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A B S T R A C T   

Gas hydrates have a wide implementation in the capture, storage, transport and utilisation of a range of gases, in 
which the dissociation kinetics is of great importance to gas transport and recovery efficiency. Encapsulation has 
been proven an effective technique to enhance gas–liquid mass transfer and thus improve gas hydrate formation 
kinetics. However, the dissociation behaviour of gas hydrate in individual capsules remains unknown. In this 
work, the dissociation kinetics of encapsulated CO2-TBAB semi-clathrate hydrates in different shapes are 
experimentally investigated under various operating conditions, and, for the first time, a two-stage numerical 
model is developed which integrates mass transfer, heat transfer and the intrinsic gas hydrate reaction kinetics to 
simulate the gas hydrate dissociation process. The effects of temperature, pressure, capsule volume and capsule 
geometry on gas hydrate dissociation kinetics are investigated. The results reveal that the proposed model is 
capable of capturing two distinct experimentally-observed dissociation stages, a rapid and subsequently slow 
stage according to the measured dissociation rate. Surface-to-volume ratio of the capsule and the dissociation 
driving force are the two main factors influencing the dissociation kinetics. The ring-shaped capsule exhibits the 
most efficient dissociation process due to its high surface-to-volume ratio and long transition time to the slow 
dissociation stage. This work enhances the understanding of gas hydrate dissociation behaviour in individual 
capsules and guides the manipulation of dissociation for efficient hydrate-based gas transport and recovery.   

1. Introduction 

CO2 hydrate is an ice-like material formed by trapping CO2 mole-
cules into hydrogen bonded cages of water molecules under a suitable 
temperature and pressure condition (i.e., the phase equilibrium condi-
tion) [1]. When the temperature–pressure condition departs from phase 
equilibrium, hydrate dissociates and CO2 molecules are set free as water 
cages dissolve. CO2 hydrate technology can be employed in wide fields 
including carbon capture [2,3], storage and transport [4], gas separation 
[5], thermal energy storage [6], hydrate-based desalination [7], and 
biomass growth stimulation [8]. 

Generally, gas hydrate dissociation can be triggered by thermal 

stimulation, depressurization, chemical inhibitor injection and the 
combination of these methods [9–13]. The methods of thermal stimu-
lation and depressurization change the temperature or pressure below 
the phase equilibrium condition and inhibitor injection can shift the 
temperature–pressure equilibrium. Depressurization is considered as the 
most economic scheme since it does not require for external energy 
consumption compared to the thermal stimulation method. This scheme 
has been widely used in experimental studies on gas hydrate dissociation 
in porous sediment [14–17]. However, the gas regeneration rate of 
depressurization is normally low due to slow dissociation rate [9]. 
Thermal stimulation is energy efficient but the major weakness of this 
method is heat loss [18]. Chemical inhibitor injection may be more 
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effective but it may potentially pollute the environment. 
Understanding CO2 hydrate dissociation kinetics is crucial for pre-

dicting gas regeneration from the view of energy recovery and reme-
diating plugging of pipelines from the view of hydrate transportation 
[4]. Rapid dissociation of hydrate is desired for efficient gas regenera-
tion and on the other hand, slow dissociation is desired during gas hy-
drate transport to increase transport efficiency and safety. Over the past 
few decades, various kinetic models have been proposed to investigate 
gas hydrate dissociation behaviours. The main dissociation mechanisms 
considered in the models include intrinsic dissociation kinetics, flow 
behaviours of gas and water flow, and heat and mass transfer [19]. Kim 
et al. [20] studied methane hydrate dissociation kinetics using a semi- 
batch stirred tank reactor and developed an intrinsic kinetic model. In 
their model, fugacity difference of methane between hydrate equilib-
rium condition and the decomposition condition was considered as the 
driving force of dissociation, and hydrate dissociation kinetics was 
found to be dependent on temperature, pressure and surface area of 
hydrate particles. It was assumed that dissociation rate is proportional to 
the rate constant, which can be fitted with an Arrhenius-type equation. 
This model was widely incorporated in kinetic models developed later to 
simulate gas hydrate dissociation behaviours [21–25]. Clarke and 
Bishnoi [26] adopted Kim’s model to determine the dissociation rate 
constant for CO2 hydrate at pressures ranging from 1.4 to 3.3 MPa and 
temperatures ranging from 274 to 281 K. The intrinsic rate constant and 
was found to be 1.83 × 108 mol m− 2 Pa− 1 s− 1 with an activation energy 
of 102.88 kJ mol− 1. The intrinsic kinetic model was also employed to 
investigate dissociation characteristics in gas hydrate reservoir [27,28] 
and porous media [10,29,30]. 

