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A column of silica gel was employed to contact water with flue gas (CO,/N,) mixture to assess if CO, can
be separated by hydrate crystallization. Three different silica gels were used. One with a pore size of
30 nm (particle size 40-75 pwm) and two with a pore size of 100 nm and particle sizes of 40-75 and 75—
200 pwm respectively. The observed trends indicate that larger pores and particle size increase the gas
consumption, CO, recovery, separation factor and water conversion to hydrate. Thus, the gel (gel #3)

gey"‘l’]"rgs’ with the larger particle size and larger pore size was chosen to carry out experiments with concentrated

Si?iscaye;ate CO, mixtures and for experiments in the presence of tetrahydrofuran (THF), which itself is a hydrate
gel forming substance. Addition of THF reduces the operating pressure in the crystallizer but it also reduces

Carbon dioxide capture ) . X N .

Flue gas the gas uptake. Gel #3 was also used in experiments with a fuel gas (CO,/H,) mixture in order to recover

Hydrogen CO; and H,. It was found that the gel column performs as well as a stirred reactor in separating the gas

components from both flue gas and fuel gas mixtures. However, the crystallization rate and hydrate yield
are considerably enhanced in the former. Finally the need for stirring is eliminated with the gel column

Gas separation

which is enormously beneficial economically.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Capture of CO, from power plant flue gases from conventional
power plants or from fuel gases from gasification plants is a
technological application of gas hydrates under consideration
(Aaron and Tsouris, 2005; Kang and Lee, 2000; Klara and
Srivastava, 2002; Kumar et al., 2009; Linga et al., 2008, 2007a;
Seo et al., 2005). Post-combustion CO, capture involves separation
of CO, from the flue gas mixture emitted from a power plant. A
typical pretreated flue gas contains 15-20 mol% CO,, 5-9% O,, and
the rest No. A process combining three hydrate crystallization
stages and a membrane separation stage has been proposed for the
capture of carbon dioxide from such mixtures (Linga et al., 2008,
2007a). On the other hand pre-combustion capture involves
separation of carbon dioxide from a carbon dioxide/hydrogen
mixture (Herzog and Drake, 1996; Klara and Srivastava, 2002). A
typical fuel gas mixture is a mixture of predominantly H,
(~60 mol%) and CO, (~40 mol%) (Booras and Smelser, 1991;
Hendriks et al., 1991) coming out from an integrated gasification
combined cycle (IGCC) at a pressure of 2.5-7 MPa (IPCC, 2005). This
fuel gas mixture is pretreated for removal of particulate matter and
H.,S.
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The above proposed processes were based on laboratory-scale
data employing stirred vessels as crystallizers. Agglomeration of
hydrate crystals creates barriers to efficient gas/water contacting
in such crystallizers and as a result the rate of crystallization
decreases and the conversion of water and gas to hydrate is limited
(Englezos, 1996; Lee et al., 2005; Linga et al., 2007b). For example, a
4% conversion at the onset of agglomeration has been reported
(Englezos, 1996). There is an ongoing effort to improve the
performance of these crystallizers that will enable the continuous
and efficient hydrate crystallization for CO, capture, natural gas
storage and transport and other gas separation applications like
separation of HFC-134a (Nagata et al., 2009). Mori (2003) reviewed
and discussed the various hydrate formation vessels and their
limitations. For example, other arrangements such as bubbles
dispersed in water or water droplets injected into a gas
atmosphere have been proposed (Gudmundsson et al., 2000;
McCallum et al.,, 2007; Ohmura et al., 2002; Tsuji et al., 2004).
Tsouris and co-workers have presented novel and efficient
crystallizers in the context of CO, sequestration work (Lee et al.,
2003; Tsouris et al., 2004, 2007; West et al., 2001). In addition, it
has also been reported that when hydrate is formed from ice,
temperature ramping enhances the conversion (Susilo et al.,
2007b; Wang et al., 2002).

