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Abstract−The phase change from germ nuclei to growth nuclei and subsequent volume transformation in a crystalli-
zation process was modeled by Avrami equations. The phase change during the hydrate formation was fitted with the
classical Avrami model by utilizing gas uptake data. The idea is to understand the difference in growth behavior of
hydrate crystals when in small pores compared to a stirred tank reactor which does not pose any physical restrictions to
hydrate growth. The parameters n and k of the Avrami equation were determined explicitly for CO2 hydrate formation.
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INTRODUCTION

Gas hydrates, or clathrate hydrates, are the ice-like nonstoichio-
metric crystalline compounds that are formed when small gases
or liquid molecules (guest) are entrapped within cages formed by
hydrogen bonded water (host) molecules at high pressure and low
temperature [1,2].  Apart from its importance as an energy resource
(natural gas hydrate is a potential source of methane gas, exists
across the globe in marine environment and in permafrost region),
gas hydrates have been identified as a suitable material for H2 stor-
age and CO2 capture and sequestration [3-5]. CO2 capture and sep-
aration from a flue gas (CO2 : N2 mixture) and fuel gas (CO2 : H2

mixture) by clathrate hydrates formation, also known as HBGS
(Hydrate based gas separation) process has been found to be attrac-
tive due to its environmental friendly approach [6-11]. HBGS pro-
cess is essentially a multistage hydrate formation and decomposition
cycle very similar to pressure swing/temperature swing adsorption
[12]. In this process a gas mixture having carbon dioxide is brought
in contact with water so that CO2 preferentially forms hydrates,
resulting in CO2 separation from its mixture [13-15]. The separa-
tion efficiency is a function of lower induction time, faster growth
kinetics and higher water to hydrate conversion [2]. However, for
this process to be commercially feasible, the above three factors
need to be optimized at a temperature and pressure not far from
ambient (restricted by thermodynamics). The enclathration starts
at the gas-water interface and water to gas contact plays an import-
ant role in gas hydrate formation kinetics. It has been observed that
using porous media for water to gas contact is more economical
than having a stirred tank configuration; it enhances the hydrate

growth kinetics and water to hydrate conversion while reducing
the induction time [2,16-19]. In hydrate crystallization, induction
time is an important characteristic of the kinetics which is experi-
mentally accessible [20]; however, it is extremely difficult to mea-
sure the rate of nucleation through experiments, moreso because
nucleation is a stochastic phenomenon and upon initial hydrate
nucleation, growth and nucleation happen simultaneously [10].
Hydrate formation is an exothermic process in which crystalliza-
tion is characterized by nucleation followed by growth and agglom-
eration [3,21]. To maintain the hydrate growth, gas molecules and/or
water molecules have to diffuse through the growing hydrate layer.

In case of a stirred tank reactor, the enclathration starts at the
gas-water interface and progresses towards bulk water phase, as
gas hydrate formation depends on water to gas contact area [22].
For a fixed bed reactor, porous media maximizes the gas to water
interface, which is quite conducive for the hydrates to nucleate and
grow within the pores of the media (intra pore hydrates) as well as
between the particles (inter pore hydrates). However, effective dif-
fusion of hydrate forming gases and partial plugging of pores due
to quick hydrate formation needs to be understood. At the same
time, smaller pore sizes are known to change the thermodynamic
boundary and push the three phase equilibria to extreme condi-
tions, thus reducing the effective driving force for better growth
kinetics.

In addition, CO2 sequestration in the geological storages as hydrate
has also been considered a potential application where thermody-
namic conditions suitable for CO2 hydrate formation exist. Recently,
Sun and Englezos simulated the lab scale injection of CO2 in porous
media for sequestration or storage purpose [23]. In geological stor-
ages through hydrate formation, it is essential to understand hydrate
formation kinetics/hydrate growth mechanism which is not possi-
ble to observe visually.