Gas hydrate dissociation process is a combination of heat and mass 
transfer, intrinsic reaction and multiphase flow, which is suitable to 
investigate using computational fluid dynamics (CFD) methods. In 
recent years, numerous researches have been conducted on hydrate 
dissociation characteristics through CFD modelling. Sean et al. [31] 
carried out experiments and numerical simulation to study dissociation 
behaviour of methane hydrate ball under water flow. The driving force 
was defined as the Gibbs free energy difference of methane between the 
three-phase equilibrium condition and actual condition. The dissocia-
tion rate constant was found to be independent of pressure and can be 
fitted with an Arrhenius-type equation. The proposed model was proved 
to be applicable to describe hydrate dissociation induced by various 
methods including depressurization, thermal stimulation and the com-
bination of them [32]. The model was also applied to estimate the 
dissociation rate of CO2 hydrate in lab scale sediment samples [33,34]. 
Song et al. [35] proposed a pore scale model to simulate methane hy-
drate dissociation by coupling enthalpy-porosity technique with a vol-
ume of fraction (VOF) method. The model performed well in simulating 
the effects of phase change on heat and mass transfer, multiphase flow 
and pore structure evolution. Ruan et al. [36] developed a 2D axisym-
metric numerical model to simulate the gas regeneration behaviour of 
hydrate dissociation induced by depressurization in hydrate-bearing 
porous medium. Various influencing factors including intrinsic 
porosity, initial hydrate saturation, absolute/relative permeability, etc. 
were studied by the numerical model. CFD methods are also widely used 
to investigate the effects of hydrate dissociation on hydrate slurry flow 
characteristics for carbon storage and transportation [23,37,38]. 

On the other hand, the gas–water mass transfer rate is generally 
restrained in both the formation and dissociation of gas hydrates in bulk 
liquid systems. By separating the bulk liquid phase into scattered cap-
sules, the gas–liquid interface area can be dramatically increased. 
Encapsulated gas hydrate can be transported by cargo ships or carried by 
fluids for pipeline transport with a great potential to alleviate agglom-
eration and hydrate deposition in pipes. In both gas transport and re-
covery, hydrate dissociation behaviour is of great significance. 
However, although the gas hydrate formation kinetics can be greatly 
improved through encapsulation [39], the dissociation kinetics of 
encapsulated hydrates remain unknown, and to the best of authors’ 

knowledge, neither experiment nor simulation work has ever been done 
to investigate hydrate dissociation kinetics in capsules. To fill this 
knowledge gap, experiments were conducted under various temperature 
and pressure conditions to study the dissociation behaviour of gas hy-
drate in capsules and attempt a red blood cell (RBC) inspired encapsu-
lation design which has been proven to greatly improve gas uptake 
efficiency during CO2 hydrate formation without external energy con-
sumption [39]. The RBC capsule is compared to a traditional spherical 
capsule for a comparison of gas regeneration performance. Meanwhile, a 
novel two-stage dissociation model is developed for the first time to 
simulate the hydrate dissociation process in scattered capsules with 
improved accuracy. The model is validated by experiment and 
compared to one-stage models. In addition, the effects of geometric 
influencing factors, including capsule volume and shape, on the cap-
sule’s gas regeneration performance are studied. The findings are ex-
pected to have wide and practical implementations in the transport and 
recovery of CO2 and natural gas to improve the efficiency in the trans-
port stage and gas recovery stage. 

2. Methods 

2.1. Experiments 

2.1.1. Preparation of CO2-TBAB semi-clathrate hydrate capsules 
Based on the previous study [39], a spherical capsule and an RBC- 

shaped capsule were designed for CO2-TBAB semi-clathrate hydrate 
formation experiments. TBAB was added in the solution since it can 
promote hydrate formation kinetics and modify the phase equilibrium 
conditions of CO2 hydrate to enable the formation of hydrate within 
mild temperature and pressure conditions, therefore the hydrate-based 
carbon capture system can be operated at low cost. Although TBAB 
may restrain the CO2 uptake capacity compared to pure CO2 hydrate, by 
separating bulk liquid into scattered capsules, the gas–liquid contact 
area can be significantly increased and the disadvantages by using TBAB 
can be alleviated [39]. 

The capsules are composed of a hydrophobic breathable membrane 
and a mesh shell. The membrane is made of porous poly(tetrafluoro-
ethylene) (PTFE) which can retain liquid and allow gas to penetrate. The 
main properties of the PTFE membrane are listed in Table 1. The shell is 
made of high toughness resin to stabilise the structure. Both the spher-
ical and RBC-shaped mesh shells were produced by 3D printing. 32- wt% 
TBAB water solution was injected into the capsule as the semi-clathrate 
hydrate formation and dissociation system. The internal volume of each 
capsule is 22.5 mL. The schematic of the capsule structure and content is 
shown in Fig. 1. 