Another method to overcome the gas/water contact limitation
is to contact the gas phase with water dispersed in the pores of
silica gel and have the hydrate formed within the pores (Adeyemo,
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2008; Kang et al., 2008; Park et al., 2006; Seo et al., 2005). Porous
materials such as silica gel possess high internal surface area per
volume. An additional benefit of using porous materials compared
to stirred vessels is that there is no need for power consumption
due to stirring. Thus, the objective of the present study is to
investigate the effectiveness of the silica gel bed for the separation
of CO, from CO,/N, (flue gas) and CO,/H, (fuel gas) mixtures
through hydrate crystallization.

2. Experimental
2.1. Materials

The gas mixtures were ultra high purity (UHP) grade and
supplied by Praxair Technology Inc. The dry molar (%) gas
compositions of the binary gas mixtures were determined by
gas chromatography and are as follows: CO, (17.0)/N, (83.0) for
the model flue gas and CO, (40.0)/H, (60%) for the model fuel gas
mixture. Since N, and O, form hydrate at approximately the same
pressure/temperature conditions, the above CO,/N, mixture is
considered a suitable model flue gas (Kang and Lee, 2000; Linga
et al., 2007a). THF was supplied by Fisher Scientific with 99%
purity. Distilled and deionized water was used. Three gels from
Silicycle (Canada) were used. Table 1 summarizes the properties of
all the three gels used in this work. A Micromeritics ASAP 2010
pore size analyzer was used to confirm the properties of the gels.
Pore volume was determined based on BET analysis.

2.2. Apparatus

The apparatus is shown in Fig. 1. The hydrate crystallizer or
reactor (HR) is made of stainless steel (316) with an internal volume
of 227 cm>. HR has a coiled copper tubing inside through which
cooling fluid is circulated to remove heat evolving from hydrate
formation. Four T-type thermocouples (Omega) are used to monitor
temperature in the gel matrix. A pressure gauge (Dwyer digital, DPG-
100) is connected to the reactor. Hydrate formation experiments are
conducted in a semi-batch manner at constant pressure and
temperature. The gas from vessel (SV) is supplied continuously at
constant pressure to the reactor containing a fixed amount of water.
The supply vessel and the reactor are located inside the temperature
controlled water bath (WB). ABROOKS 5860S/BC (accuracy +0.7% of
flow rate) mass flow meter (FM1) is used to measure the quantity of gas
supplied to the reactor. A second flow meter (FM2) is used to measure
the quantity of gas released from hydrate during decomposition.

2.3. Experimental procedure and operating conditions

The procedure for gel preparation was as follows. Each gel was
first dried at 373 K for 24 h and then weighed to determine the dry
weight silica. Water equal to the pore volume of the silica gel was
then added to the dried silica to obtain pore saturated silica gel.
Pore volume was determined based on BET analysis. Accordingly,
35 ml of water was added to saturate the gel pore with water. The
gel was then placed in a Geneq centrifuge and spun at 3000 rpm for
3 min to aid the dispersion of water. From visual observation and
thermo-gravimetric analysis of various samples, it was found that
water was evenly dispersed in the silica gel (Adeyemo, 2008).

The reactor was now charged with ~100cm? of silica gel
saturated with water. Prior to commencing the kinetic experiment,
two cycles of hydrate formation and decomposition were carried
out. This ensured that the water in the gel matrix exhibited the
‘memory’ effect that is generally accepted to shorten induction
times (Lee et al., 2005; Uchida et al., 2000). The reactor was then
pressurized to the desired pressure. As hydrate formation proceeds
causing a pressure drop in the reactor, gas flows from the supply

Table 1

Silica gel properties.
Silica gel Particle size Pore Pore Surface
type distribution diameter volume area

(o) (nm) (ml/g) (m?[g)

#1 45-75 30.0 0.81 100
#2 45-75 100.0 0.81 50
#3 75-200 100.0 0.83 50

vessel to maintain the constant pressure in the reactor. Each
experiment was run for 4 h after which final gas and hydrate phase
compositions were determined. Gas samples (300 L) were taken
every 30 min for analysis with the Gas Chromatography (GC).