In the current work, the Avrami model is employed to get the
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idea of hydrate growth mechanism in porous medium. Avrami
[24-26] developed a theory of kinetics of phase change with the
experimentally supported assumptions that the new phase is gen-
erated by germ nuclei which already exist in the old phase, which
is more or less similar to the memory effect in gas hydrates. The
quantitative relations between the density of germ nuclei, growth
nuclei and transformed volume are derived in terms of a charac-
teristic time scale for any given substance or process [24]. As hy-
drate formation is a crystallization process, this equation in the
same or modified form can be used to explain the kinetics of gas
hydrate formation. Kashchiev and Firoozabadi developed a model
for hydrate nucleation and growth kinetics based on classical
nucleation and crystallization principles for single component gas
hydrate systems [20,27]. To explain the nucleation and growth of
gas hydrates on ice surface, Moudrakovski et al. used the Avrami-
Erofeyev equation which emphasizes the importance of nucleation
step for Xe hydrate formation [28]. Falenty and Kuhs showed that
the gas hydrate decomposition reaction outside the regime of self-
preservation can be described by an Avrami-type process [29]. Susilo
et al. also showed that methane uptake curves fit well with Avrami
equation. The Avrami equation correlates the experimental data of
initial reaction stage (where nucleation and intrinsic kinetics con-
trol the reaction) and fits quite well for the hydrate conversion
during this stage. The Avrami exponent (n, discussed later) was
found to be 0.5, which suggests that hydrate nucleated instanta-
neously and grew in one dimension with methane diffusing into
ice and hydrate phase [30]. Nambiar et al. also carried out kinetic
modeling of hydrate formation in porous media using the Avrami
model and found that this model fits the hydrate growth kinetics
very well up to 40 minutes of hydrate growth for different porous
media like silica sand, polyurethane foam, and cellulose foam for
pure CO2, CO2/H2 and CO2/H2/C3H8 gas mixtures. The Avrami
exponent (n) in silica sand media was found to be 0.68, 0.38 and
0.69 for CO2, CO2/H2 and CO2/H2/C3H8 gas mixtures, respectively.
However, it was 0.89 and 0.86 for polyurethane foam and cellu-
lose foam, respectively, using CO2/H2/C3H8 gas mixture [31].

In the present work, the gas uptake data for hydrate formation
was obtained at isothermal conditions and hydrate growth phase
after induction time were fitted with the modified Avrami equa-
tion. For such a system, the crystallization kinetics model for gas
hydrate formation can be explained by using well known Avrami
equation [24-26] for the initial growth kinetics. The Avrami model
shown below has three important parameters:

α=1−exp(−k1tn) or ln[− ln(1−α)=n lnt+lnk1 (1)

Here α represents water to hydrate conversion ratio at time t, k is
the overall crystallization rate constant (i.e., it contains contribu-
tions from both nucleation and growth) with the subscript indicat-
ing the growth stage, n is the Avrami exponent which represents
the hydrate nucleation and growth during gas hydrate formation
[32,33]. The n-value increases with dimensionality of the growth,
starting from unity for a free linear growth up to 3 for a three-
dimensional growth. Instantaneous nucleation does not contrib-
ute any additional value to n; however, sporadic nucleation does.
The maximum n-value is 4 when the crystal growth is in three-
dimensions and sporadic nucleation is expected [34]. Mass trans-

fer resistance such as diffusion-controlled growth reduces the value
of n, typically by half [32]. In a packed (fixed) bed reactor, the resis-
tances due to pore diffusion might be higher, while resistance to
film diffusion is expected to be lower; it is thus expected that Avrami
coefficients n and k would give better insight for hydrate growth
in packed bed medium. The gas hydrate formation or nucleation
occurs in the metastable region, when temperature reaches below
the equilibrium temperature. The general S-shape curve is a char-
acteristic of the water to hydrate conversion with time, which is the
same as proposed by Avrami (1937) to explain the kinetics of phase
change where they have shown the same transformation-time curve
at lower supercooling temperature. Avrami model assumes con-
stant density of the hydrate phase, thus making it independent of
the amount of hydrate formed. The model assumes that the nucle-
ation of a product phase is random and no preferential nucleation
on walls or packing material is possible, and the rate of the phase
change (growth of the crystal) is constant. The rate of growth can
be calculated, provided that the nucleation probability is known as
a function of time [24-26]. The fact that for the first few minutes
of hydrate formation intrinsic kinetics is dominant makes the
Avrami equation of crystallization a suitable model for gas hydrate
formation. Also, compared to hydrate formation in a stirred tank
reactor, fixed bed medium ensures that there is no bulk hydrate
formation, and thus has limited mass transfer resistance even after
initial hydrate growth. In the current study, the Avrami model is
used to determine the rate constant of CO2 hydrate formation and
its mechanism in fixed bed reactor compared with a stirred tank
reactor. The influence of surfactant (SDS) on gas hydrate formation
is also explained by the value of adjustable coefficients in Avrami
equation.