The experimental apparatus mainly consists of a CO2 gas cylinder, a 
thermostatic bath, a 556-mL cylindrical reactor and a data acquisition 
system. The schematic of the experimental apparatus is shown in Fig. 2 
(a). Two thermocouples are attached to different locations in the reactor 
to record the temperature and a pressure transducer is used to measure 
the pressure. The data was logged every 10 s by the data acquisition 
system. Fig. 2(b) shows the internal view of the reactor with the 
spherical capsule. 

Prior to the hydrate formation experiment, air leak test of the whole 
experiment system was conducted to ensure there was no gas leakage. 
The temperature of the thermostatic bath was set as 12 ◦C. The capsule 
was fixed inside the reactor after the temperature has stabilised. Then 
the residual air in the reactor was removed and CO2 was slowly charged 
into the reactor until the pressure reached 4 MPa to commence the gas 

Table 1 
Main properties of the PTFE membrane.  

Thickness 
(µm) 

Density (kg 
m− 3) 

Thermal conductivity (W 
m− 1 K− 1) 

Heat capacity (J 
kg− 1 K− 1) 

15 2240 – 2330 0.440 – 0.764 970 – 1090  
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hydrate formation. After 24 h, the pressure in the reactor was stable 
indicating the solution was converted completely into semi-clathrate 
hydrate. Then the capsule was used for dissociation experiments. 

2.1.2. Dissociation experiments 
Gas hydrate dissociation experiments were conducted under various 

temperature and pressure conditions above the phase equilibrium curve 
of CO2–TBAB semi-clathrate hydrate. The experimental conditions are 
listed in Table 2. Exp. 1–4 investigates the effects of temperature under 
the pressure of 1 bar, and Exp. 4–7 investigates the influence of pressure 
under the temperature of 24 ◦C. Temperature is controlled by the 
thermostatic bath and pressure is controlled by adjusting the back 
pressure regulating valve. The variation of pressure in the reactor during 
the dissociation process was recorded for the calculation of gas regen-
eration. Typical experimental temperature and pressure curves over the 
whole dissociation process under the initial condition of 1 bar, 24 ◦C is 
shown in Fig. 3. As hydrate dissociates, the pressure in the reactor 

gradually increases, and the temperature remains almost constant at 
24 ◦C. The slight temperature drop may be caused by the endothermic 
effect during dissociation. 

The cumulative gas regeneration can be calculated by: 

nCO2 ,tot = nCO2 ,g + nCO2 ,l (1)  

where nCO2 ,tot is the total mole of CO2 regeneration, nCO2 ,g is the amount 
of CO2 in the gas phase produced by hydrate dissociation, and nCO2 ,l is 
the amount of CO2 dissolved in the liquid phase. 

nCO2 ,g can be calculated by: 

nCO2 ,g = ni − n0 =
PiVg

ZiRTi
−

P0Vg

Z0RT0
(2)  

where P is the pressure, V is the volume of gas, R is the ideal gas con-
stant, T is the temperature, and Z is the gas compressibility factor. 
Subscripts i and 0 represent the actual and initial state of hydrate 
dissociation, respectively. The composition of hydrate is proved to be 
2.49CO2⋅TBAB⋅38H2O in a previous study [40], Therefore, the cumu-
lative CO2 regeneration can be associated with the mole number of 
hydrate: 

nCO2 ,tot = 2.49 × (n0,hyd − ni,hyd) (3)  

Fig. 1. Schematic of the structure of spherical and RBC-shaped capsules.  

Fig. 2. Experimental setup: (a) schematic diagram of the experimental system and (b) internal view of the reactor with a spherical capsule.  

Table 2 
Temperature and pressure conditions for dissociation experiments.  

Exp. No. 1 2 3 4 5 6 7 

Temperature (◦C) 18 20 22 24 24 24 24 
Pressure (bar) 1 1 1 1 6 11 16  
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2.2. Model development 

Based on the findings from previous studies [31–33], the driving 
force of gas hydrate dissociation can be described as the difference in 
Gibbs free energy between the hydrate phase and ambient phase, and 
this theory can be applied to predict hydrate dissociation process 
induced by different methods including temperature increase, depres-
surisation or simultaneous change in pressure and temperature. This 
basic idea is adopted and extended in this study. 