For a 17% CO,/N, mixture, equilibrium formation pressure of
~6.0 MPa at 271.3 K was reported for 30 nm silica gel pore size by
Seo et al. (2005). Based on these results, experiments were
designed to run at 272.15 K, with operating pressures of 8.0 and
9.0 MPa respectively. Analysis with a differential scanning
calorimeter indicated that the water confined in silica gel pores
exhibited freezing point depression and thus remained in the
liquid state at 272.15 K (Adeyemo, 2008). The experiments with
THF and the 17% CO, flue gas were carried out at 5 MPa and
272.1 K. The experiments with the CO,/H, mixture and the CO»/H,/
THF (1 mol%) system were conducted at 7.0 and 5.0 MPa
respectively.

At the end of hydrate formation (240 min), hydrate was
dissociated by isolating the reactor from the supply vessel, and
then depressurizing to atmospheric pressure and allowing the gas
evolved from the hydrate to be collected in the reservoir (DG). GC
was then used to determine the composition of the evolved gas.

2.4. Conversion of water to hydrate

Conversion of water to hydrate is determined by using the
following equation:
Conversion of water to hydrates (mol%)

_ Any | x hydration number
NH,0

100 (1)

where Any | is the number of moles of gas consumed for hydrate
formation at the end of the experiment determined from the gas
uptake and ny, o is the total number of moles of water in the system.
The hydration number is the number of water molecules per guest
molecule. It can be determined experimentally by simultaneously
using powder X-ray diffraction and Raman spectroscopy on solid
hydrate phase (Kumar et al., 2009; Kumar et al., 2008; Sum et al.,
1997; Susilo et al., 2007a; Uchida et al.,, 1999; Udachin et al., 2007,
2001) or by solid state NMR spectroscopy (Davidson et al., 1983;
Ripmeester and Ratcliffe, 1988).

In the presence of THF, the conversion of water to hydrate is
determined by the next equation

Conversion of water to hydrates (mol%)
_ (Any,; + Anryr) x hydration number
Ny,0

x 100 (2)

where, Anryr is the number of moles of THF consumed for hydrate
formation at the end of the experiment. Anryr is calculated based
on the occupancy ratio for sll and the hydration number as follows:

Anyr = hydration number

(number of large cages/number of small cages)
hydration number for full occupancy

(3)

The hydration numbers used in the above equations are given in
Table 2.
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Fig. 1. Apparatus.
2.5. CO, recovery and efficiency

The CO, recovery or split fraction (S.Fr.) of CO, in gaseous and
hydrate phase is calculated as follows (Linga et al., 2007a)

nto
S.Fr. — ng%eé (4)
2

Table 2

where nf$¢d is defined as number of moles of CO, in feed gas and
”?02 is the number of moles of CO, in hydrate phase at the end of
the experiment. In addition, the separation factor (S.F.) is
determined from the following equation (Linga et al., 2007a):

H gas
SF.=—x (5)

ny, x ngo,
where n%ﬁfz is the number of moles of CO, in the gas phase at the
end of the kinetic experiment, n§" is the number of moles of N, in
the gas phase at the end of the kinetic experiment and nﬁz is the
number of moles of N, in the hydrate phase.

3. Results and discussion
3.1. Post-combustion capture

3.1.1. Gas uptake and phase composition measurements

The progress of the hydrate crystallization process is monitored
by determining the mass of gas consumed during a Kkinetic
experiment. This is known as the gas uptake (Bishnoi and
Natarajan, 1996). Fig. 2 shows the gas uptake at 8 and 9 MPa
respectively and a 30 nm silica gel is used in the column (gel #1).
As expected a higher gas consumption indicating increased
hydrate formation is observed at 9 MPa compared to 8 MPa. It is
also seen that, the gas consumption for the experiment conducted
at 8.0 MPa for gel #1 slows down towards a plateau. Therefore, it
was decided that the duration of the experiments be 240 min. The
gas phase composition was analyzed during the kinetic experi-
ment at different times, the CO, composition is given in Table 3.
The CO, concentration in the gas phase was found to reduce from
17% to 14.9% and 14.70% for the 8 and 9 MPa experiments
respectively conducted for the 30 nm silica gel (Table 3).

