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a b s t r a c t

This communication reports the enrichment of the hydrate phase with CO2 in gas hydrates formed from
a CO2 and H2 gas mixture when using silica gels to form the hydrate. Phase composition analysis showed
that the CO2 concentrations in the retrieved gas from hydrates were in the range of 96.5 and 98.7 mol%
at the range of 6.0–9.2 MPa at 274.15 K in 100 nm silica gel. 13C NMR spectra supplemented the phase
eywords:
as hydrate
O2

eparation
ilica gel

composition analysis and suggested that CO2 molecules occupy 93% of small cages and 100% of large
cages in the hydrate phase. It is noted that the obtained CO2-rich hydrate, by implementing a silica
gel pore structure, has a composition of (0.14H2/1.86 CO2)S·(6CO2)L·46H2O, which provides the quite
promising idea of separating CO2 from an industrial gas containing H2 such as shifted synthesis gas, for
pre-combustion capture.

© 2010 Elsevier B.V. All rights reserved.
re-combustion
apture

. Introduction

The growing recognition on current global warming and climate
hange has raised a number of issues, especially how to reduce
nthropogenic CO2 emissions and to stabilize the atmospheric CO2
oncentration. As such, various possible scenarios including inject-
ng CO2 into geologic formations for enhanced oil recovery, the
se of CO2 as an industrial consumable, and chemically transform-

ng CO2 into minerals have been discussed as possible methods
o tackle those challenges [1]. At the same time, the absorption or
dsorption of CO2 from industrial gas streams has been proposed to
eparate and concentrate CO2 before transportation to sequestra-
ion site [2]. There have been two approaches to CO2 capture either
s CO2 is separated from the combustion flue gas (post-combustion
apture) or as it is separated before the shifted synthesis gas is
ombusted (pre-combustion capture).

Gas hydrates, known as non-stoichiometric crystalline com-
ounds [3], represent an attractive method for the above two
pproaches because when a gas mixture including CO2 forms gas
ydrate, the concentration of CO2 in the hydrate phase becomes

uch higher than that of the vapor phase due to the fractiona-

ion effect [4–6]. Therefore the equilibrium conditions of mixed
ydrates and the distribution of CO2 in hydrate cages have been of
rimary interest in the development of potential separation pro-

∗ Corresponding author. Tel.: +82 42 860 3475; fax: +82 42 860 3034.
E-mail address: spkang@kier.re.kr (S.-P. Kang).

385-8947/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.cej.2010.04.032
cesses. To date there have been extensive efforts to understand the
thermodynamic properties of mixed hydrate formed from either
CO2 and N2 or CO2 and H2 gas mixture, which are the main compo-
nents of combustion flue gas or shifted synthesis gas, respectively
[7–9].

Although the thermodynamic studies and structural analyses
present the possibilities of developing separation technology, a
weak point of these results is that several stages are required to
obtain a high concentration of CO2 stream from feed gas, which
reduces the economics of the separation process. Previous results
suggest that at least two stages of the separation process will be
required to obtain a concentrated CO2 gas stream from the post-
combustion gas stream, and, further, have demonstrated that an
additional stage might be required if the promotion of hydrate for-
mation is implemented by adding THF [4]. It was also suggested
that the hybrid separation process could be one of several possible
options for separating CO2 from shifted synthesis gas, in which a
membrane reactor is used to purify the H2-rich streams [9]. In our
previous work, in attempting to understand the structural char-
acteristics of gas hydrate formed in silica gel pore structures, we
determined that hydrate formation in confined structures such
as silica gel pore structures shows a higher formation rate and
enhanced fractionation effect than in the bulk water phase [4,10].

This unique enclathration characteristic provides insight into the
possibility of implementing silica gels in the hydrate-based CO2
separation process, especially in pre-combustion capture. We car-
ried out the composition analysis of the hydrate phase to quantify
the CO2 fractionation over hydrate cages and used solid-state NMR

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:spkang@kier.re.kr
dx.doi.org/10.1016/j.cej.2010.04.032
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Table 1
Composition of vapor and hydrate phase in bulk water and silica gel (100 nm) at
274.15 K and corresponding pressure.

Pressure (MPa) Composition (mol%CO2)

Vapor Hydrate

Bulk water
8.9 26.0 83.2
7.8 27.1 83.8
6.5 28.5 84.5

Silica gel
9.2 26.7 98.7
Y. Seo, S.-P. Kang / Chemical Eng

pectroscopy to investigate the spectral pattern of mixed hydrate
n bulk water and silica gel. These results have led to the con-
ept of enhancing fractionation of CO2 in the hydrate phase, which
hows the possibility of obtaining CO2-rich hydrate product for
re-combustion capture.