For hydrate dissociation in a spherical capsule, the overall process 
can be divided in two stages. In the first stage (Stage 1), hydrate capsule 
is exposed in gas, and the Gibbs free energy difference can be expressed 
in terms of the fugacity difference between the gas under three-phase 
equilibrium condition and actual condition. As hydrate dissociates, the 
hydrate gradually sinks due to density difference between hydrate and 
solution until it is submerged in the solution. Then hydrate dissociation 
process enters the second stage (Stage 2), in which the Gibbs free energy 
difference is expressed in terms of the concentration difference between 
the gas in the aqueous phase under three-phase equilibrium condition 
and the actual condition [31]. A schematic of hydrate dissociation in 

different stages is shown in Fig. 4. 
To simulate the dissociation kinetics of the gas hydrate capsule, some 

assumptions and simplifications are made for the numerical model:  

(1) Dissociation only occurs at the hydrate surface.  
(2) The spherical capsule shrinks uniformly inward along the radius 

during dissociation.  
(3) The solubility of CO2 in the TBAB solution follows Henry’s law.  
(4) The dissociation process transits from Stage 1 to Stage 2 when the 

hydrate is fully immersed in the solution. 

Since the reactor and hydrate capsule are axisymmetric, the model 
can be developed in a 2D approach as shown in Fig. 5. 

2.2.1. Surface dissociation kinetics 
It is assumed that the surface dissociation flux (F, mol m− 2 s− 1) of the 

hydrate is proportional to the driving force, then the dissociation flux in 
different stages can be expressed as: 

Fig. 3. Pressure and temperature variation over time under the initial condition of 1 bar, 24 ◦C.  

Fig. 4. Schematic of hydrate dissociation in different stages.  

Y. Zhang et al.                                                                                                                                                                                                                                   



Chemical Engineering Journal 470 (2023) 144035

5

F1 = K1RTln
fe

f
, Stage 1; (4)  

F2 = K2RTln
Ce

C
, Stage 2. (5)  

where K1 and K2 are dissociation rate constants of Stage 1 and 2, 
respectively. R is the ideal gas constant, T is the temperature, fe and f are 
the fugacity of CO2 equilibrated with hydrate in the gas phase and that at 
the hydrate surface in actual conditions, respectively. Ce and C are the 
concentration of CO2 equilibrated with hydrate in the liquid phase and 
that at the hydrate surface in actual conditions, respectively. The three- 
phase equilibrium condition of CO2 + TBAB + H2O system is predicted 
based on the thermodynamic model proposed by Patrice [41], the sol-
ubility of CO2 is determined based on the data of Larryn et al. [42], and 
the fugacity of CO2 is given by [43]: 

f = pexp(
Bp
RT

) (6)  

B
cm3⋅mol− 1 = − 1636.75+ 12.0408

(
T
K

)

− 3.27957 × 10− 2
(

T
K

)2

+ 3.16528

× 10− 5
(

T
K

)3

(7)  

2.2.2. Mass transfer equations 
The basic mass transfer equation of CO2 transport is: 

∂cg

∂t
= Dg∇

2cg (8)  

where cg is the concentration of CO2, and Dg is the diffusion coefficient 
of CO2. The diffusion coefficient of CO2 is estimated based on the work 
of Li et al. [44]. 

At the surface of the hydrate, a continuity boundary condition is 
applied: 

K1RTln
fe

f
= Dg∇cgs, Stage 1; (9)  

K2RTln
Ce

C
= Dg∇cgs, Stage 2. (10)  

where cgs is the concentration of CO2 at the hydrate surface. 
For the membrane side, the boundary conditions are: 

− n⋅Ju =
Dm

dm

(
cg,d − cg,u

)
(11)  

− n⋅Jd =
Dm

dm

(
cg,u − cg,d

)
(12)  

where J is the diffusion flux, and subscripts u, d represent the upside and 
downside of the membrane, respectively. Dm is the diffusion coefficient 
of CO2 in the membrane, and dm is the thickness of the membrane. 

No flux boundary condition is applied at the boundaries of the 
reactor: 

− n⋅J = 0 (13)  

2.2.3. Heat transfer equations 
Conduction is the main mode of heat transfer in the system and the 

governing equation is given by: 

ρCp
∂T
∂t

− k∇2T = Q (14)  

where ρ, Cp, T, k, and Q represent the density, heat capacity, tempera-
ture, thermal conductivity and the latent heat of hydrate dissociation, 
respectively. 

The boundary condition at the surface of hydrate is given by: 

Q̇+ kh∇Th = ki∇Ti (15)  

where Q̇ is the heat flux induced by hydrate dissociation, kh is the 
thermal conductivity of hydrate and ki is the thermal conductivity of the 
ambient gas/liquid phase. 