Fig. 3 shows the gas uptake results for the 100 nm gel (gel #2) at
8 and 9 MPa respectively. A similar trend of increased hydrate
formation at 9 MPa compared to 8 MPa can be seen for gel #2. It is

Summary of experiments conditions along with the calculated conversion of water to hydrates.

System Exp. No. Gel Pexp (MPa) Texp (K) End of experiment
Time (min) Moles Hydration number Conversion of water
to hydrate (%)
CO> (17.0%)/N5 (83.0%)/water 1 #1 9.0 272.15 240.0 0.0453 6.28* 14.65
2 9.0 272.15 240.0 0.0453 14.64
3 8.0 272.15 240.0 0.0181 5.84
4 #2 9.0 27215 240.0 0.1261 40.72
5 8.0 272.15 240.0 0.0932 30.09
6 #3 9.0 272.15 240.0 0.1377 44.48
7 9.0 27215 240.0 0.1381 44.61
8 8.0 272.15 240.0 0.0952 30.74
9 8.0 272.15 240.0 0.0999 32.25
CO; (45.0%)/N2 (55.0%)/water 10 #3 5.0 272.15 240.0 0.1336 6.24° 42.88
11 #3 5.0 272.15 240.0 0.1376 44.17
CO; (71.0%)/N2 (29.0%)/water 12 #3 2.7 272.15 240.0 0.1012 6.29° 32.70
13 #3 2.7 27215 240.0 0.0963 31.13
CO, (17.0%)/N> (83.0%)/1.0 mol% THF 14 #3 5.0 27215 240.0 0.0196 5.71° 8.65
15 #3 5.0 272.15 240.0 0.0198 8.73
16 #3 5.0 274.15 240.0 0.0219 9.63
17 #3 5.0 27415 240.0 0.0223 9.84
CO; (40.0%)/H, (60.0%)/water 18 #3 7.0 272.15 240.0 0.0849 7.09¢ 30.94
19 #3 7.0 272.15 240.0 0.0818 29.84
CO,, (40.0%)/H> (60.0%)/1.0 mol% THF 20 #3 5.0 274.15 240.0 0.0175 10.05¢ 9.05

¢ From Kang et al. (2001).
Y From CSMYD available in Sloan (1998).
¢ From Kumar et al. (2009).

4 Same value as for CO,/H,/C3Hg given in Kumar et al. (2009) since THF occupies the large cages like propane in slI hydrate.
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Fig. 2. Gas uptake measurement curves for hydrate formation in 30.0 nm silica gel
pores (gel #1) at 272.15 K and 8.0 MPa (experiment 3) and 9.0 MPa (experiment 1).

also observed that gel #2 (100 nm) yields more hydrate at similar
operating conditions compared to gel #1 (30nm). The gas
consumption is approximately three times higher for gel #2 at
9.0 MPa and five times higher at 8.0 MPa compared to gel #1. Table
3 shows the gas phase composition during hydrate formation for
the 100 nm gel (gels #2 and #3). Experiments conducted with gel
#2 show that CO, concentrations reduce from an initial value of
17% to 11.27% and 11.29% for the 8 and 9 MPa experiments
respectively. Gas phase composition for gel #3 which has the same
pore size as gel #2 but different particle sizes also shows similar
CO, concentrations at the end of the experiment. Hence, the CO,
concentration in the gas phase during a kinetic experiment was
found to be 14.7%, 11.3% and 10.5% for gels #1, #2 and #3,
respectively in 240 min of hydrate formation for the experiments
conducted at 8 and 9 MPa (Table 3). Linga et al. (2007b) reported a
CO, composition of 9.7% and 10.9% for experiments conducted at
10 and 11 MPa after 2 h of hydrate formation. They also observed
that in a stirred vessel, the gas consumption reaches a plateau after
2 h of hydrate formation due to crystal agglomeration at the gas/
liquid interface.

