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ABSTRACT: In the present study, CO2 sequestration by hydrate formation in porous
sediments has been discussed. Two siliceous materials with high porosities, pumice and fire
hardened red clay (FHRC), have been used as packing materials in a fixed bed setup to
study hydrate formation kinetics. The results obtained using the aforementioned materials
were compared with those obtained using silica sand and quartz. Carbon dioxide hydrate
formation kinetics was studied at 3.0 MPa pressure and 274 K temperature. Two different
types of experiments were conducted: (a) using a constant volume of water and (b)
maintaining a constant bed height. These experiments were conducted using the different
porous media individually as packing materials. It was observed that pumice as the porous
medium showed better hydrate formation kinetics resulting in 46 mol % water to hydrate
conversion in 5 h. Moreover, kinetics was enhanced with decrease in the bed height of
pumice; this suggests that at field scale adaptation of CO2 sequestration in geological
formations, mass transfer limitations would be significant. The effects of particle size on
hydrate formation kinetics were also investigated. It was observed that hydrate formation
kinetics was enhanced with decrease in the particle size fraction.
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■ INTRODUCTION

Carbon dioxide, a major greenhouse gas, is an undesirable
byproduct of energy related activities such as electricity
generation from fossil fuel combustion.1−3Efficient capture
and storage of CO2 is pegged as a short- to medium-term
solution to contain the anthropogenic release of CO2 into the
atmosphere. CO2 capture and separation from a gas mixture
can be achieved through several approaches. These include
conventional approaches like ethanol amine based chemical
absorption process, pressure and temperature swing adsorption
process, membrane separation and Solexol/Rectisol based
physical absorption process. Some unconventional processes
for CO2 capture (which are still in development stage) are use
of metal organic frameworks and ionic liquids for preferential
CO2 adsorption through weak chemical forces. The hydrate
based gas separation (HBGS) process is one such technology
that can preferentially adsorb CO2 through enclathration of
CO2 in ice like cages.4−6 Gas hydrates (GHs) are crystalline
compounds formed through the interaction of hydrogen
bonded host (water) molecules and small guest molecules at
suitable pressure and temperature conditions.7 GHs find
applications in gas capture and storage, gas transport and
seawater desalination. However, the most important reason for
studying gas hydrate is assessment and exploitation of naturally
occurring methane GHs, which are considered to be a vast,
untapped source of energy.4,8−14

Carbon dioxide sequestration is defined as storage of
anthropogenic CO2 in geological formations either perma-

nently or for geologically significant time periods.14−20Depleted
oil and gas reservoirs, saline aquifers, unmineable coal beds and
deep sea beds are geological formations that can be used for
long-term CO2 sequestration. Another option of deep ocean
storage is plagued by environmental concerns such as ocean
acidification and eutrophication.21 In Canada, about 5 Mt of
acid gases (CO2 and H2S) have been safely stored into depleted
gas reservoirs. The Sleipner West gas field in the North Sea is
another example of underground CO2 storage in porous
sediment.16,18The above studies all refer to CO2 storage in the
fluid phase. Site selection for CO2 storage needs addressing of
various factors such as appropriate porosity and permeability of
the reservoir rock, temperature, pressure and the availability of
a stable geological environment.21 CO2 storage in the form of
solid hydrates in underground reservoirs is promising as 1 m3 of
CO2 hydrate can store 120−160 m3 of CO2 gas at STP.

14,16,22

Sun and Englezos mimicked the conditions of the depleted gas
reservoir at Northern Alberta, Canada. The objective was to
assess the potential of the site in question to serve as a host for
CO2 storage in the form of solid hydrates.14

India has a complex and diverse geology. Much of the
geology of present-day India is a result of volcanic eruptions
dating back to prehistoric eras. The Indian subcontinent is
mantled with the remnants of at least five continental flood
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basalt provinces that occurred between the middle Proterozoic
to the late Cretaceous-early Tertiary eras.23 The geographical
land area of India can be divided into three parts: The Deccan
Trap (youngest of the five continental flood basalt provinces),
Gondwana and Vindhayan.24 The Deccan Trap is acknowl-
edged to be one of the largest volcanic features on Earth. It
presently occupies around half a million square kilometers of
western and central India and southernmost Pakistan.23 The
rocks found in the Deccan Trap are mainly igneous type
(formed through the cooling and solidification of magma or
lava).23−25 To simulate such lithography in a laboratory setup
for studying CO2 hydrate formation kinetics, we have chosen
pumice and fire hardened red clay (FHRC) with suitable water
saturation. Hydrate formation kinetics are studied in these two
media and the results are compared with those obtained using
silica sand and quartz. Pumice and FHRC are both highly
siliceous materials with much higher porosities as compared to
silica sand and quartz. Silica sand and quartz are porous
sediments found in depleted oil and gas reservoirs. Unfortu-
nately, India does not have many depleted oil and gas reserves.