For the boundaries of the air in the reactor, constant temperature 
condition is employed: 

T = Ts (16)  

2.2.4. Volume change as hydrate dissociates 
The hydrate capsule gradually shrinks as hydrate dissociates. For the 

spherical capsule, the radius of the hydrate can be associated with the 
total mole numbers of gas regeneration: 

ri
3

r0
3 = 1 −

nCO2 ,tot

n0
(17)  

where ri is the radius of hydrate, and r0 is the initial radius of the hydrate 
capsule, nCO2 ,tot is the cumulative gas regeneration, and n0 is the theo-
retical maximum gas regeneration. 

At the point when hydrate is completely immersed in solution (as 
shown in stage 2 in Fig. 4), the following equation can be derived: 

V0 − Vi − Vcap =
V0 − Vi

α (18)  

where V0 and Vi are the initial and actual volume of the hydrate 
respectively, Vcap is the volume of the gas cap, α is the shrinkage factor of 
hydrate during dissociation, which can be determined based on the 
density of hydrate and solution. It’s measured that the density of TBAB 
solution in the experimental conditions is 1036 g cm− 3, and the density 
of hydrate is approximately 1060 g cm− 3 [45], therefore, the volume of 
hydrate will shrink by a factor of 1.085 during dissociation. Combining 
equation (17) and (18), the cumulative gas regeneration can be calcu-
lated at the transition point of Stage 1 and Stage 2. 

To find the reaction rate constants K1 and K2, levenberg–marquardt 
algorithm [46] is employed using the least-squares objective for the 
simulation and experiment results. Mean relative difference (MRD) be-
tween the experiment and simulation results is calculated to quantify the 
accuracy of the model, which is defined by: 

Fig. 5. Schematic of the numerical model developed in a 2D axisym-
metric approach. 
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MRD =
1
N
×

∑⃒
⃒xi, sim − xi,exp

⃒
⃒

xi,exp
× 100% (19)  

where N represents the number of data points. 

3. Results and discussion 

3.1. Experimental results 

3.1.1. CO2-TBAB semi-clathrate hydrate dissociation kinetics at different 
pressures 

Fig. 6 shows the time evolutions for the gas regeneration rate of the 
whole CO2-TBAB semi-clathrate hydrate dissociation process in the 
spherical capsule at different initial pressures. Two distinct stages can be 
clearly observed for all the pressure conditions. At first, the hydrate 
dissociated rapidly which caused a rapid pressure increase in the 
reactor. Then the dissociation rate gradually decreased and the accu-
mulated gas slowly grew until the maximum gas regeneration was 
reached. The variation in hydrate dissociation rate can be attributed to 
two reasons. Firstly, the total surface area of the hydrate decreased as it 
dissociated, and a smaller dissociation area (fewer dissociation sites) led 
to a lower gas regeneration rate. Secondly, as described in section 2.2, 
the surrounding conditions change during hydrate dissociation, i.e. 
hydrate dissociated in the gas phase before in the liquid phase, which 
caused different mechanisms of driving force in the two stages. Fugacity 
difference was the driving force in the first stage (the hydrate core 
dissociating in gas) while concentration difference is the driving force in 
the second stage (the hydrate core dissociating in solution), which is the 
other reason for distinguishably different gas regeneration rates in the 
two periods. 

As expected, the time required to complete the dissociation increases 
with an increased initial pressure, which is due to the weaker dissocia-
tion driving force at higher pressures. In Stage 1 the fugacity of CO2 
increased with a raised pressure within the pressure range studied, while 
in Stage 2 the solubility of CO2 in solution increased at higher pressures, 
which resulted in a higher concentration of CO2 in the liquid—both 
leading to weakened dissociation driving force. The gas generation rate 

from hydrate also differs at different pressures, as shown in Fig. 6. In the 
beginning, the gas generation rate decreases with increasing pressure, 
which, however, later on increases with the increase of pressure (as 
shown in the inserts of Fig. 6). The reason is that in the initial stage, the 
dissociation surface area of hydrates was the same for all cases, and the 
gas generation rate was higher for the cases with a stronger driving 
force, as in the early period the driving force is the leading factor to 
dissociation kinetics. At a later stage, hydrate that dissociated at a higher 
pressure, as the dissociation went slowly, remained a much larger sur-
face area than that dissociated at a lower pressure, which leads to a 
higher gas generation rate. At the time, the surface area of hydrates 
becomes a dominant factor. However, as the gas regeneration rate is 
very low for all the cases at the later stage, its influence on the overall 
gas regeneration yield is marginal. 

