydrate formation 
were included in the model. The establishment of this SCM for hydrate formation in 
microparticles provided a detailed analysis of the complex hydrate formation 
mechanism, and was of great value in developing hydrate formation mechanisms in 
other porous materials.  

For the CO2 hydrate formation in “dry water” particles, the modeling results fit the 
experimental data well with a high agreement, evidenced by the small mean absolute 
percentage error in the range of 2.11%–4.74%. During the gas hydrate formation, the 
thickness of the hydrate shell increased quickly at first and then slowed down. The 
effective gas diffusion coefficient through the shell decreased more dramatically in 
larger particles, with the average value in a range of 1.27–3.46×10–14 m2s–1. The water 
consumed in capillaries was less than 10% of the water consumed at the hydrate–water 
interface, and it was found to be more dominant in smaller particles. In addition, a 
decoupled quasi-steady-state heat transfer model was developed to quantify the impact 
of heat released on kinetics. The results showed that the temperature gradient in the 
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hydrate shell was only 10–2 K m–1, revealing that the impact of heat transfer on gas 
hydrate formation kinetics in microparticles is negligible.  

For the CO2 hydrate formation in SG pores, the simulation results revealed that 
when surfactants or larger pores exist, the combined reaction rate constant increased. 
The effective diffusion coefficient dropped dramatically in pores, but the initial 
diffusion coefficients were very close. The reduction factor of the diffusion coefficient 
was higher in small pores or in the presence of surfactants, which will result in a more 
marked decrease in the diffusion coefficient. The initial water consumed by capillary 
effect was more prominent in smaller pores, that is, about 1% and 26.6% in 100-nm 
and 50-nm SGs, respectively. In the presence of surfactants, the initial proportion of 
water consumed by capillary effect even rose up to 74.9% in smaller pores. Based on 
the modeling of capillary structure, it was likely to be due to the increased number of 
capillaries with larger radii formed in the presence of surfactants.  

The roles of N2 in CO2/N2 hydrates formation and the effects of DTAC in CO2 
separation were further investigated by SCM. CO2 and N2 were found to compete in 
occupying 512 cages. Based on the simulation results, the higher the concentration of 
DTAC, the higher the reaction rate constant, indicating that DTAC increased the 
reaction rate by allowing both CO2 and N2 molecules to diffuse in water more 
efficiently. The lower reaction rate constant in smaller pores indicated that the 
diffusion rate constant changed with pore size more strongly than the reaction rate 
constant. The dramatic decreasing trend of the effective diffusion coefficient reflected 
the higher porosity of the hydrate shell with more DTAC added.  

This work enhanced the understanding of the transport phenomena of gas 
molecules and helped to extend the knowledge of gas separation and surfactants in 
hydrate formation. The findings in this work mathematically described the complex 
gas hydrate formation, contributed to understanding the mechanism of the roles of 
pores, surfactants, and N2 in hydrate formation kinetics, and provided a basis for the 
improvement of the kinetics and separation performance in HBCC.  

 

6.2 Outlook 

In the experiments of CO2 hydrate formation in TBAB solutions, the low gas 
consumption was due to the blockage of rapid formation of CO2–TBAB semiclathrate 
hydrates. However, the difference between the actual macroscopic structure of 
semiclathrate and clathrate hydrates is still unclear. The influence of semiclathrate 
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hydrate structure on diffusion coefficient is hard to determine. This brings the 
challenge of applying SCM to the CO2–TBAB semiclathrate hydrate formation. So, 
future work is suggested on the mechanism of the blockage through morphology 
studies and the comparison of TBAB with other thermodynamic promoters in their 
blockage effects in the absence of agitation. In addition, the interactions between the 
surfactant micelles and semiclathrate hydrates are also unclear. Although this work 
tried to reveal the effects of surfactants on hydrate formation, the intrinsic interactions 
of different ionic surfactants and CO2 should also be studied. Further studies are 
needed to identify the effects of surfactant micelles on the kinetics of CO2–TBAB 
hydrate formation. 

The SCM in this work was well applied to the hydrate formation in “dry water” 
and SG pores, but it can also be applied to other porous materials where the water 
geometry is spherical, for example, the hydrate formation in silica sands or even in 
bulk water. The corresponding gas diffusion and capillary effect should consider the 
effect of porous materials on gas and water. Future SCM is also suggested to 
distinguish and compare the capillary effect caused by SG pores and hydrate shell 
capillaries. Future work is also suggested to simulate the repeated runs to interpret the 
reason for degradation and apply the models to gas hydrate formation in other porous 
particles. 