Thus, a comparison study on CO2 hydrate formation kinetics
using siliceous volcanic materials such as pumice and FHRC (a
model material), which are available in plenty in the Indian
subcontinent, is going to be valuable in assessing the feasibility
of sequestering CO2 in the form of hydrates for the same.
Pumice is a volcanic rock with an unusual foamy

configuration that is created when superheated, highly
pressurized rock is violently ejected from a volcano.26,27 On
land, it can be found anywhere in the vicinity of a volcano. It
can also be found floating in the sea, attributable to underwater
volcanoes ejecting molten lava and volcanic gases well above
sea level. When the molten lava comes in contact with cold
seawater, it hardens to form pumice. FHRC, which is used in
the construction industry, is used as a model material in this
work, as it closely mimics the nature of siliceous volcanic
deposits. Pumice and FHRC both mainly consist of SiO2 and
Al2O3 with varying amounts of other materials such as
magnesia, iron oxide, lime, etc.28−30 Like pumice, FHRC is
also created at conditions of high pressure and temperature,
around 900−1000 °C.31 The conditions of formation of these

Figure 1. Schematic of the experimental apparatus.
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two materials tell us that these are geologically stable
formations. The Deccan Trap abounds with highly siliceous
volcanic rocks like pumice.23,25 The Central Indian Basin (CIB)
is another volcanic province that consists of layers of ash and
pumice.32,33 The volcanic islands: Narcondam and Barren
Island (India’s only active volcano) in the Andamans are also
sources of pumice and similar volcanic rocks such as scoria.34

All the four porous materials discussed above have potential
for use as porous geological media for CO2 storage. In the
present work, the effects of these porous materials on hydrate
formation kinetics were studied and compared. Three different
size fractions were made for (a) pumice and (b) FHRC. Two
types of experiments were conducted: first, the volume of water
used was kept constant leading to different bed heights and
second, the bed height was kept constant resulting in different
volumes of water used in each case.

■ EXPERIMENTAL SECTION
Materials. Carbon dioxide gas with a certified purity of more than

99.9% was supplied by Vadilal Gases Ltd., India. Silica sand and Quartz
used in this study were purchased from Sakalchand & Company, Pune,
India. The volume of water required to completely fill the void space
between the sand particles and quartz particles was 0.20 and 0.16 cm3/
g, respectively.35 Pumice and FHRC were purchased from Pune, India.
The pumice and FHRC samples were ground to different size
fractions: (a) less than 210 μm, (b) 210−420 μm and (c) more than
420 μm. The volume of water required to completely fill the void
interstitial spaces between the particles of different size fractions of
pumice and FHRC are included in the Supporting Information as
Table S1.

Apparatus and Procedure for Hydrate Formation Experi-
ment. A detailed description and schematic of the fixed bed apparatus,
as shown in Figure 1, has been given in Kumar et.al.36 The procedure
for the hydrate formation experiments is as follows. For each of the
four porous media discussed above, two types of experiments were
carried out: (a) with a constant volume of water (24 cm3) and varying
bed heights (Table 1) and (b) with a constant bed height (3 cm) and

Table 1. Summary of All Experiments Conducted with Constant Volume of Water (24 mL)a

system

average
porosity

(vol %) ± SD

vol. of
water
used
(cm3)

bed
height
(cm)

exp.
no.

run
type

gas consumed
(mol of gas/mol of water)

final water
to hydrate
conversion
(mol %)

final gas to
hydrate

conversion
(mol %)

induction
time
(min)

average
induction time

± SD

sand size: 30−400 μm 30.7 ± 0.8 24.0 3.0 1 fresh 0.040 23.1 14.5 9.0 18.6 ± 15.6

2 repeat 0.040 23.1 14.9 10.8

3 fresh 0.051 29.3 19.7 5.4

4 repeat 0.064 36.8 25.3 26.0

5 fresh 0.044 25.1 16.1 3.0

6 repeat 0.076 44.1 31.2 31.3

7 repeat 0.067 38.4 24.8 44.5

quartz size: 200−1000 μm 24.0 ± 0.7 24.0 4.5 8 fresh 0.033 19.1 14.1 0.3 7.4 ± 8.8