3.1.2. CO2-TBAB semi-clathrate hydrate dissociation kinetics at different 
temperatures 

Fig. 7 shows the time evolutions for gas regeneration yield and gas 
generation rate of the spherical hydrate capsule at different tempera-
tures. The two-stage process is also clear for the gas regeneration profile 
at each temperature, and the reasons are the same as those explained in 
the last section. A higher temperature results in a more rapid dissocia-
tion process since temperature has significant effects on the driving force 
of dissociation. With the increase of temperature, both the fugacity and 
concentration of CO2 that is equilibrated with hydrate will corre-
spondingly increase, which causes a larger Gibbs free energy difference 
between the equilibrium condition and actual condition in experiments, 
i.e. a larger dissociation driving force in Stage 1 and 2. As shown, the 
time required for 90% of hydrate dissociation (denoted as n90) at 18 ◦C is 
5,010 min, while that is 1,917 min at 24 ◦C, which is shortened by 
61.7%. Therefore, the temperature has a significant influence on the 
hydrate dissociation kinetics. In the later stage of dissociation, the gas 
generation rate reduces as the temperature rises, due to the smaller 
hydrate surface area resulting from the earlier rapid dissociation at a 
higher temperature. However, the effect of dissociation surface area in 
this stage is insignificant on the overall gas regeneration. 

Fig. 6. Gas regeneration of hydrate in the spherical capsule at different initial pressures.  
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3.1.3. Comparison between spherical and RBC-shaped capsules 
The RBC geometry has been found effective in promoting hydrate 

formation kinetics. In hydrate dissociation, the gas regeneration profiles 
of the spherical and the RBC-shaped capsules are compared under the 
condition of 24 ◦C and 1 bar in Fig. 8. Compared to the spherical hydrate 
capsule, the transition from Stage 1 to Stage 2 happens earlier for the 
RBC-shaped capsule. According to a geometric study based on the 
capsule shapes and the density difference between gas hydrate (1060 g 

cm− 3) and solution (1036 g cm− 3), the theoretical transition point is 
reached (the state of the shapes in Fig. 9) when cumulative gas regen-
eration is 0.013 mol for the RBC-shaped capsule and 0.020 mol for the 
spherical capsule, which is consistent with the experiment results. In 
each stage, the gas generation rate of the RBC-shaped capsule is higher 
than the spherical capsule, due to the larger hydrate surface area in the 
RBC-shaped capsule. Therefore, although the cumulative gas regenera-
tion yield of the RBC-shaped hydrate is lower than that of the spherical 

Fig. 7. Gas regeneration of hydrate in the spherical capsule at different temperatures.  

Fig. 8. Gas regeneration profiles of hydrate in the spherical and the RBC-shaped capsules at 1 bar, 24 ◦C.  
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hydrate in the middle period of dissociation due to earlier transition to 
the slow dissociation stage (stage 2), the time for completing dissocia-
tion is slightly shorter than the spherical one. 

The performance of RBC-shaped encapsulation in enhancing CO2 
hydrate dissociation kinetics is not as extraordinary as that in the hy-
drate formation process [39]. The reason is that during hydrate forma-
tion, CO2 diffuses through the hydrate layer to react with the solution at 
the inner part of the capsule on the phase interface [47]. As the diffusion 
coefficient of CO2 in hydrate layer is very low, diffusion distance is 
important and greatly influences the hydrate formation kinetics. RBC 
has a shorter distance from the surface to the hydrate core due to its 
biconcave disc shape, therefore the RBC-shaped encapsulation can 
significantly improve hydrate formation kinetics. However, in hydrate 
dissociation process, dissociation mainly happens at the surface of hy-
drate, so the advantage of RBC with shorter diffusion distance is not 
significant. According to the gas regeneration profiles of spherical and 
RBC-shaped hydrate, driving force is the main factor affecting the 
dissociation kinetics rather than the gas diffusion distance. The disso-
ciation rate of hydrate in the gas phase is overall much higher than that 
in the liquid phase when hydrate is immersed in the solution. In realising 
this difference between the formation kinetics and the dissociation ki-
netics, a further geometric parametric study is conducted for hydrate 
dissociation as presented in section 3.2.5. 

3.2. Simulation results 

3.2.1. Validation of two-stage dissociation models 
The simulation results of the dissociation process of the spherical 

capsule under various temperature and pressure conditions are 
compared with the experimental results in Fig. 9 (a) and (b). MRD values 
between the experiment and simulation results are listed in Table 3. The 
maximum MRD for the investigated conditions is 4.42%, therefore, by 
dividing the hydrate dissociation process into two stages and modelling 
them separately, the numerical model can well predict the dissociation 
process in a capsule. 