. Experiments

The gas mixture used in this study was supplied by World
as and had a UHP grade and HPLC grade water was supplied by
igma–Aldrich Chemicals Co. with a purity of 99.99 mol%. Spheri-
al silica gel particles with nominal pore diameter of 30 and100 nm
ere purchased from Silicycle.

The apparatus for gas composition analysis consists of a 316 SUS
ylindrical reactor with a temperature control system. The reactor
ad an internal volume of about 500 cm3. The reactor was equipped
ith a motor-driven impeller to enhance the conversion of water

o hydrate, while stirring is not used for the silica gel particles. The
emperature of the reactor was controlled by an externally circu-
ating refrigerator/heater, and a K-type thermocouple probe with a
igital thermometer was inserted into the reactor to measure the
ctual temperature of its contents. The pressure of the system was
easured by a digital pressure gauge of which the span and reso-

ution was 0–10.0 MPa and 0.25% of full scale. The composition of
he vapor phase and retrieved gas from hydrate phase were mea-
ured by gas chromatograph. The water preloaded silica gels are
repared by water sorption by placing dried silica gels in a bottle
ith 85 wt% of water to the pore volume of silica gel. After mix-

ng, the bottle was sealed off to prevent water evaporation and was
ibrated with an ultrasonic wave at room temperature for at least
2 h to obtain complete filling of water in the pores. The experiment
or hydrate formation was commenced by charging the reactor with
bout 150 cm3 of silica gel containing pore water. After the reactor
as cooled down to 274.15 K and the temperature was stabilized,
vacuum pump was used to remove the remaining air inside. Then

he gas mixture of carbon dioxide and hydrogen was charged to
he reactor to desired pressure. As the gas in the reactor was con-
umed due to hydrate formation, the temperature and pressure in
he reactor had been monitored for at least 24 h to ensure the com-
lete of hydrate formation. When the pressure was in steady state
or more than 12 h, the final composition of the vapor phases were

easured by gas chromatograph. After the completion of hydrate
ormation, vapor phase was discharged quickly and evacuation was
ffected to initiate the dissociation of the hydrate phase. The tem-
erature increased to around 300 K to enhance the dissociation
rocess. When the temperature and pressure were in steady state,
he composition of the retrieved gas from the hydrate phase was

easured as the composition of hydrate phase. The detailed appa-
atus and procedures can be found in our previous work [11]. Test
uns for the adsorption of carbon dioxide to dried silica gel parti-
les were also performed using the same procedure. The adsorbed
mount of carbon dioxide to silica gel that we measured was so
mall and was negligible.

For studies of structural characteristics, mixed H2 and CO2
ydrates were prepared in porous silica gel (silicycle, pore size
0 and 100 nm). 13C cross-polarization (CP) NMR spectra were
ecorded at 240 K by placing the hydrate sample in a 4 mm o.d.
r-rotor that was loaded into the variable temperature (VT) probe
n a Bruker 400 MHz solid-state NMR spectrometer. All spectra
ere recorded at a Larmor frequency of 100.6 MHz with the cross-

olarization time of 2 ms. High-power proton decoupling (HPDEC)
as applied to the sample during data acquisition. The pulse length

or proton was 4.2 �s and a pulse repetition delay of 2 s was
mployed. The downfield carbon resonance peak of adamantane,
ssigned a chemical shift of 38.3 ppm at 300 K, was used as an exter-
8.1 27.8 98.3
7.0 29.1 98.1
6.4 31.0 97.5
6.0 32.5 96.5

nal chemical shift reference. 13CO2 gas was used to obtain higher
intensity CO2 peaks for pure and mixed hydrates.

3. Results and discussion

Phase equilibrium studies of mixed H2 and CO2 hydrate have
been carried out to identify phase equilibrium conditions and com-
position of each phase in equilibrium [6,8,9]. However, the physical
properties of the mixed hydrate formed inside the silica gel pore
structure have not been investigated thoroughly; therefore, these
have to be analyzed before judging the possibility of developing
hydrate-based CO2 separation process from synthesis gas.

First, we used gas uptake measurement and composition anal-
ysis of retrieved gas from mixed hydrate. The mixed H2 and CO2
hydrates are formed from 41 mol% CO2 and balanced H2 gas mixture
in considering the composition of treated synthesis gas from a gasi-
fier. After completing the formation of the mixed hydrates in bulk
water and silica gels, the pressure and the composition of vapor
phase have been recorded, and then vapor phase is discharged
quickly to induce the dissociation of mixed hydrates. The retrieved
gas is sampled and analyzed with a gas chromatograph. The final
pressure and composition of each phase have been represented in
Table 1. It shows that the mixed hydrate gives 84.5 mol% CO2 and
balanced H2 when it is formed from bulk water with 41.0 mol% of
CO2 and balanced H2 gas mixture at 274.15 K and 6.5 MPa. The com-
position of the retrieved gas from mixed hydrate formed in bulk
water shows a range of 83.2 and 84.5 mol% CO2 at a pressure range
of 6.5 and 8.9 MPa, which is in good agreement with the values in
the literature [9]. It should be noted that the decrease of CO2 con-
centration in the hydrate phase has been observed when increasing
the pressure, as seen in Table 1. A similar trend is reported in the
literature [9] and suggests the increase of H2 occupancy in hydrate
cages due to the increase of the pressure.