EXPERIMENTAL SECTION

The experimental data of the fixed bed apparatus were taken
from our earlier paper [35], and for gas uptake data from stirred
tank reactor, fresh experiments were carried out. Detailed proce-
dure for experiments carried out in the fixed bed setup is given in
Kumar et al [35]. A schematic of the stirred tank setup is shown in
Fig. 1. It consists of a 400 cm3 SS-316 high-pressure hydrate crys-
tallizer (CR) (Berghof-192-BJ-2012, Germany). The top cover plate
of the crystallizer has six ports each equipped with a Swagelok con-
nector. These ports are used for inserting a thermocouple, supply-
ing gas (inlet), vent and safety valve, gas sample extraction, liquid
sample extraction and pressure transducer. The resistance tempera-
ture detectors (Pt-100) with ±0.1 K accuracy are used to measure
the temperature of the reactor contents. All pressure measurements
are made with pressure transducers (make: Wika-S10), with a range
of 0-250 bar and accuracy of 0.075% of the span. The crystallizer
is immersed in a temperature controlled water bath containing a
40/60 wt% ethylene glycol/water mixture, which maintains the tem-
perature in the hydrate crystallizer constant. The setup is equipped
with a gas chromatograph (GC-2014AT, Shimadzu) to measure the
composition of the gas phase in the crystallizer. In this stirred tank
reactor, experiments were carried out with a fixed amount of water
(120 mL) at constant temperature of ~274.5 K & 3.5 MPa pressure
and at three different stirring rates of 200, 400 and 600 rpm [36].
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As given in the literature, the Avrami model has been used for
fixed bed reactors where adsorption takes place [37,38].

It is expected that the Avrami model would provide a good fit
of the experimental data during the initial stage of hydrate growth,
beyond which mass transfer effect dominates the crystallization
rate. The calculation of n and k is performed by fitting the data in
a double-logarithmic plot (Sharp-Hancock plot) for first stage of
hydrate formation. The Sharp-Hancock plot should give a straight
line where the slope refers to n and the intercept corresponds to ln
k. Therefore, the correlation coefficient (R2) of the fit has to be
very high if a good fit is obtained. The Avrami equation in its sim-
plest form gives a value of α equal to 0 when the crystallization
time is 0 (i.e., before the induction time) and values more than zero
at any time (t) implies that hydrate growth has started. Therefore,
in mathematical terms the equation is only defined when crystalli-
zation starts. The Avrami equation cannot account for a time period
where there is no crystallization. Hence, induction time, t0, must

be subtracted from the absolute time (t) or, in other words, time
count must start from time equal to t0. Therefore, a minor modifi-
cation has to be introduced into the classical Avrami equation in
order to take into consideration the experimental induction time
t0. Hence the modified Avrami equation becomes

ln[− ln(1−α)=lnk+n ln(t−t0) or α=1−exp[−k×(t− t0)n] (2)

where α is water to hydrate conversion at time t−t0. The regressed
values of n and k are given in Table 1.

Mean absolute percentage error (MAPE) is used to predict the
error in the Avrami model that fits the hydrate conversion ratio
data during the first stage or initial hydrate formation stage.

The following formula is used for calculating the MAPE (%):

(3)MAPE = 

Et − Ft

Et
--------------

t=1

n
∑

n
-------------------- 100×

Fig. 1. Schematic of experimental setup: Stirred tank reactor.
CR. Crystallizer P. Pressure transducer DAQ. Data acquisition system GSE. Gas sample extraction
SV. Supply vessel T. Thermocouples ER. External refrigerator LSE. Liquid sample extraction
GC. Gas chromatography S. Stirrer SPV. Safety pressure valve