9 repeat 0.034 19.8 14.4 0.2

10 repeat 0.041 23.0 17.6 6.2

11 fresh 0.031 18.3 13.8 1.1

12 repeat 0.042 24.1 18.3 16.9

13 repeat 0.038 21.9 17.1 19.8

pumice size: >420 μm 46.4 ± 2.0 24.0 2.2 14 fresh 0.024 13.6 7.4 5.3 32.1 ± 24.0

15 repeat 0.019 10.7 6.5 39.7

16 repeat 0.018 10.4 6.5 51.3

pumice size: 210−420 μm 57.0 ± 1.8 24.0 2.3 17 fresh 0.050 29.0 15.9 1.8 10.3 ± 9.8

18 repeat 0.066 37.7 21.1 8.2

19 repeat 0.032 18.5 10.3 21.1

pumice size: <210 μm 42.3 ± 0.7 24.0 2.7 20 fresh 0.080 46.0 26.4 10.3 31.6 ± 21.5

21 repeat 0.079 45.1 26.5 48.5

22 repeat 0.082 47.1 27.7 47.8

23 fresh 0.084 48.2 27.2 0.2

24 repeat 0.072 41.3 24.7 49.5

25 fresh 0.074 42.3 24.2 17.1

FHRC size: >420 μm 31.2 ± 1.7 24.0 3.5 26 fresh 0.025 14.3 9.3 6.3 71.1 ± 62.9

27 repeat 0.022 12.7 8.3 75.0

28 repeat 0.020 11.9 7.9 131.9

FHRC size: 210−420 μm 49.0 ± 2.9 24.0 2.4 29 fresh 0.039 22.2 12.6 1.8 93.4 ± 144.8

30 repeat 0.034 19.8 11.3 18.0

31 repeat 0.029 16.6 9.6 260.4

FHRC size: <210 μm 55.9 ± 2.0 24.0 2.4 32 fresh 0.065 37.5 21.0 0.2 61.6 ± 87.9

33 repeat 0.061 35.1 20.0 115.0

34 repeat 0.059 34.0 19.5 216.4

35 fresh 0.076 43.7 23.8 0.1

36 repeat 0.062 35.9 20.6 36.4

37 fresh 0.066 37.9 21.4 1.3
aThe dependent variables listed are bed height, induction time, the amount of CO2 gas consumed until the end of the reaction, the water to hydrate
conversion and the gas (CO2) to hydrate conversion. Experimental temperature and pressure were 274 K and 3.0 MPa, respectively. The gas uptake
was measured for a fixed time of 5 h after induction for all the experiments conducted.

ACS Sustainable Chemistry & Engineering Research Article

DOI: 10.1021/acssuschemeng.5b00171
ACS Sustainable Chem. Eng. 2015, 3, 1205−1214

1207

http://dx.doi.org/10.1021/acssuschemeng.5b00171


T
ab
le

2.
Su
m
m
ar
y
of

A
ll
E
xp
er
im

en
ts

C
on

du
ct
ed

w
it
h
C
on

st
an
t
B
ed

H
ei
gh
t
(3

cm
)a

sy
st
em

av
er
ag
e
po
ro
si
ty

(v
ol

%
)
±

SD
vo
lu
m
e
of

w
at
er

us
ed

(c
m

3 )

be
d

he
ig
ht

(c
m
)

ex
p.

no
ru
n

ty
pe

ca
rb
on

di
ox
id
e
co
ns
um

ed
(m

ol
of

ga
s/
m
ol

of
w
at
er
)

fi
na
l
w
at
er

to
hy
dr
at
e

co
nv
er
si
on

(m
ol

%
)

fi
na
l
ga
s
to

hy
dr
at
e

co
nv
er
si
on

(m
ol

%
)

in
du
ct
io
n

tim
e
(m

in
)