The SG used in this work was hydrophilic, but the effect of the hydrophilic group 
on CO2 and water moleculars was ignored in this SCM. Whether the porous 
characteristic and hydrophilic group will affect the CO2 dissolution and water 
conversion should be further studied. This complex interaction can not be simply 
revealed by SCM. It may need more observation of experiments on the nano scale. 
Thus, future work is also suggested to involve the porous characteristic of hydrate 
shells and the interactions between water–CO2 and water–silica through molecular 
dynamics simulations.  

From the perspective of practical application of HBCC, the CO2 recovery rates in 
these experiments were only about 50%, which was lower than that of the traditional 
CCS method. Multi-stage HBCC separation can effectively increase the recovery rate 
to over 90%. Combined with other traditional separation methods or solar-driven 
cooling methods, the economics and energy efficiency of HBCC can be significantly 
improved. 
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Appendix A Two-film theory and population 

balance 

A.1 Introduction 

The two-file theory and population balance were introduced and developed in the 
previous classic kinetic modeling of Englezos et al. [4]. From the available models to 
describe the phenomena occurring when a gas phase is brought into contact with a 
liquid phase, the two-film theory was also adopted in this work. Assuming quasi-
steady-state conditions, the accumulation term in the liquid film can be neglected, and 
hence the mass balance for the gas in the film in a slice of thickness and unit cross-
sectional area is produced [169]. The two-film theory and population balance are 
important components of Englezos’ models. This appendix provides a detailed 
derivation of the models.  

A.2 Homogeneous reaction rate and two-film theory 

The homogeneous reaction rate is used to formulate a global reaction rate for all the 
nuclei particles in the hydrate formation. The reaction rate per nucleation particle for 
all nuclei particles of any size is integrated as 
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where ( ),r tφ  is the crystal size distribution (m–4), 2µ  is the second moment of particle 

size distribution (PSD) given by 

 ( )2
2 0
= , dr r t rµ φ

∞

∫ . (A.2) 

Here the n-th moment of PSD is defined as 

 ( )
0

= , dn
n r r t rµ φ

∞

∫ (mn/m3). (A.3) 

Figure A.1 shows the schematic diagram of the gas diffusing through the water 
film. Based on Fick’s first law, the diffusion flux is expressed as 

 A AB
d
d

cJ D
y

= − ⋅ . (A.4) 

The difference of diffusion flux is  

 ( )in out dyJ J R t y− = ⋅ . (A.5) 

Couple Eqs. (A.1) to (A.5),  
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Thus, the relation between concentration and fugacity is obtained 
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Figure A.1. Schematic diagram of gas dissolved through the film. 

 
 

Based on Henry’s law, the fugacity can be written as a function of gas 
concentration 
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And thus, we can get 
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Figure A.2 shows the schematic diagram of the two-film theory. The boundary 
condition of Eq. (A.9) are 
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and Eq. (A.9) can also be reformed as 
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Figure A.2. Schematic diagram of two-film theory. 

 
 

The characteristic equation of Eq. (A.11) is  
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The roots are Kr
D∗= ± . The general solution of (A.13) is 

 1 2
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With boundary conditions, we can obtain 
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Thus we can derive 
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The Hatta number is defined as reaction rate over diffusion rate, written as 
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L
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so that 1c  and 2c  can be written as  
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The solution of the characteristic equation is  
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Thus, we can write 
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The rate of the number of moles of gas is expressed as 
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Substitution of Eq. (A.24) into Eq. (A.25) yields 
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and 
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Thus, we can obtain 
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The initial condition of Eq. (A.28) is the turbidity point. The value of fb in Eq. 
(A.28) should be determined using the following equations.  

In order to determine fb as a function of time, we do a mass balance in the bulk 
water: 
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The flux at y = yL is  
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So that,  
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where 
( )g lA

a
V
−=

. 

A.3 Population balance 

To determine μ2 as a function of time in Eq. (A.31), a population balance is needed. 
Some crystals are new born during the formation process, and some existing ones are 
growing bigger. The population balance is based on the change in the number of 
crystals in the size range from r to r+dr: 

Change in the number of crystals = New born + Net change  

 ( ) ( ) ( )d d dr G r r r
t r
φ φ θψ∂ ∂

+ =
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, (A.32) 
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where drφ  is the number of crystals per unit volume in the size range r to r+dr, G is 

the growth rate ( r t∂ ∂ ), θ is the nucleation rate per unit volume, and ( )dr rψ is the 

fraction of new born in the size range r to r+dr. ( )dr
t
φ∂

∂
 represents the change in the 

number of crystals in the size range r to r+dr as a function of time. ( )dG r
r

φ∂
∂

is the 

number of crystals growing out of the size range minus those growing into the size 
range (transport item). ( )dr rθψ expresses the number of new crystals nucleated into 

the size range. 
Simplifying the equation, the population balance can be obtained: 