Table 1. Avrami parameters obtained from sharp Hancock plot

System n Standard
error k Standard

error
Adj. R-square

value
(A) Silica gel (60-120)/water/CO2 system 0.934 0.0067 0.000881 0.000026 0.9950
(B) Silica gel (100-200)/water/CO2 system 0.930 0.0051 0.001675 0.000099 0.9947
(C) Silica gel (230-400)/water/CO2 system 0.924 0.0043 0.004873 0.000260 0.9962
(C)/SDS (500 ppm)/CO2 system 0.984 0.0170 0.003400 0.000210 0.9917
(C)/SDS (2000 ppm)/CO2 system 0.920 0.0064 0.004900 0.000120 0.9982
(C)/SDS (4000 ppm)/CO2 system 0.925 0.0215 0.010000 0.000490 0.9959
Water/CO2 system (stirred tank reactor) 200 rpm 1.100 0.0110 0.001590 0.000031 0.9966
Water/CO2 system (stirred tank reactor) 400 rpm 0.970 0.0085 0.005240 0.000119 0.9947
Water/CO2 system (stirred tank reactor) 600 rpm 0.980 0.0014 0.006270 0.000140 0.9954
Water/SDS (500 ppm)/CO2 system (stirred tank reactor) 400 rpm 0.845 0.0084 0.007140 0.000176 0.9901
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where Et and Ft represent the experimental and Avrami fit data,
respectively, for hydrate conversion ratio. The calculated MAPD is
presented in Table 2.

RESULTS AND DISCUSSION

To evaluate the kinetics of gas hydrate formation, the gas uptake
curves were fitted to the crystallization model (Avrami equation)
for initial stage of hydrate formation. The regressed values of n
and k are given in Table 1 which was obtained from Sharp-Han-
cock plot. It contains data for three different silica gel media (dif-
ferent mesh size), silica gel with three different concentrations of
SDS (anionic surfactant) and for stirred tank reactor with and with-
out SDS.

The value of n is given in Table 1 (calculated using Eq. (2)) and
as a first approximation considered to be composed of two terms:
n=nd+nn where nd represents the dimensionality of the growing
crystals and nn represents the time dependence of the nucleation.
The nd can have only the integer numbers 1, 2 or 3 corresponding
to one-, two- or three-dimensional entities that are formed [39]. In
the case of polymers, the value of nd is either 2 or 3, as they repre-
sent axialites (two-dimensional lamellar aggregates) and spherulites
(superstructural three-dimensional aggregates of radial lamellae),
respectively, while in the case of gas hydrate it is expected to vary
between half and one depending on the degree of mass transfer
resistance for gas diffusion [30]. The value of nn should be either 0
or 1, where 0 corresponds to instantaneous nucleation and 1 to
sporadic nucleation. However, since in many cases the nucleation
may be in between completely instantaneous or completely spo-
radic. This can lead to a non-integer value of n [40-42]. In those
cases nn can have a value of 0.5, which indicates Fickian depen-
dence (following Fick’s law) of growth with the square root of time
[42]. The typical Avrami plots for packed bed reactor are shown in
Figs. 2 and 3. The correlations from Avrami model to the mea-
sured conversion rate are shown in Fig. 4 (for three silica gel media)
and Fig. 5 (for silica gel media with various concentration of SDS).
In a packed bed reactor (using porous silica gel), hydrate forma-
tion depends on the wettability of the medium, water and gas sat-
uration in the pores, the size of the pores, total surface area of
medium and so forth [17,35]. The mass transfer resistance offered
is due to pore diffusion and film diffusion.

Fig. 2. Avrami plot for fixed bed reactor where three types of silica
gels was used. Dotted line corresponds to the data calculated
using Avrami equation and solid line corresponds to the lin-
ear fit. The regressed parameters (n and k) are given in Table 1.

Table 2. The error in the Avrami model is expressed in mean absolute percentage error (MAPE) for all the systems used in this study
S. No. System Time for Avrami model prediction (min) MAPE (%)