av
er
ag
e
in
du
ct
io
n

tim
e
±

SD

sa
nd

si
ze
:
30
−
40
0
μm

30
.6
±

0.
8

24
.0

3.
0

as
gi
ve
n
in

T
ab
le
1

qu
ar
tz

si
ze
:
20
0−

10
00

μm
24
.0
±

0.
7

16
.5

3.
0

38
fr
es
h

0.
01
6

15
.4

6.
3

0.
3

6.
2
±

9.
1

39
re
pe
at

0.
03
9

22
.2

9.
4

0.
5

40
re
pe
at

0.
04
2

24
.2

9.
9

0.
5

41
fr
es
h

0.
02
7

15
.4

6.
4

0.
2

42
re
pe
at

0.
04
7

26
.8

11
.2

16
.2

43
re
pe
at

0.
04
5

25
.6

10
.8

19
.7

pu
m
ic
e
si
ze
:
<2

10
μm

42
.3
±

0.
7

25
.5

3.
0

44
fr
es
h

0.
08
4

48
.2

31
.8

5.
5

99
.5

±
19
9.
5

45
re
pe
at

0.
06
2

37
.7

27
.9

39
.0

46
re
pe
at

0.
06
0

35
.6

26
.7

40
.5

47
fr
es
h

0.
07
1

41
.0

27
.8

22
.0

48
re
pe
at

0.
06
1

34
.7

24
.9

28
.8

49
re
pe
at

0.
06
2

35
.1

26
.0

55
1.
0

50
fr
es
h

0.
06
8

38
.8

25
.8

10
.0

FH
R
C
si
ze
:
<2

10
μm

55
.9
±

2.
0

28
.3

3.
0

51
fr
es
h

0.
07
2

41
.6

29
.5

0.
3

11
5.
1
±

18
9.
9

52
re
pe
at

0.
05
8

33
.1

24
.9

60
.0

53
fr
es
h

0.
07
3

41
.7

29
.4

0.
2

54
re
pe
at

0.
05
7

32
.6

24
.4

48
5.
0

55
fr
es
h

0.
06
8

39
.0

27
.4

0.
2

56
re
pe
at

0.
05
9

34
.0

25
.2

14
5.
0

a
T
he

de
pe
nd
en
t
va
ria
bl
es

lis
te
d
ar
e
vo
lu
m
e
of

w
at
er

us
ed
,i
nd
uc
tio

n
tim

e,
th
e
am

ou
nt

of
C
O

2
ga
s
co
ns
um

ed
un
til

th
e
en
d
of

th
e
re
ac
tio

n,
th
e
w
at
er

to
hy
dr
at
e
co
nv
er
si
on

an
d
th
e
ga
s
(C

O
2)
to

hy
dr
at
e

co
nv
er
si
on
.E

xp
er
im
en
ta
l
te
m
pe
ra
tu
re

an
d
pr
es
su
re

w
er
e
27
4
K
an
d
3.
0
M
Pa
,r
es
pe
ct
iv
el
y.
T
he

ga
s
up
ta
ke

w
as

m
ea
su
re
d
fo
r
a
fi
xe
d
tim

e
of

5
h
af
te
r
in
du
ct
io
n
fo
r
al
l
th
e
ex
pe
rim

en
ts
co
nd
uc
te
d.

ACS Sustainable Chemistry & Engineering Research Article

DOI: 10.1021/acssuschemeng.5b00171
ACS Sustainable Chem. Eng. 2015, 3, 1205−1214

1208

http://dx.doi.org/10.1021/acssuschemeng.5b00171


varying corresponding volumes of water (Table 2). The water
saturation of the porous fixed bed was kept constant at 75% for all
the experiments conducted in this study. Distilled and deionized water
was used. The water saturated packing medium was placed inside a
323 cm3 SS-316 crystallizer (Parr make) that was then firmly sealed
and placed inside a temperature controlled water bath in order to
attain the desired experimental temperature (274 K). The vessel was
flushed with pure CO2 gas using a supply vessel by repeating rapid
pressurization (∼0.5 MPa) and depressurization cycles. Next, the
crystallizer was pressurized with pure CO2 gas up to a predetermined
experimental pressure of 3.0 MPa (equilibrium hydrate formation
pressure for pure CO2 gas at 274 K is 1.509 MPa),7 thus providing
sufficient driving force for the hydrate formation reaction. At this stage,
gas uptake measurements were initiated that were all performed in
batch mode with pure CO2 gas at a constant temperature of 274 K.
Hydrate formation is accompanied by pressure drop inside the vessel
as a result of the gas moving from the gas phase into the solid hydrate
phase. This drop in pressure, measured employing a pressure
transducer (WIKA make; range: 0−25 MPa) was used to calculate
the moles of gas participating in the hydrate formation experiment.
Temperature and pressure inside the vessel were recorded every 5 s
using a data acquisition system (PPI, Mumbai, India). As entire
experiments were conducted in batch mode, the effective driving force
for hydrate formation decreased as the reaction proceeded with more
and more CO2 gas moving from the gas phase to the solid hydrate
phase.
Calculation of the Amount of Gas Consumed during the