Subsequently we formed mixed hydrate by contacting water
inside silica gel pores of 100 nm diameter with 41.5 mol% CO2
and balanced H2 gas mixture at 274.15 K; the pressure has been
increased from 6.0 to 9.2 MPa, as shown in Table 1 and Fig. 1.
When the mixed hydrate is formed at 274.15 K and 6.0 MPa, the
resulting composition of the hydrate phase is 96.5 mol% CO2 and
balanced H2, which values are higher than those for the mixed
hydrate from bulk water at 274.15 K and 6.5 MPa. By increasing
the pressure to 9.2 MPa, the CO2 composition in the hydrate phase
increases to 98.7 mol%, which indicates that considerable enrich-
ment of CO2 in the hydrate phase takes place at corresponding
hydrate formation conditions. In particular, the concentration of

CO2 in the hydrate phase formed in silica gels increases with
increasing formation pressure, which is a result opposite to results
for formation in bulk water. It is obvious that the occupancy of guest
molecules in gas hydrate is affected by the silica gel pore struc-
tures; accordingly, further studies of structural characteristics of
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13

types proposed for the reactor might be a series of fixed-bed reac-
ig. 1. Composition analysis of vapor and hydrate phase in 100 nm silica gel at for-
ation temperature of 274.15 K. Feed gas composition is 41 mol% CO2 and balanced
2. Circles indicate the results from bulk water and squares from silica gel.

he mixed hydrates in silica gel have been carried out with NMR
pectroscopy.

For H2 and CO2 gas mixtures containing more than 20 mol% of
O2, the mixed H2 and CO2 hydrate is known to form structure I, as
oes pure CO2, composed of two pentagonal dodecahedra (512) and
ix tetrakaidecahedra (51262) cages. The X-ray diffraction pattern
f the mixed hydrate identifies the crystal structure with a cubic
nit cell parameter of 1.186 nm; the 13C NMR spectra of mixed
ydrate suggests that the CO2 molecules occupy a large amount
f 512 and 51262 cages, while H2 resides in 512 cages [12]. Quan-
itative estimates of cage occupancy are provided based on the
nalysis of the IR spectra and the knowledge of hydrate gas com-
osition from the gas chromatograph [13,14]. Although 13C NMR
pectroscopy provides only the superimposed spectral pattern of
O2 in small and large cages, it still provides important informa-
ion on the molecular dynamics of CO2 in hydrate cages, which
an be distinguished with a chemical shift anisotropy induced by
he cage symmetry [15]. Combining the 13C NMR spectra analy-
is and hydrate composition measurement will provide molecular
istribution in specific hydrate structures. Moreover, the structural
haracteristics of the mixed hydrate have not been considered yet
hen the mixed hydrate is confined in the silica gel pore structure.

For CO2 trapped in hydrate cages, chemical shift anisotropy has
een induced by asymmetry in the immediate environment of the
olecules as shown in the 13C cross-polarization (CP) NMR spec-

rum of H2 and the CO2 hydrate from bulk water, shown in Fig. 2(a).
or mixed hydrate in bulk water, a sharp peak for CO2 in 512 cages
s present at ıiso of 126.2 ppm. For mixed hydrates in silica gels, ıiso
or CO2 in 512 cages appears at 137.3 ppm (100 nm) and 137.8 ppm
30 nm). The chemical shift anisotropies for CO2 in 51262 cages
re −53.7 ppm for 100 nm and −52.2 ppm for 30 nm, as shown in
ig. 2(b) and (c), respectively. We note that the broad peak for CO2 in
12 cages appears more distinctive for mixed hydrates in silica gels
han it does in bulk water, which might suggest that the amount
f CO2 molecules in 512 cages is increased during the formation of
he mixed hydrate inside the silica gel pore structures.