01 (A) Silica gel (60-120)/water/CO2 system 150 10.4
02 (B) Silica gel (100-200)/water/CO2 system 030 05.0
03 (C) Silica gel (230-400)/water/CO2 system 050 09.0
04 (C)/SDS (500 ppm)/CO2 system 075 09.6
05 (C)/SDS (2000 ppm)/CO2 system 075 08.2
06 (C)/SDS (4000 ppm)/CO2 system 030 07.8
07 Water/CO2 system (STR) 200 rpm 030 02.3
08 Water/CO2 system (STR) 400 rpm 018 01.6
09 Water/CO2 system (STR) 600 rpm 012 03.0
10  Water/SDS (500 ppm)/CO2 system (STR) 400 rpm 030 02.0
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In the present work, pore size of all the three types of silica gel
used in this study was quite similar; however, it differs in particle
size and exposed specific surface area [35]. As seen in Fig. 2, the lin-
ear correlation fits for a longer time (~150 min) in type A silica gel
(60-120 mesh), which has largest particle size distribution and smaller
specific surface area (compared to type B (100-200 mesh) and C
(230-400 mesh) silica gel), while in other two silica gels the linearity
vanishes after some time (~30min), where the model slightly overes-
timates the data (also refer Table 2). This may be ascribed to the role
of resistance of hydrate film formed around inter and intra pores.

As seen in Figs. 4 and 5, the Avrami model fits the hydrate con-
version ratio data during the first stage quite well (initial hydrate

formation; refer to Table 2) [30]. At the end of the first stage, effects
of mass transfer resistance come into picture and rate of hydrate
formation decreases. As the layer of nuclei is formed at the inter-
face (solid-liquid-gas) and the interfacial area between reactant and
products decreases or pores are blocked, there is much less water
to gas contact, which results in slower kinetics. Fig. 4 represents
the hydrate conversion ratio for three different silica gels, which
shows good correlation with Avrami model. As seen in Fig. 4, the
slopes of all Avrami plots of the system are almost parallel to each
other with an n value at around ~0.93. For a system where there is
no resistance (free growth) with linear growth in one dimension
and instance nucleation, the expected value of n is one [30]. The
observed n value of 0.93 shows that for the first 30 minutes hydrate
grows linearly in one dimension and mass transfer resistance is quite
less, which shows that a for a fixed bed arrangement there is un-
hindered hydrate growth for the first 30 minutes of hydrate forma-
tion (sI hydrate) [43]. Susilo et al., also applied the Avrami model

Fig. 3. Avrami plot for fixed bed reactor, in which 230-400 mesh
type of silica gel with different concentration of SDS was used.
Dotted line corresponds to the data calculated using Avrami
equation (Eq. (2)) and solid line corresponds to the linear fit.
The regressed parameters (n and k) are given in Table 1.

Fig. 5. Hydrate conversion for 230-400 mesh type of silica gel with
different concentration of SDS (500, 2,000 and 4,000 ppm)
correlated well with Avrami model for first stage.

Fig. 4. Hydrate conversion for three different silica gels correlated
well with Avrami model.
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for sI hydrate where methane hydrate was formed in fine crushed
ice. In ice-methane system, no gas diffusion through a liquid film
exists; in absence of any mass transfer resistance n-value should be
closer to one. However, in that study it was found that the n value
is closer to 0.5, which is expected as ice to hydrate transformation
cannot be called a classical crystallization process [30]. The value
of K (rate constant) is in the good agreement with the experimen-
tal results shown in literature [35]. As seen in Table 1, the value of
k is of order 10−3, which increases with increase of surface area of
silica gel (shown in previous paper [35]). The k value of CO2 hy-
drate formation in silica gel of mesh size 100-200 was found almost
twice compared to 60-120 mesh silica gels. However as seen in
Table 1, the n value of system does not change drastically with small
change in pore volume studied for this work.

Similar types of results were obtained when various concentra-
tion of SDS were added with C type of silica gel (Figs. 3 and 5). As
seen in Table 1, at 500 ppm SDS concentration there is a slight in-
crement in the value of n compared to hydrate formation without
SDS. However, as we increased the concentration of SDS from 500
to 4,000 ppm, n value remained more or less constant. This result
is expected due to fast initial hydrate growth rate at higher SDS
concentration followed by suggestion that at higher SDS concen-
tration of the 2,000 and 4,000 ppm SDS concentration enhances
the initial rate of gas hydrate formation significantly compared to
500 ppm surfactant (see Table 1), which creates less concentration
gradient around the pore as well as in the pore. Hence, it reduces
the further diffusion of gas and thus reduces the n value slightly.