After the end of each kinetic experiment, the hydrate was
decomposed, and the CO, content of the evolved gas was
determined by GC. In the 30 nm experiments, results indicate
that the hydrates formed at 8.0 MPa contain a slightly higher
proportion of CO, than the 9.0 MPa case as shown in Table 4. Pure
CO, forms hydrate at lower pressure compared to pure N. Thus, it
is plausible to expect that more CO, will go into the hydrate phase
at the lower pressure. A similar trend was reported by Linga et al.
(2007a). The same trend is observed for the 100 nm gel

Fig. 3. Gas uptake measurement curves for hydrate formation in 100.0 nm silica gel
pores (gel #2) at 272.15 K and 8.0 MPa (experiment 5) and 9.0 MPa (experiment 4).

experiments with CO, concentrations of 46.7% and 44.8% obtained
at 8 and 9 MPa respectively.

3.1.2. Effect of pore size and particle size distribution on hydrate
formation kinetics

Figs. 4 and 5 show the effect of pore size and particle size
distribution on hydrate formation kinetics at similar operating
condition conducted at two different pressures (8.0 and 9.0 MPa).
The results show a marked increase in the gas uptake for the
100 nm gel (gels #2 and #3) compared to the 30 nm gel (gel #1).
The CO, composition in hydrate is also much better for gels #2 and
#3 compared to gel #1 as seen in Table 4. Gels #1 and #2 have the
same particle size distribution (45-75 pm) and pore volume, but
different pore diameters. For the pore volume to remain the same,
the larger pore of 100.0 nm diameter results in a lower internal
surface area. Results from Figs. 4 and 5 and Table 4 indicate that
although the internal surface area in the 100.0 nm gel is lower than
that in the 30.0 nm silica, the increased pore diameter is more
favorable for hydrate formation. Gel #3 has 100.0 nm diameter
pores, the same pore volume (0.83 ml/g) as gels #1 and #2
(0.81 ml/g) but a larger particle size distribution of 75-200 pm.
The final CO, concentrations with gel #3 were 10.20% and 10.83%
for the 8.0 and 9.0 MPa experiments respectively (Table 3). These
values are less than the 11.27% and 11.29% obtained at the same
experimental conditions for gel #2 (100.0 nm 40-75 m). Fig. 6
shows the comparison of the performance of the three gels based
on final gas consumption and the CO, composition of the residual
gas composition at the end of the experiment. It is evident from the
figure that the performance of the gel #3 is better than the other

Table 3
Gas phase CO, measurements during hydrate formation.
Time (min) Gel #1 Gel #2 Gel #3
Experiment 3 Experiment 1 Experiment 2 Experiment 5 Experiment 4 Experiment 8 Experiment 6
(8.0MPa) (9.0 MPa) (9.0MPa) (8MPa) (9MPa) (8 MPa) (9MPa)
CO; (%) (£0.20)
0 17.00 17.00 17.00 17.00 17.00 17.00 17.00
30 16.82 16.94 16.81 16.89 15.66 17.03 16.92
60 16.54 16.85 16.65 15.25 15.25 16.75 16.36
90 16.19 16.77 16.36 13.55 14.12 15.48 14.89
120 15.49 16.36 16.16 12.49 13.50 14.16 13.94
150 15.18 16.00 15.07 12.08 12.97 12.78 12.12
180 15.04 15.62 15.04 11.70 12.45 12.06 11.01
210 15.03 15.34 15.02 11.57 11.57 11.14 10.49
240 14.87 14.72 14.70 11.27 11.29 10.83 10.20
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Table 4

Hydrate composition, CO, recovery and separation factor for gels #1, #2 and #3.