Hydrate Formation Experiments. At any given time, the total
number of moles of gas that was consumed in the hydrate formation
process is the difference between the number of moles of gas present
in the gas phase of the crystallizer at time t = 0 and the number of
moles of gas present in the gas phase of the crystallizer at time t = t.
The same is given by the following equation:37

Δ = −↓
⎡
⎣⎢

⎤
⎦⎥

⎡
⎣⎢

⎤
⎦⎥n V

P
zRT

V
P

zRT
( )t

t
H, CR

0
CR

(1)

where z is the compressibility factor calculated by Pitzer’s
correlation;38 VCR is the volume of the gas phase inside the crystallizer.
P and T are the pressure and temperature of the crystallizer.
Calculation of the Water to Hydrate Conversion. The amount

of water that was converted to hydrate was determined by using the
following equation:37

=
Δ ×

×↓n

n

conversion of water to hydrate (mol%)
hydration no.

100H,

H O2 (2)

where ΔnH,↓ is the total number of moles of gas consumed at the end
of the hydrate formation process as calculated from the gas uptake
measurements and nH2O is the total number of moles of water in the
system. The hydration number used for the above calculations is 5.75.7

Calculation of the CO2 to Hydrate Conversion. The amount of
gas (CO2) that was converted to hydrate was determined by using the
following equation:39

=
Δ

−
×↓n

n n
conversion of CO to hydrate (mol%)

( )

( )
1002

H,

start eqbm

(3)

where ΔnH,↓ is the total number of moles of gas consumed at the end
of the hydrate formation process as calculated from the gas uptake
measurements, nstart is the number of moles of gas present in the gas
phase of the system at the start of the experiment and neqbm is the
number of moles of gas present in the gas phase of the system at
equilibrium (P and T).

Calculation of the Hydrate Saturation. The CO2 hydrate
saturation was calculated using the following equation:14

= × ×

hydrate saturation (%)

(initial water saturation water to hydrate conversion 1.1)
(4)

The density of CO2 hydrate being less than that of water, when
water is converted into hydrate, the volume of the hydrate phase is
taken to be 1.1 times that of the originally existing water.14

Calculation of the Rate of Hydrate Formation. The rate of
hydrate formation was calculated by the forward difference method as
given below:37

Δ
=

Δ − Δ
Δ

Δ =↓ ↓ +Δ ↓⎛
⎝⎜

⎞
⎠⎟

n

t

n n

t
t

d

d
; 5 s

t

t t tH, H, ( ) H, ( )

(5)

The average of these rates was calculated for every 20 min and
reported.

■ RESULTS AND DISCUSSIONS
Tables 1, 2 and 3 summarize all the relevant information for
each experiment conducted during this study. These include
the sample state, the volume of water used, the bed height,
induction times, the amount of gas consumed, the water to
hydrate conversion in mol % and the gas to hydrate conversion
in mol %. Hydrate formation was investigated for a fixed time of
5 h after nucleation for all the experiments conducted. The
reason for choosing 5 h as the cutoff point for studying hydrate
formation is that the overall conclusion would not change even
if the study would be extended for another 5 h. Figure S1 in the
Supporting Information shows the hydrate formation kinetics
for each of the four systems for at least 12 h from nucleation.
Hydrate formation kinetics are usually discussed through a

gas uptake curve. A typical gas uptake curve for hydrate
formation can be divided into three parts. First is the
dissolution stage during which the gas gets dissolved into the

Table 3. Pumice: Effect of Bed Height: Summary of All Experiments Conducteda

system

average
porosity

(vol %) ± SD

volume
of water
used
(cm3)

bed
height
(cm)

exp.
no.