 ( ) ( )G r
t r
φ φ θψ∂ ∂
+ =

∂ ∂
. (A.33) 

It is assumed that: 
1. Growth rate G is independent of crystal size r 
2. New crystals are nucleated at near zero size 
3. Nucleation rate is proportional to the n-th moment of particle size distribution, 

that is 

 
0

dn
n n nr rθ α φ α µ

∞
= ≡∫ . (A.34) 

Here we cite the Dirac delta function ( ) ( )
0

0 =
0 0

r
r r

r
ψ δ

∞ =
= −  ≠

, the 

characteristic of which is 

 ( )0 1rδ
+∞

−∞
− =∫ . (A.35) 

Applying the assumption to the population balance results in the following 
equation 

 ( )0n nG r
t r
φ φ α µ δ∂ ∂
+ = −

∂ ∂
. (A.36) 

Multiplying Eq. (A.36) by rm and integrating with respect to r between the limits 
0 to ∞ produces 

 ( )
0 0 0

d d 0 dm m m
n nr r G r r r r r

t r
φ φ α µ δ

∞ ∞ ∞∂ ∂
+ = −

∂ ∂∫ ∫ ∫ , (A.37) 
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and 

 ( ) ( )
0 0 0

d d 0 dm m m
n nr r G r r r r r

t r
φφ α µ δ

∞ ∞ ∞∂ ∂
+ = −

∂ ∂∫ ∫ ∫ , (A.38) 

where 

 
0

dm
mr rφ µ

∞
=∫ . (A.39) 

Since ϕ is the function of r and t, as ( ),r tφ φ= so that d = d dr t
r t
φ φφ ∂ ∂

+
∂ ∂

, and 

combined with ( ) ( )d d dm m mr r rφ φ φ= + , we can obtain 
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 (A.40) 

For 
( )

0
0 dmr r rδ

∞
−∫ , it meets 

 ( )
0

1 0
0 d 0 0, 0

0 0, 0

m

m
r r r m r

m r
δ

∞
=

− = ≠ =
 ≠ ≠

∫  (A.41) 

Thus, 

 ( ) 00
0 dm

n n n n mr r rα µ δ α µ δ
∞

− =∫ , (A.42) 

where 0mδ  is the Kronecker delta, defined as 
1

=
0ij

i j
i j

δ
=

 ≠
. 

And Eq. (A.38) can be formed as 

 1 0
d
d

m
m m n nmG

t
µ µ δ α µ−= +  (A.43) 

For any integer value of n, Eq. (A.43) can be rewritten as a set of (n+1) ordinary 
differential equations 
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This set of equations can be combined to yield 

 
1

10
01

d 0
d

n
n

nt
µ β µ

+
+

+ − =  (A.45) 

where ( ) ( )1 1
!

nn
nn Gβ α

+
=

. 
Here we only take total 2nd moment of PSD into consideration. The secondary 

nucleation rate is proportional to the second moment of the PSD, namely 

 2
2 2 20

dr rθ α φ α µ
∞

= ≡∫  (A.46) 

This equation implies that the nucleation rate is proportional to the total surface of 
the particles. Under the above assumption, it is not necessary to solve Eq. (A.46) to 
obtain ( )2 tµ . Instead, only the following three ordinary differential equations need to 

be solved: 

 ( ) 00
2 2 0 0

d , 0
dt
µ α µ µ µ= = , (A.47) 

 ( ) 01
0 1 1

d , 0
d

G
t
µ µ µ µ= = , (A.48) 

 ( ) 02
1 2 2

d 2 , 0
d

G
t
µ µ µ µ= = . (A.49) 

The growth rate G is the function of time and distance from the gas-liquid interface 
but it is independent of the crystal size, ( ),G G t y= . An average rate can be defined 

as follows 
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 ( )
0

b

1 d dd
d d

Ly

avg L
r rG y L y

L t t
      = + −      

      
∫ , (A.50) 

where the linear growth rate is given by 
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d
K M f fr

t ρ

∗ −
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Thus the average rate can be obtained 
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  (A.52) 

Finally, we obtain 

 ( )( )
( )( )b g eq

avg L L b eq

2 cosh 1
sinh

f f fK MG y L y f f
L

γ

ρ γ γ

∗  + − − 
 = + − − 
    

. (A.53) 

 



149 

Appendix B Calculation of fugacity by Peng–

Robinson equation of state 

B.1 Introduction 

There are many ways to calculate the fugacity of gas. In this work, the Peng–Robinson 
equation of state (PR EoS) is used. It has many advantages, such as stable 
performance, few parameters required, simple form, wide application, and higher 
accuracy. In this appendix, the calculation of fugacity by PR EoS is simply introduced, 
and other applications of PR EoS are also involved. More details of the derivation of 
PR EoS can be found in [118], and the properties of gases and liquids can be found in 
[144]. 