Gel #1 30nm (40-75 pm)

Gel #2 100 nm (40-75 pm)

Gel #3 100 nm (75-200 pm)

Exp. 3 Exp. 1 Exp. 5 Exp. 4 Exp. 8 Exp. 6
Pressure (MPa) 8.0 9.0 8.0 9.0 8.0 9.0
€O, in hydrate (mol%) 42.44 38.37 46.73 44.80 47.96 45.51
Split fraction or CO, recovery 0.16 0.21 0.42 0.41 0.45 0.51
Separation factor 8.42 3.20 5.82 3.69 9.86 8.22
0.16 effective diffusivity on pore size. Thus, it can be inferred that the
30nm (45-75 um) increased hydrate formation observed in the 100 nm gel is because
0144 —— —  100nm (45-75 pm) T of increased diffusion in the larger pores. It has also been reported
S 042 00 100nm (75-200 um) ’,,// — that hydrate equilibrium is also favorable at gels with larger pores
E /,z; - compared to smaller ones (Kang et al., 2008).
§ 0.10 4 T
s G 3.1.3. Split fraction/CO, recovery
§ 048 o Linga et al. (2007a) presented two metrics to evaluate the
g 0.06 A // separation process. Split fractions of 0.16 and 0.21 were obtained
: P4 for the 30 nm experiment (Table 4). These low values indicate that
& 0.04 4 Vv 30 nm gel may not be a suitable medium for this process. Results
from the 100 nm experiment show a split fraction of 0.42 and 0.41,
0.02 / respectively. It can also be seen in Table 4 that the 75-200 pwm gel
0.00 . ‘ . . (#3) achieves the highest CO, capture at 8.0 MPa (45%) and at
0 50 100 150 200 250 9 MPa (51%). It is noted that Linga et al. (2007a) reported a CO,
Time (min) recovery of 42% for an experiment conducted in a stirred vessel at

Fig. 4. Comparison of gas uptake measurement curves for hydrate formation at
9 MPa in gel #1 (experiment 1), gel #2 (experiment 4) and gel #3 (experiment 6) at
272.15K.

gels. This is also confirmed by the higher CO, hydrate composition
obtained for gel #3 given in Table 4. It is clear from the results that
larger gel particles improve gas uptake and CO, separation.

Seo et al. (2005) postulated that CO, transported from the gas
phase diffuses into the pores to participate in hydrate formation.
Diffusion rates of gases through porous materials can be
significantly lower than through air, and would depend on the
properties of the medium such as porosity, pore sizes and pore
connections (Mu et al., 2008). Simulation results on a 3-D bond
pore network model by Mu et al. (2008) indicate that diffusivity
increases with mean pore diameter when the pore size <1 pmasa
result of the Knudsen effect, with a very strong dependence of

0.12
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Fig. 5. Comparison of gas uptake measurement curves for hydrate formation at
8.0 MPain gel #1 (experiment 3), gel #2 (experiment 5) and gel #3 (experiment 8)
at 272.15K.

273.7 K and 10.0 MPa. Even though the CO, recovery was more or
less the same compared to a stirred vessel, the conversion of water
to hydrate (44.5 for gel #3 at 9 MPa) was higher than the values
(8.1-11.2%) obtained in the stirred vessel for 2 h (Linga, 2009).
Hence, water present in silica gel pores presents a large area for
gas/liquid contact thus resulting in higher gas consumption and
subsequently higher yield (Seo et al., 2005). So far from the hydrate
formation experiments conducted on three different gels at two
different operating experimental pressures on the flue gas mixture,
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Fig. 6. Comparison of performance of the three gels based on final gas consumption
(top) and the final residual gas phase composition of CO, (bottom). The end time for
all the experiments is 240 min.
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it was observed that gel #3 performed better in terms of gas
consumption (Fig. 6), CO, capture in hydrate (Table 4), CO,
recovery (Table 4), separation factor (Table 4) and conversion of
water to hydrate (Table 2). The performance of gel #2 was much
better than gel #1 but marginally lower than gel #3. Hence for the
experiments conducted in the subsequent sections, only gel #3
was used.