3.2.2. Comparison of one-stage and two-stage dissociation models 
Clarke and Bishnoi [26] modelled the dissociation kinetics of CO2 gas 

hydrates using a semi-batch stirred tank reactor. In their model, fugacity 
difference is considered as the driving force and the hydrate dissociation 
rate is modelled as: 

dn
dt

= kD0exp
(

−
ΔE
RT

)
(
feq − fg

)
(20)  

where kD0 is the reaction rate constant, ΔE is the activation energy, feq 

and fg is the fugacity of CO2 in the equilibrium condition and actual 
condition, respectively. As agitation is used in the experiment, hydrate 
particles can be considered to dissociate in the gas phase, so it is not 
applicable in the scenario when hydrate is immersed in the solution 
without agitation. 

Ayako et al. [34] proposed a model to simulate CO2 hydrate disso-
ciation under water flow conditions. Hydrate dissociation is driven by 
low concentration of CO2 in the fresh water flow and the dissociation 
rate is expressed as: 

dn
dt

= kblRTln
CH

CI
(21)  

where kbl is the dissociation rate coefficient, CH is concentration of CO2 
equilibrated with hydrate in the solution, and CI is the actual concen-
tration of CO2 at hydrate surface. 

Using Clarke-Bishnoi model and Ayako model, the gas regeneration 
yield of encapsulated CO2 gas hydrate was calculated based on the 
experimental conditions of the present work. Fig. 10 shows the com-
parison among Clarke-Bishnoi model, Ayako model, and the two-stage 
model proposed in this paper to simulate the dissociation process of 
the spherical capsule under the condition of 1 bar and 24 ◦C. It can be 
observed that two-stage model has better accuracy in predicting the 
dissociation process of hydrate in capsules than any one-stage models. 
Therefore, for encapsulated hydrate cases, a two-stage model is neces-
sary as justified by the physical mechanisms and the comparison results 
of different models. 

3.2.3. Determination of reaction rate constants 
The effects of pressure and temperature on reaction rate constants 

are studied through the proposed model. Fig. 11 shows the influence of 
pressure on the optimised reaction rate constants K1 and K2 in Stage 1 
and Stage 2. The reaction rate constants show weak dependence on 
pressure at the investigated conditions. The average value of K1 and K2 
is 1.90 × 10-7 and 1.33 × 10-8 mol2 m− 2 s− 1 J− 1 respectively, and the 

(a) (b)

Fig. 9. Validation of gas hydrate dissociation in the spherical capsule at (a) different pressures, with temperature of 24 ◦C and (b) different temperatures, with 
pressure of 1 bar. 

Table 3 
Mean relative difference between the experiment and simulation results.  

Case 1 2 3 4 5 6 7 

Temperature (◦C) 18 20 22 24 24 24 24 
Pressure (bar) 1 1 1 1 6 11 16 
MRD (%) 3.37 4.02 3.51 3.83 2.99 4.42 2.31  
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value of each data point floats around the average value. The indepen-
dence of reaction rate constant on pressure was also observed in other 
hydrate dissociation models [20,26,31]. 

To investigate the influence of temperature on reaction rate con-
stants, an Arrhenius-type equation was adopted based on the results of 
previous studies [26,31,33]. The reaction rate constants can be 
expressed as: 

K1 = K10exp
(

−
ΔE1

RT

)

(22)  

K2 = K20exp
(

−
ΔE2

RT

)

(23) 

where K10 and K20 are the pre-exponential factors, ΔE1 and ΔE2 is the 
activation energy in Stage 1 and Stage 2, respectively. The relationship 

Fig. 10. Comparison between different kinetic models on simulating gas hydrate dissociation.  

Fig. 11. Influence of pressure on K1 and..K2  
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of ln(K) and 1/T is plotted in Fig. 12 and a linear fit is conducted for both 
stages. Good agreement can be achieved between the data points and the 
linear fit in the investigated conditions. The expressions of K1 and K2 are: 

K1 = exp(
− 5100

T
+ 1.62) (24)  

K2 = exp(
− 15299

T
+ 33.4) (25) 

Therefore, the dissociation flux in different stages can be expressed 
as: 

F1 = exp(
− 5100

T
+ 1.62)RTln

fe

f
, Stage 1; (26)  

F2 = exp(
− 15299

T
+ 33.4)RTln

Ce

C
, Stage 2. (27)  

3.2.4. Influence of capsule volume 
Time evolutions of the gas regeneration profiles for the spherical 

capsule with different volumes are simulated and the results are shown 
in Fig. 13. As expected, t90 increases with the increase of capsule volume. 
Table 4 lists the values of n90, t90 and average gas generation rate per 
volume for different capsule sizes. It can be noted that the average gas 
generation rate is higher for a larger capsule, due to a larger surface 
area. However, the average gas generation rate per volume decreases 
with the increasing capsule volume. The main reason is the higher 
surface-to-volume ratio for the smaller capsule size. Since the dissocia-
tion happens at the surface of gas hydrate, surface area will be the 
dominant factor in each stage of the dissociation process at a given 
temperature and pressure condition. 