run
type

carbon dioxide consumed
(mol of gas/mol of water)

final gas to
hydrate

conversion
(mol %)

final gas to
hydrate

conversion
(mol %)

induction
time
(min)

average
induction
time ± SD

pumice size: <210 μm 42.3 ± 0.7 24.0 2.7 as given in Table 1

pumice size: <210 μm 44.1 5.5 57 fresh 0.045 25.7 41.6 6.5 60.1 ± 59.8

58 repeat 0.040 23.2 39.5 126.6

59 repeat 0.040 23.2 39.9 94.7

60 fresh 0.047 27.2 43.6 1.4

61 repeat 0.041 23.8 40.7 120.2

62 fresh 0.047 26.7 43.7 11.4
aThe dependent variables listed are bed height, volume of water used, induction time, the amount of CO2 gas consumed until the end of the
reaction, the water to hydrate conversion and the gas (CO2) to hydrate conversion. Experimental temperature and pressure were 274 K and 3.0 MPa,
respectively. The gas uptake was measured for a fixed time of 5 h after induction for all the experiments conducted.
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system. The next stage is the hydrate nucleation. The hydrate
nucleation phenomenon continues until the formation of
critical sized stable hydrate nuclei. Once nucleation occurs, we
enter the hydrate growth phase where the formed hydrate
nuclei grow as solid hydrate particles.40 The average induction
times along with standard deviation for the hydrate formation
experiments in the presence of all the four porous media have
been listed in Tables 1, 2 and 3. An illustration of the same has
been included in the Supporting Information as Figure S2.
Gas Hydrate Formation in Various Porous Media with

Constant Volume of Water and with Constant Bed
Height. Figures 2 and 3 compare averages of the gas uptake

and water to hydrate conversion for the hydrate growth
experiments conducted in different porous media (pumice,
FHRC, silica sand and quartz). Only the fresh runs have been

included in Figures 2 and 3. Figure 2 corresponds to the
constant volume of water experiments whereas Figure 3 covers
the constant bed height experiments. Time zero in the graphs
corresponds to the hydrate nucleation point for the experi-
ments. As seen in Figure 2, hydrate growth kinetics is the best
in case of pumice (∼46% in 5 h) followed by FHRC, silica sand
and quartz, respectively. This can be attributed to two main
reasons: First is the effect of particle size. Hydrate formation
kinetics is enhanced with decrease in particle size.41,42 This
topic has been discussed in detail later. In the case of both
pumice and FHRC, the particle size used is <210 μm whereas
for silica sand and quartz, the particle sizes vary between 30 and
400 μm and 200−1000 μm, respectively. This shows that
smaller particle size of pumice and FHRC had positive effect on
hydrate formation kinetics. The second cause for pumice
showing better hydrate formation kinetics is the higher porosity
of pumice bed compared to other media. A highly porous bed
ensures that for same amount of water used for hydrate
formation, it has a smaller bed height compared to others,
resulting in better gas−water contact.12 In the case of the
constant bed height experiments that have been highlighted in
Figure 3, the bed height is the same in all the cases, and thus
the volume of water used varies. As expected, pumice and
FHRC again show enhanced hydrate formation kinetics as
compared to silica sand and quartz. Averages of the gas uptake
and water to hydrate conversion for the repeat runs have been
shown in the Supporting Information as Figures S3 and S4,
respectively. Rates of gas uptake (mol of gas/mol of water/h)
corresponding to Figures 2 and 3 have been plotted against
time and are included in the Supporting Information as Figures
S5 and S6. Results follow the same trend for both types of
experiments: pumice showing the best kinetics followed by
FHRC, silica sand and quartz, respectively.

Effect of Particle Size and Water Saturation on Gas
Hydrate Formation Kinetics. The effect of particle size
distribution of the porous medium being used, on hydrate
formation kinetics, has not been widely studied. Some studies
using CH4 and CO2 as the hydrate forming guests have
concluded that particle size distribution does affect hydrate
formation kinetics.41−44 Figures 4 and 5 represent the effect of
particle size on the hydrate formation kinetics using pumice and
FHRC individually as porous media. For the experiments
conducted, the figures plot the gas uptake and water to hydrate

Figure 2. Comparison of the gas uptake and water to hydrate
conversion in the presence of the different porous media used for the
case of the constant volume of water experiments: sand, average and
standard deviation of experiment numbers 1, 3 and 5; quartz, average
and standard deviation of experiment numbers 8 and 11; pumice,
average and standard deviation of experiment numbers 20, 23 and 25;
FHRC, average and standard deviation of experiment numbers 32, 35
and 37.