B.2 PR cubic expression 

First we define the contrast temperature of gas as  

 r
c

TT
T

= , (B.1) 

where Tc is the critical temperature. And the contrast pressure is similarly defined as 

 r
c

PP
P

= , (B.2) 

where Pc is the critical pressure. 
The actual gas law is expressed as 

 2 2
m m m2
RT aP

V b V bV b
= −

− + −
, (B.3) 

where a is the van der Waals force factor, given by 
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2 2

c

c

0.45724R Ta
P

α= , (B.4) 

 ( )( ) 2
2

r1 0.37464 1.54226 0.26992 1 Tα ω ω = + + − −  , (B.5) 

where ω is the Pitzer acentric factor. 
The minimum volume of gas b is given by 

 c

c

0.0778RTb
P

= . (B.6) 

For a single gas, we define 

 2 2

aPA
R T

= , (B.7) 

 bPB
RT

= . (B.8) 

For gas mixtures, the mixing rules are 

 ( )m i j ij i j
i j

1a y y k a a= −∑∑ , (B.9) 

 m i i
i

b y b=∑ , (B.10) 

 m
m 2 2

a PA
R T

= , (B.11) 

 m
m

b PB
RT

= , (B.12) 

where kij is the binary interaction parameters of mixtures, whose value can be found 
in [170, 171]. 

The PR cubic expression in the compressibility factor Z becomes 

 ( ) ( ) ( )3 2 2 2 31 2 3 0Z B Z A B B Z AB B B− − + − − − − − = . (B.13) 

All parameters of PR EoS are calculated by Z. 
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B.3 Fugacity coefficient 

For a single gas, the fugacity coefficient φ is calculated by 

 ( ) ( ) 2.414ln 1 ln ln
0.4142 2

A Z BZ Z B
Z BB

ϕ + = − − − −  − 
. (B.14) 

For gas mixtures, βi and αm are used 

 i
i

b P
RT

β = , (B.15) 

 m i j i j
i j

(1 )y ki a aα = −∑∑ . (B.16) 

So the fugacity coefficient of component i (φi) is calculated by 

 ( ) ( )i m i m m
i m

m m m mm

2 2.414ln 1 ln( ) ln
0.4142 2

A Z BZ Z B
B B a Z BB
β β αϕ

   +
= − − − + −   −   

 

  (B.17) 

B.4 Calculation of other parameters 

B.4.1 Density and molar volume of gas mixtures 

The total molar mass of gas mixtures is calculated by 

 w,mixtures i w,iM y M=∑ , (B.18) 

where w,iM  is the molar mass of component i (kg mol–1). 

The density of gas mixtures is given by 

 w,mixtures 3(kg m )
M P

ZRT
ρ −= , (B.19) 

and the molar volume of gas mixtures is given by 

 w,mixtures 3 1
m (m mol )

MV ZRTV
n P ρ

−= = = . (B.20) 
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B.4.2 Departure internal energy, departure enthalpy and departure 

entropy 

For a single gas, the departure factor should be calculated first 

 ( )2 r0.37464 1.54226 0.26992 Td aω ω
α

= + − . (B.21) 

Then the departure internal energy (ΔU), departure enthalpy (ΔH) and departure 
entropy (ΔS) are given by 

 2.4141 ln
0.4142 2

ART d Z BU
a Z BB

+   ∆ = +   −   
, (B.22) 

 ( )1H U RT Z∆ = ∆ + − , (B.23) 

 ( ) 2.414ln ln
0.4142 2

Ad Z BS R Z B
Z BaB

 +  ∆ = − − +   −  
. (B.24) 

For gas mixtures: 

 ( ) i j r,j2
m j j i j ij

i j j

0.37464 1.54226 0.26992 (1 )
a a T

d y y kω ω
α

= + − −∑∑ , (B.25) 

 m m m

m mm

2.4141 ln
0.4142 2

A RT d Z BU
a Z BB

   +
∆ = +   −   

, (B.26) 