Hydrate crystal growth may actually consist of three stages (rep-
resented in Fig. 6). The first stage occurs rapidly and dominates
the crystallization growth. It is primary crystallization process where
the radial growth from the center of nuclei is observed, most proba-
bly forming a needle-like crystal (1D), as suggested by n value closer
to one. The secondary growth stage is slower and the crystalliza-
tion process is now affected by the mass transfer resistance posed
by the hydrate crystals, which forms in interparticle spaces of

porous medium. The third growth stage is the slowest where crys-
tallization process almost ceases due to extensive hydrate growth
in the interspaces, thus limiting further contact of fresh water and
gas phase. As seen in Fig. 6, the Avrami exponent n value of the
system reduces to around 0.7 after first stage of growth and to 0.2
after second stage, which can be attributed to the slower conver-
sion rates for hydrate formation in silica gel (100-200 mesh size)
after certain hydrate conversion was achieved.

Hydrate formation in stirred tank reactor was performed for
formation of CO2 hydrates which form sI hydrate. Different stir-
ring conditions (200-600 rpm) and promoters (SDS at 400 rpm)
were taken to investigate their effect on Avrami parameters. The
results obtained from the experiments are shown in Fig. 7. As seen
there, the initial rate of CO2 uptake (water to hydrate conversion,
α) increases with increase in stirring, which clearly shows that with
mass transfer the resistance decreases with stirring, thus reducing
the film resistance. However, as discussed in literature, very high
stirring speed may not necessarily reduce the film resistance as ini-
tial rate of hydrate formation is almost similar for a stirring speed
of 400 rpm and 600 rpm. Addition of small amount of surfactant
(500 ppm SDS concentration) reduces the surface tension and thus
reduces the mass transfer limitation to certain extent. The results
can be clearly seen on the hydrate formation kinetics, which shows
better hydrate formation rate compared to the one obtained with
no surfactants. Figs. 8 and 9 show the typical Avrami plot (Sharp
Hancock plot) and correlation plot to measure the conversion ratio
in stirred tank reactor. Table 1 summarizes the data calculated using
the Avrami equation (n and k value). As seen in Fig. 8, it shows a
perfect linear correlation with the experimental data in both the
cases (with surfactant and without surfactant) with a correlation
coefficient (R2) of more than 0.99. As seen in Fig. 9, Avrami model
fits the hydrate conversion ratio well during stage I of growth (refer
Table 2 for MAPE). The calculated hydrate conversion using Avrami
equation over-estimates the data after a certain hydrate conversion
ratio (~0.15). Stage II of hydrate growth is limited by the diffusion
through hydrate film. In a stirred tank reactor, hydrate formation
gets enhanced due to vigorous stirring. As shown in Table 1, the

Fig. 6. Three stage Avrami plot for fixed bed reactor with 100-200
mesh silica gels. Dotted line corresponds to the data calcu-
lated using Avrami equation, and solid line corresponds to
the linear fit. Stages correspond to time interval where a type
of resistance is dominant.

Fig. 7. Water to hydrate conversion during hydrate formation in
stirred tank reactor at different stirring speeds (200, 400 and
600 rpm) and in presence of surfactant SDS at 400 rpm.
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value of n for CO2 hydrate in a stirred tank reactor is closer to 1
(n=0.98 to 1.1), which suggests that almost no gas diffusion resis-
tance exists for the first few minutes of hydrate formation in a
stirred tank reactor, and hydrate formation is mostly one dimen-
sional. This observation was also noted by Takeya et al. [44] and
Uchida et al. [45] who reported that CO2 hydrate crystal growth

was initiated by hydrate formation at the interface between gas
and water, and then hydrate crystals were observed to grow down-
ward from the film in dendritic or needle-like shape.

Surprisingly, in presence of surfactant the Avrami exponent n
value decreases to 0.84; similar results were also observed in a packed
bed system. The expected n value was near to one because of in-
crease in rate of hydrate formation on adding surfactant; however,
this was not seen, which can be attributed to the high initial rate of
hydrate formation which reduces the gas to water contact [46]. The
regressed values of Avrami rate constant k are shown in Table 1.
As expected from experimental results, the difference in rate con-
stant k values for 400 rpm, 600 rpm and with surfactant experi-
ments is not large. If we compare the rate in packed bed and
stirred tank system (based on k value), these two systems are dis-
tinguishable as k value (initial rate) is higher in stirred tank sys-
tem compared to packed bed system.