When considering the data from 13C NMR spectra and composi-
ion analysis, along with the assumption of H2 molecules residing
n small cages, cage occupancy of mixed hydrate can be estimated,

nd it can be demonstrated that CO2 occupies 93% of small cages
nd 100% of large cages of mixed hydrate that is confined in silica
el pores. This premise gives a CO2-rich hydrate product having the
omposition of (0.14H2/1.86CO2)S·(6CO2)L·46H2O at 274.15 K and
Fig. 2. C NMR spectra of mixed H2 + CO2 hydrate in (a) bulk water, (b) 100 nm
silica gel, and (c) 30 nm silica gel. Blue lines indicate resolved peaks using NMR
peaks analysis software. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of the article.)

8.1 MPa. In this work, the occupancy of H2 in small cages, �S,H2 , is
decreased from 0.23 for mixed hydrate in bulk water [14] to 0.07 for
mixed hydrate in silica gels. This suggests that the pore structure of
silica gel plays an important role, in which the transport of CO2 and
H2 molecules during the formation of mixed hydrate is affected by
the Langmuir isotherm of each molecule. It is likely that the initial
formation of mixed hydrate inside silica gel pores involves both
CO2 and H2 molecules; however, in progress of mixed hydrate for-
mation, CO2 molecules are dominantly transported inside the pore
structure and H2 molecules reside in vapor phase or the inlet of
pores, resulting in enrichment of the hydrate phase with CO2.

Additional experiments are still required to give a complete
explanation of the enhancement of CO2 fractionation in the hydrate
phase when it forms in silica gel pore structures. The effect of the
experimental conditions such as temperature and pore size of silica
gel will provide important information to optimize formation rate
and conversion ratio of water to hydrate. However, on the basis
of current experimental results, it is clear that the formation of
hydrate in silica gel pore structures offers the great possibility of
separating CO2 from shifted synthesis gas. Although the details of
the process still need to be optimized, it is possible to consider the
conceptual design of the separation process. One of the possible
tors for successive formation and dissociation processes, as shown
in Fig. 3(a). The synthesis gas is injected into the first reactor while
not being injected into the second reactor by closing valve 2, and
then the synthesis gas contacts with water in the silica gel pore
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ig. 3. Schematic diagram of hydrate-based CO2 separation process using silica gel
or hydrate formation. (a) Series reactors type, (b) fluidized bed type.

o form hydrate. Once the pressure of the first reactor reaches a
esired value, valve 1 is closed and the hydrate formation takes
lace with a designated rate at corresponding conditions. After
ompletion of hydrate formation, the reactor is conditioned for
ydrate dissociation by flushing the gas phase, which would go to
ext treatment step, for example a membrane separator [9]. Dur-

ng the hydrate formation in the first reactor, valve 2 opens just
fter closing valve 1, and the synthesis gas is directed to the sec-
nd reactor, in which the temperature is already set for the next
ydrate formation. The required number and volume of reactors
ould be determined by the total volume of shifted synthesis gas
o be treated in a given time; however, the continuous separation of
O2 from shifted synthesis gas can be achieved with the sequential
peration of a series of reactors. Any means of enhancing this kind
f reactor is open to consideration. Another type of reactor would
e a fluidized bed reactor, because silica gel particles containing

[
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water in pore structures are known to be suitable for fluidization.
Injected synthesis gas and silica gel particles would make contact
at the bottom of the reactor, and then move up by gas flow to where
CO2 in synthesis gas enclathrated into hydrate cages would form in
silica gel pore structures. The particles containing CO2-rich hydrate
can be collected and separated for the next step, which seems sim-
ilar to the circulated fluidized bed reactor. Of course, to meet the
yield for separation, the fluidized bed must provide enough contact
time between the synthesis gas and the silica gel particles.

More studies on operation conditions are needed to improve
the economy of the process; however, it is obvious that silica gels
containing water in pore structures provide more flexible design
options for a hydrate-based per-combustion CO2 capture process.

4. Conclusions

The results presented here show that, at least in a laboratory
setting, the enrichment of the hydrate phase with CO2 is favoured
by using silica gels both from the points of view of 13C NMR analysis
and phase composition analysis. Hydrate formation from 41 mol%
CO2 and balanced H2 gas mixture showed that most of the cages
are occupied by CO2 molecules, and that a 98.7 mol% CO2 and bal-
anced H2 gas mixture is retrieved from the dissociation of hydrate
formed at ∼9.2 MPa and 274.15 K. When decreasing the pressure
from 9.2 MPa to 6.0 MPa, the concentration of CO2 in the hydrate
phase decreases from 98.7 to 96.5 mol%, which is a tendency oppo-
site to that in bulk water. 13C NMR spectra suggest that major
changes of CO2 distribution happen in small cages, which may indi-
cate the effect of pore structure on the formation of mixed hydrate.
Current industrial concepts such as a series of fixed-bed reactors
and a fluidized bed reactor are discussed as possible design options
for a hydrate-based pre-combustion CO2 capture process.
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