 ( )1H U RT Z∆ = ∆ + − , (B.27) 

 ( ) m m m
m

mm m

2.414ln ln
0.4142 2

A d Z BS R Z B
Z Ba B

  +
∆ = − − +  −  

. (B.28) 

It should be noted that the units of ΔU, ΔH and ΔS are all J mol–1, to transfer their 
units to J kg–1, they should be divided by their respective molar masses w,mixturesM , 

kg mol–1. 
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Appendix C Student’s t-distribution and 

Analysis of Variance 

C.1 Introduction 

The student’s t-distribution is a probability distribution that is used to estimate 
population parameters when the sample size is small (N < 30) and/or when the 
population variance is unknown.  

The confidence interval of the student’s t-distribution is calculated as 

 sx t
N

± , (C.1) 

where x is the mean of the sample, s is the standard deviation, N is the sample size, t 
is the critical value for student’s t-distribution, shown in Table C.1. The value of t is 
affected by the degree of freedom (df = N–1) and the percent of confidence, and it can 
be found in tables or calculated by the cumulative distribution function. For example, 
if the sample size is 11 (df =10), and we want to calculate the 90% confidence 
intervals, then from Table C.1, t = 1.372. 

 

Table C.1. Critical values for student’s t-distribution. 

One-tail 0.250 0.125 0.100 0.075 0.050 0.025 0.010 0.005 0.0005 
Two-tail 0.500 0.250 0.200 0.150 0.100 0.050 0.020 0.010 0.0010 

df          
1 1.000 2.414 3.078 4.165 6.314 12.706 31.821 63.657 636.619 
2 0.816 1.604 1.886 2.282 2.920 4.303 60965 9.925 31.599 
3 0.765 1.423 1.638 1.924 2.353 3.182 4.541 5.841 12.924 
4 0.741 1.344 1.533 1.778 2.132 2.776 3.747 4.604 8.610 
5 0.727 1.301 1.476 1.699 2.015 2.571 3.365 4.032 6.869 
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One-tail 0.250 0.125 0.100 0.075 0.050 0.025 0.010 0.005 0.0005 
Two-tail 0.500 0.250 0.200 0.150 0.100 0.050 0.020 0.010 0.0010 

df          
6 0.718 1.273 1.440 1.650 1.943 2.447 3.142 3.707 5.959 
7 0.711 1.254 1.415 1.617 1.895 2.365 2.998 3.499 5.408 
8 0.706 1.240 1.397 1.592 1.860 2.306 2.896 3.355 5.041 
9 0.703 1.230 1.383 1.574 1.833 2.262 2.821 3.250 4.781 
10 0.700 1.221 1.372 1.559 1.812 2.228 2.764 3.169 4.587 
 

C.2 Analysis of Variance 

Analysis of Variance (ANOVA) is a statistical formula used to compare variances 
across the means (or average) of different groups. A range of scenarios use it to 
determine if there is any difference between the means of different groups. It is the 
extension of the student’s t-distribution. 

The F-statistic is first calculated in ANOVA. It is used for comparing the factors 
of the total deviation. The formula of the F-statistic is 

 MSG-statistic
MSE

F = , (C.2) 

where MSG is the mean sum of squares due to the group, and MSE is the mean sum 
of squares due to the error. The calculation of the F-statistic is listed in Table C.2. 

 

Table C.2. Calculation of F-statistic. 

 Degree of freedom Sum Square Mean Square F-statistic 
Group dfG SSG MSG F-value 
Error dfE SSE = SST– SSG MSE  
Total dfT SST   

 
 

C.3 The p-value analysis 

The p-value is a measure of the probability that an observed difference could have 
occurred just by random chance. The lower the p-value, the greater the statistical 
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significance of the observed difference. The p-value can serve as an alternative to or 
in addition to preselected confidence levels for hypothesis testing. The p-value is 
calculated by the F-statistic. Many software tools can implement the calculation. For 
example, in Microsoft Excel, the “fdist” function can calculate the p-value as 

 ( )G E-value -statistic,  d ,  dp fdist F f f= . (C.3) 

The p-value reports the results of the observed difference. The smaller the p-value, 
the stronger the evidence that you should reject the null hypothesis. A p-value less 
than 0.05 (typically ≤ 0.05) is statistically significant. It indicates strong evidence 
against the null hypothesis, as there is less than a 5% probability the null is correct 
(and the results are random). A p-value less than 0.01 is highly statistically significant. 
A p-value less than 0.001 is very strongly statistically significant.  
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