Figure 3. Comparison of the gas uptake and water to hydrate
conversion in the presence of the different porous media used for the
case of the constant bed height experiments: sand, average and
standard deviation of experiment numbers 1, 3 and 5; quartz, average
and standard deviation of experiment numbers 38 and 41; pumice,
average and standard deviation of experiment numbers 44, 47 and 50;
FHRC, average and standard deviation of experiment numbers 51, 53
and 55.

Figure 4. Effect of particle size of Pumice on hydrate formation
kinetics. Pumice >420 μm, experiment number 14; pumice 210−420
μm, experiment number 17; pumice <210 μm, average of experiment
numbers 20, 23 and 25.
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conversion after nucleation with respect to time. It is to be
noted that these experiments were all conducted with a
constant volume of water (24 cm3) and varying bed heights. As
can be seen from the figures, hydrate formation kinetics is
enhanced with decrease in particle size. These observations are
in good agreement with those made by some earlier studies.
Heeschen et al. reported a kinetic promoting effect of finer
grain sizes of quartz sand on methane hydrate formation in
methane−sand−water and methane−sand−seawater systems.41
Mekala et al. studied the effect of particle size on CO2 hydrate
formation kinetics with a view on CO2 sequestration using silica
sand as the porous medium in the presence of both pure water
and seawater.42 They observed that a decrease in particle size
enhances hydrate formation kinetics. Siangsai et al. investigated
the effect of particle sizes of activated carbon on methane
hydrate formation and dissociation. They speculated that
compared to a system having only quiescent water, the
presence of activated carbon particles increases the gas−water
interfacial area by allowing the gas to pass through the carbon
bed by making use of interstitial spaces present in the bed.43

Babu et al. studied methane hydrate formation in the presence
of porous media (activated carbon and silica sand). Their
results showed that pore space and its corresponding
interconnectivity play an important role in hydrate formation.44

A smaller grain size ideally leads to a more regular packing and
thus results in more interconnectivity of the pores and greater
surface area for gas−water contact.43,44 With the help of glass
micromodels, Tohidi et al. observed the difference in
mechanisms of formation of gas hydrates in sediments having
different particle size fractions. Hydrate formation in the
interstitial spaces between grains in the sediment occurs at the
center of the pores rather than on the surface of the grains.45,46

This is mainly due to the preferential wetting of the particle
surfaces with water rather than gas. However, Tohidi et al.
observed that this holds true mainly for large grain sizes (0.313
mm) whereas for the smaller grain sizes (0.070 mm), the
hydrates form large masses almost completely encompassing
the grains. This has been represented in the form of a well
detailed schematic as Figure 6. We can thus conclude that
decrease in particle size increases the surface area for gas−water
contact. A larger surface area for gas−water contact means an
increased number of nucleating sites thus resulting in
accelerated hydrate growth.41 The observation made in this
study (enhancement in hydrate formation kinetics in the

presence of small particle size fractions) is probably a
combination of all these factors.
Gas−water interfacial area is an important aspect of hydrate

formation kinetics and can be affected by a number of other
factors too. The water saturation of the bed is one such
dynamic that affects the contact area between gas and water.
There are two scenarios: First, when the pores are completely
filled with water and it cannot be replaced/moved by CO2
pressure. In this scenario, hydrate formation will proceed
through dissolution of gas into the water. In the second
scenario, the pores are partially filled with water and thus under
CO2 pressure, these interconnected pores will have higher
interfacial area of contact by creating a dedicated gas channel
within the pores. This aspect of gas diffusion is further explored
when conducting experiments with different bed heights.
Averages of the gas uptake and the water to hydrate conversion
for the repeat runs have been included separately in the
Supporting Information as Figures S7 and S8, respectively. The
rates of gas uptake corresponding to Figures 4 and 5 have been
plotted against time and are present in the Supporting
Information as Figures S9 and S10. As expected, the rate of
gas uptake is the maximum for the smallest particle size fraction
in the case of both pumice and FHRC.

Effect of Bed Height on Gas Hydrate Formation
Kinetics. Figure 7 shows the effect of bed height on gas uptake
and water to hydrate conversion for the hydrate formation
experiments using pumice as the porous medium. Only the
fresh runs have been included in Figure 7. Two different bed
heights were taken: 2.7 and 5.5 cm. In the first case (2.7 cm),
the volume of water used was 24 cm3 whereas in the second

Figure 5. Effect of particle size of FHRC on hydrate formation
kinetics. FHRC >420 μm, experiment number 26; FHRC 210−420
μm, experiment number 29; FHRC < 210 μm, average of experiment
numbers 32, 35 and 37.