3.1.4. Number of stages required to obtain high purity (>98%) CO,
stream

In order to produce a high purity CO, stream suitable for
sequestration or enhanced oil recovery additional hydrate stages
are needed. The feed to the second stage would be the gas
evolved from the hydrate formed in the first one. Hydrate
formation experiments were carried out using a 45% CO,-55% N,
stream and silica gel #3 at —1 °C and 5.0 MPa. A lower operating
pressure is now required since the increased per cent of CO,
lowers the equilibrium formation pressure. A residual gas phase
concentration of 28.2% CO, was obtained with a final hydrate
phase composition of 71% CO,. The CO, split fraction of 0.59 and
the separation factor of 7.82 shows a better CO, recovery in the
second stage compared to first one. In light of these results, a
third stage of hydrate formation for a CO, (71%)/N, (29%) gas
mixture was carried out at 2.7 MPa and —1 °C. The third stage of
hydrate formation achieved a final hydrate concentration of
98.8% CO,, with a split fraction of 0.56 and separation factor of
83.18. The high selectivity for CO, in third stage is due to the fact
that the feed gas is rich in CO,. Thus, after three hydrate
formation/decomposition stages a 98.8% CO, stream can be
produced.

3.1.5. COy/N, hydrate formation in the presence of THF

The high operating pressure remains a drawback of a hydrate
process (Linga et al., 2007a). It is thus desirable to evaluate the CO,
capture performance in the presence of THF in a silica gel column.
One mol% THF aqueous solutions were used in this study. Previous
work on a semi-batch stirred tank reactor indicated that 1.0 mol%
is an optimal amount for the flue gas separation based on hydrate
formation (Linga, 2009; Linga et al., 2008). The experiments were
conducted using gel #3 at 5.0 MPa and two temperatures 272.15
and 274.15K, respectively. This operating pressure which is
4.0 MPa lower than the maximum operating pressure without THF
was selected after a number of trials to achieve an appreciable rate
of hydrate formation (Adeyemo, 2008). The gas uptake measure-
ments are shown in Fig. 7 along with a gas uptake curve obtained
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Fig. 7. Gas uptake curves for CO,/N, (experiment 6) and CO,/N5/1.0 mol% THF
(experiment 14) hydrate formation in 100.0 nm, 75-200 wm silica gel (gel #3).

Table 5
Gas phase CO, concentration during hydrate formation from the CO,/N,/THF
(1.0 mol%) system with silica gel #3.

Gas phase CO, concentration for gel #3

Experiment 14 (5.0 MPa) Experiment 15 (5.0 MPa)

Time CO, concentration (%) Time CO, concentration (%)
(min) (uncertainty +0.20) (min) (uncertainty + 0.20)
0 17.00 0 17.00
30 16.79 30 16.96
60 16.76 60 16.76
90 16.66 90 16.58
120 16.29 120 15.85
150 15.84 150 15.65
180 15.34 180 15.36
210 14.91 210 14.87
240 14.78 240 14.72

without THF at the same temperature but at 9 MPa. As seen in the
figure, the gas consumption for the THF experiment tapers off at
~50min with marginal incremental consumption observed
beyond this point, compared to the experiment at 9.0 MPa
(without THF) where the gas consumption curve is still on an
upward trend after 240 min. The final gas uptake is significantly
reduced in the system with THF (~10 times lower). The gas phase
composition was analyzed at different times during the experi-
ment and is given in Table 5. The CO, concentration reduced from
17.0% to 14.7%, while the evolved gas from the decomposed
hydrate contained 28.6% CO,. On the other hand, when a flue gas
mixture was subjected to hydrate formation in a stirred vessel with
1.0 mol% THF as an additive, the CO, concentration in the gas phase
reduced from 17.0% to ~9.8% for experiments conducted at 273.7 K
and at operating pressures of 1.0, 1.4 and 2.5 MPa, respectively
(Linga et al., 2008). The observed results clearly indicate that the
addition of THF in the silica gel column significantly affects the
kinetics of hydrate formation and the separation efficiency.