Fig. 10 represents the comparison of crystallization rate con-
stant (k) data obtained from various systems such as stirred tank
reactor (this work), fixed bed reactor (this work and Nambiar et
al. [31]) and for ice powder (where hydrates were formed in ice
using methane gas and tert-butyl methyl ether as sH hydrate for-
mer). When ice is exposed to methane gas, it forms sI hydrate;
however, in the presence of large molecule guest substances (LMGS),
it forms sH [30]. It is surprising that the crystallization rate in ice
powder for sH is significantly high compared to sI (CH4, CO2, CO2/
H2) and sII hydrates (CO2/H2/C3H8) in various media (silica sand,

Fig. 8. Avrami plot for stirred tank reactor where three types of stirring speeds were used. Dotted line corresponds to the data calculated
using Avrami equation and solid line corresponds to the linear fit. The regressed parameters (n and k) are given in Table 1.

Fig. 9. Avrami plot for stirred tank reactor at different stirring rate,
in which CO2 hydrate was formed with and without surfac-
tant; inset figure shows the water to hydrate conversion cor-
relation with Avrami model for first 80 minutes.
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silica gel, PU foam and ice powder) and STR. As can be seen in
the figure, in the case of sH, when TBME concentration increases,
there is a significant rise in rate at high pressure (6.0 MPa). This
can only be explained on the basis of higher driving force avail-
able for hydrate formation in sH hydrate. Fig. 11 represents the
comparison of Avrami exponent data obtained from various sys-
tems such as stirred tank reactor (this work), fixed bed reactor
(this work and Nambiar et al. [31]) and for ice powder (when hy-
drates were formed in ice) [30]. As can be seen in the figure, the

Avrami exponent shows different values for different systems. In
ice powder, it is significantly less compared to STR and fixed bed
systems. Additionally, when hydrates were formed from a ternary
gas mixture (CO2/H2/C3H8) in fixed bed setup there was a signifi-
cant difference in the slopes (n-value) for different gases. Avrami
exponent was found to be 0.68 and 0.38 for sand/CO2 (3.5 MPa
pressure) and sand/CO2/H2 (9 MPa pressure) system, respectively,
which reveals that Avrami exponent value depends on guest gas
and experimental pressure.

Fig. 11. Comparison of Avrami exponent (n) data obtain from various systems such as stirred tank reactor (this work), fixed bed reactor (this
work and Abhishek et al. [31]) and ice powder (hydrate formed in ice) Susilo et al. [30].

Fig. 10. Comparison of crystallization rate constant (k) data obtain from various systems such as stirred tank reactor (this work), fixed bed
reactor (this work and Abhishek et al. [31]) and ice powder (hydrate formed in ice) Susilo et al. [30].
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CONCLUSION

The water to hydrate conversion rates in first stage of hydrate
growth were well correlated by the Avrami equation. The Avrami
exponent for fixed bed media and stirred tank was found to be
~0.9, which suggests linear hydrate growth in one dimension in
rod- to disk-like crystal; this kind of crystal growth results from
mass transfer limitation in highly confined pores of a fixed bed
setup. For hydrate formation from ice, the Avrami exponent is
even lower (~0.6); however, the rate of hydrate formation is quite
fast compared to STR or fixed bed setup. This result points to the
fact that conversion of ice to hydrate is a different mechanism and
cannot be compared with classical nucleation and growth of crys-
tal from a supersaturated system as in STR or fixed bed setup.

For gas hydrate system it is observed that:
a) Avrami plot fits quite well the initial rate of hydrate growth;

however, with time due to more mass transfer resistance the Avrami
equation fails to predict the growth rate. Higher mass transfer is
seen in STR compared to a fixed bed setup.

b) In a fixed bed system Avrami type plots show a linear fit over
all conversions but have non-integer values of slope. This is incon-
sistent with theory, which may be due to

1) Different nucleation mechanisms
2) Different kinds of spherulite (spherical semicrystalline regions)
3) Mass transfer effect
4) Rod to disk to spherulite conversion.
The Avrami exponent “n” may explain the hydrate nucleation

and growth mechanism. This model is quite useful. As the mor-
phology of hydrate growth in a packed bed medium cannot be
observed visually, the parameter of the Avrami equation gives an
idea of its growth. This kind of analysis will help to elucidate the
growth kinetics of CO2 hydrate during its sequestration in geologi-
cal sites.
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