Figure 6. Mechanism of hydrate formation in systems having different
particle size fractions. (a) Large particle size fraction: no interaction
between the hydrates and the surface of the particles. (b) Small
particle size fraction: hydrates form in large masses almost completely
enveloping the particles themselves. (Maroon, sediment particles/
grains; blue, water; white, hydrates).
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case (5.5 cm), the volume of water used was 44.1 cm3 (75%
saturation in both cases). Further details are given in Table 3. A
smaller bed height ensures efficient transfer of hydrate forming
gases to the bottom of the reactor and thus enhanced rate of
hydrate formation. It can be seen in Figure 7 that with increase
in the bed height, water to hydrate conversion decreases as
does the total gas uptake. This is probably due to the limited
diffusion/migration of gas molecules deep inside the porous
bed. This leads to the conclusion that bed height indeed affects
the availability of sufficient gas to the water dispersed in the bed
for hydrate formation. Extrapolating these results to real-world
systems can give us important conclusions regarding the
challenges to be faced when applying these schemes on a pilot/
field scale. In a real-world system, there will always be enough
bed height present, i.e., the porous geological formation would
always limit the migration of gas molecules deep inside the bed.
The results obtained in this study point to the fact that CO2
sequestration in porous geological formations would be at a
relatively lesser rate than those obtained through experiments
performed in the laboratory. Averages of the water to hydrate
conversion and the gas uptake for the repeat runs are given in
the Supporting Information as Figure S11. The rates of gas
uptake corresponding to Figure 7 have been plotted against
time and are included in the Supporting Information as Figure
S12. The system with the smaller bed height shows faster
uptake of the gas.
Hydrate Saturation. Average hydrate saturation (%)

obtained for different porous media (pumice and FHRC) are
listed in the Supporting Information as Table S2. Hydrate
saturation has been calculated only for the fresh runs. Hydrate
saturation for our study ranges from 21.9% (pumice system
with 44.1 cm3 water and 5.5 cm bed height) to 37.5% (pumice
system with 24 cm3 water and 2.7 cm bed height). The hydrate
saturation also decreases with increase in bed height. Sun and
Englezos reported hydrate saturation for a silica sand system
with water saturation of 25%.14 They performed two types of
experiments: injection of CO2 in a gas cap and injection of CO2
in a spiral tube mode. The water to hydrate conversion (mol %)
for these experiments ranged from 38% to 55% for 24 h runs
and was thus comparable with those obtained in the present
study. The hydrate saturation for Sun and Englezos’ study

ranged from 10.7% to 15.2% whereas in the present study, it is
observed to vary from 21.9% to 37.5%. The reason for this is
the high initial water saturation level used in the present work
(75%) compared to that in Sun and Englezos’ study. On the
basis of these results, we can conclude that the initial water
saturation level too has a major role to play at least on the final
hydrate saturation.

■ CONCLUSIONS

Hydrate formation experiments were carried out in a fixed bed
apparatus with a CO2−water system and various porous media
with a focus on geological storage of CO2 in the form of gas
hydrates. Four types of porous media were used: pumice,
FHRC, silica sand and quartz. Two different types of
experiments were carried out keeping (a) the volume of
water used constant and (b) the height of the fixed bed
constant. In both types of experiments, hydrate formation
kinetics were found to be the most enhanced when pumice was
used as the porous medium. The effect of particle size on
hydrate formation kinetics was looked into. Pumice and FHRC
were each divided into three size fractions. Kinetics was found
to be enhanced greatly with decrease in particle size in the case
of both pumice and FHRC. The effect of bed height on hydrate
formation kinetics was also studied using pumice as the porous
medium. Two different bed heights were chosen, 2.7 and 5.5
cm, to study the effect of gas diffusion/migration on hydrate
formation kinetics. Rate of hydrate formation decreases with
increase in bed height as a result of reduced gas diffusion/
migration. Pumice and FHRC, used in this study, seem to be as
good as silica sand or quartz in terms of kinetics of CO2 hydrate
formation as well as the water to hydrate conversion. Pumice
and FHRC are typical volcanic sediments that are available in
India and both these materials provide us with an option for
geological storage of CO2 in the form of gas hydrates.
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height, 2.7 cm; (b) bed height, 5.5 cm.
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