3.2. Pre-combustion capture

The experimental conditions and results obtained for the fuel
(CO,/H3) gas mixture with and without the presence of additive
(THF) are given in Table 2. Fig. 8 shows the typical gas uptake curve
obtained for the experiment conducted with gel #3 at 272.15 Kand
7.0 MPa along with the temperature profile. As seen in the figure,
the gas hydrate growth is constant up to 100 min and then
gradually slows down. The conversion of water to hydrate of
approximately 30% was achieved in 4 h of hydrate formation for
the fuel gas mixture. On the other hand, hydrate growth in a semi-
batch stirred tank reactor for this fuel gas mixture was found to be
influenced by the agglomeration of hydrate particles at the gas/
liquid interface and hence resulted in a conversion of water to
hydrate of approximately 12% (Kumar, 2009; Linga et al., 2007b).

Gas consumption data from the experiments with CO,/H, and
CO,/H,/THF systems are shown in Fig. 9. Recently, kinetic
experiments on a semi-batch stirred tank reactor for the fuel
gas mixture in the presence of THF as an additive concluded that
1.0 mol% is the optimal amount (Lee et al., 2009) similar to the case
of flue gas separation (Linga et al., 2008). Hence, 1.0 mol% THF
aqueous solutions were used in the experiments with the silica gel.
The final gas uptake is significantly reduced in the system with THF
(~6 times lower). The gas uptake for the THF experiment tapers off
at about 50 min where as for the experiment without additive, the
gas consumption continues to increase due to hydrate formation.
This resulted in a water conversion to hydrate of 30.4% for the
experiment conducted without additive where as it was only 9.05%
for the experiment conducted with THF. This significant decrease
can be attributed to the presence of THF in some of the large cages
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Fig. 8. Typical gas uptake measurement curve for CO,/H, gas mixture conducted
with gel #3 at 272.15 and 7.0 MPa (experiment 19).
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Fig. 9. Gas uptake curves for CO,/H; (experiment 18) and CO,/H;/1.0 mol% THF
(experiment 20) hydrate formation in 100.0 nm, 75-200 pm silica gel (gel #3).

of slI hydrate, thus reducing the available cavities for CO,. A split
fraction of 0.22 was obtained with THF compared with 0.61
without the additive. Thus, CO, is preferentially captured in the
hydrate phase much more than H; especially in the absence of THF.
Final residual gas phase concentration obtained after 4 h of hydrate
formation with the presence of THF was 33.7% CO, and the
decomposed hydrate contained 76.4% CO, (balance H,). Recently,
Lee et al. (2009) reported a similar hydrate composition for
experiments conducted on a fuel gas mixture in the presence of
1.0 mol% THF employing a semi-batch stirred tank reactor. For the
experiment conducted without THF the hydrate phase concentra-
tion was 92% whereas the residual gas phase concentration was
21.39% CO,. These results show that hydrate formation using a
silica gel column is more suited to separating fuel gas mixtures
compared to that of flue gas mixtures. This is due in part to the
higher initial CO, concentration compared to flue gas, and the
lower affinity of hydrogen for the hydrate phase. Similar to the
experiments conducted on the flue gas mixture, the presence of
THF (1.0 mol%) significantly reduced the gas uptake and the
separation efficiency. Finally, other applications such as gas
separation of HFC-134a (Nagata et al., 2009) may also be
considered.

4. Conclusions

Gas hydrate formation experiments from flue gas (CO,/N;) and
fuel gas (CO,/H;) mixtures were carried out in a crystallizer using a
column of silica gel particles. It was found that three stages of
hydrate formation can achieve a 98.8 mol% CO, stream from a flue
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