3.2.5. Influence of capsule geometry 
Based on the results and discussions above, two major factors affect 

the dissociation kinetics of gas hydrate in a capsule: the dissociation 
driving force and dissociation surface area, and both factors are affected 
by the capsule geometry. To further investigate the effects of capsule 
geometry on gas hydrate dissociation kinetics, two other deformation 
structures of the RBC-shaped capsule, i.e., the ring-shaped and drum- 
shaped structures are designed with the same internal volume as that 
of the spherical and RBC-shaped capsules studied earlier. It can be 
considered that the radius of arc at the centre of RBC is zero for the ring 
shape and infinity for the drum shape. Table 5 shows the schematic and 
surface-to-volume ratio of the four geometries. The dissociation process 
of gas hydrate in the four capsules were simulated under 1 bar and 24 ◦C. 

The values of t90 of each geometry are also shown in Table 5, and the 
amount of gas generation yield over time for different capsules are 
plotted in Fig. 14. 

As can be observed, the semi-clathrate hydrate dissociation kinetics 
of the ring-shaped capsule is significantly enhanced compared to other 
shapes. This can be attributed to two reasons. Firstly, the surface-to- 
volume ratio of the ring-shaped capsule is the highest among the four 
geometries, which allows for the highest surface area for gas dissocia-
tion. Secondly, larger amount of hydrate dissociates in the rapid disso-
ciation stage (Stage 1), leading to a shorter overall gas regeneration 
time. For the drum-shaped capsule, although the surface area is higher 
than the spherical one, its dissociation rate is lower since only a small 
amount of hydrate dissociates in the rapid dissociation stage, which 
results in a longer overall gas regeneration time. 

In real applications, gas hydrate dissociation kinetics can be 
controlled by capsule geometry to meet actual demands. For instance, 
during gas hydrate transportation where low dissociation rate is desired 
to improve transport safety, RBC is overall the best as it allows high- 
efficiency hydrate formation while slow dissociation. In such cases, 
capsules with a lower surface-to-volume ratio and a shorter Stage 1 are 
more favourable. On the other hand, for gas regeneration devices where 
efficient dissociation is desired, capsules with higher surface-to-volume 
ratio and longer Stage 1 are more favourable, such as the ring shape. 

4. Conclusions 

In this paper, a new two-stage numerical model was proposed for the 
first time to investigate CO2-TBAB semi-clathrate hydrate dissociation 
behaviour in individual capsules. The model was validated by experi-
ments under various temperature and pressure conditions above the 
phase equilibrium curve of hydrate. The effects of temperature, pres-
sure, capsule volume and capsule geometry on gas hydrate dissociation 
kinetics were investigated. The main findings conclude that:  

(1) Gas hydrate dissociation in a capsule can be divided into rapid 
dissociation stage (Stage 1) and slow dissociation stage (Stage 2). 
The variation in dissociation rate can be attributed to the change 
in dissociation surface area and the different mechanisms of 
driving force in the two stages. In both stages, the dissociation 
driving force can be expressed as the difference in Gibbs free 
energy between the hydrate phase under three-phase equilibrium 
condition and ambient phase. The reaction rate constants in both 
stages can be fitted into Arrhenius-type equations. 

Fig. 12. Dependency of K1 and K2 on the temperature.  
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(2) For encapsulated gas hydrate in a given shape, the average gas 
regeneration rate per volume decreases with the increasing 
capsule volume, due to the higher surface-to-volume ratio for the 
smaller capsule size.  

(3) Gas hydrate dissociation in a ring-shaped capsule has shortest 
overall dissociation time in the investigated capsule geometries 

due to its high surface-to-volume ratio and long transition time to 
Stage 2. 

This work provides an experimentally validated model for encapsu-
lated gas hydrate and demonstrates the improvements of dissociation 
efficiency by tailoring the individual capsule shape. The numerical 
framework can be used for guiding the capsule design for relevant 
application scenarios. Future work can include the implementations of 
manipulation of dissociation for efficient hydrate-based gas transport 
and recovery. 
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Fig. 13. Influence of capsule volume on gas regeneration.  

Table 4 
Influence of capsule volume on gas hydrate dissociation behaviour.  

Capsule 
volume 
(mL) 

n90 

(mol) 
t90 

(min) 
Average gas 
generation rate 
(×105 mol min− 1) 

Average gas 
generation rate per 
volume (mol min− 1 

m− 3) 

11.25  0.01890 1,464  1.291  1.148 
22.5  0.03780 1,917  1.972  0.8764 
45  0.07560 2,466  3.066  0.6813  

Table 5 
Influence of capsule geometry on gas hydrate dissociation behaviour.  

t
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