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Gas adsorption rates of H2, CO2, and H2-CO2 gas mixture (H2/CO2 5 3.4) with tetra-n-butyl ammonium salt (bromide,
chloride, and fluoride) semi-clathrate hydrate particles were measured at 269 K to assess their properties for gas sepa-
ration. Equilibrium gas occupancies in the S-cages of the particles were in order of (high to low) for hexagonal
structure-I, tetragonal structure-I, and superlattice of cubic structure-I structures with the maximum fractional occu-
pancy by CO2 being about 40%. The CO2 diffusion rate depended on the anion size of the salt, which is attributed to
distortion of the S-cage that is close to the molecular size of CO2. Simulations of semi-clathrate hydrate particles with
theory showed that H2/CO2 selectivities could be as high as 36 (3.0 mol% TBAF) and that selectivities for an ideal
membrane (3.3 mol% TBAF) could be >100 (269 K, 0.3–4.5 MPa). Semi-clathrate hydrates have wide application as
separation media for gas mixtures. VC 2014 American Institute of Chemical Engineers AIChE J, 61: 992–1003, 2015
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Introduction

Development of many types of renewable resources in coop-
eration with local communities will be important for future dis-
tributed energy systems.1,2 The use of biomass as a renewable
resource can reduce CO2 emissions, but there is still the ques-
tion of its application in practical systems.3,4 Upgrading5–7 and
reforming8,9 technologies that give biogas derived from bio-
mass are being examined because the sources are secure, clean,
and efficient. In distributed energy systems, reducing the
investment cost of the upgrading or reforming equipment is
important due to the small scale of the applications.7 Raw bio-
gas can include corrosives such as hydrogen sulfide and ammo-
nia so that after their separation, it is still necessary to remove
water and carbon dioxide.6,10 Many adsorbents such as zeolites
strongly adsorb water, so that their regeneration requires too
much energy for practical use.11 Furthermore, pressure swing
adsorption (PSA) processes with adsorbents require dry gas6 or
adsorbents that do not strongly adsorb water.

As possible gas separation media, clathrate hydrates and
semi-clathrate hydrates are attractive, as they are robust

materials that can be used at conditions near room tempera-
ture.12–19 Clathrate hydrates are crystalline compounds
formed from H2O and guest molecules that preferentially
include a guest molecule. Clathrate hydrate systems for
some gas separations have been investigated along with their
physical properties.12,19–22 Quaternary ammonium salts
(QAS), such as tetra-n-butyl ammonium bromide (TBAB),
were recognized in early research as compounds that can be
used to form semi-clathrate hydrates.23 Semi-clathrate
hydrates are generally more stable than clathrate hydrates
according their physical properties and pressure–temperature
behavior.24 In semi-clathrate hydrates, QAS replace a small
percentage of H2O molecules to form a hydrate framework
with tetra-n-butyl ammonium cations (TBA1) being included
as a cation and anions (Br2) substituting some number of
host water molecules.25 Semi-clathrate hydrates that can be
used repeatedly and are regarded as being environmentally
friendly because the included salts are involatile. The potential
of semi-clathrate hydrates as gas separation media has been
evaluated for a number of systems, however, their properties
and characteristics are still not well known.13,15,16,18,26–29

Factors that affect the separation characteristics of TBA salt
species for mixture gases are also not known, therefore, it is
difficult for the separation technology to be further advanced
without new measurements or simulations.

The characteristics of semi-clathrate hydrates vary greatly
according to the type of QAS that is used. Systematic
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variation of the QAS anion is the method considered in this
work for studying the characteristics of the particles formed
and their gas adsorption behavior. In this article, the effect
of the anion (Br2, Cl2, and F2) of the TBA salt on the
adsorption characteristics of semi-clathrate hydrates for CO2

and H2 gases is investigated.
Typical structures of semi-clathrate hydrates are tetragonal

structure-I (TS-I), hexagonal structure-I (HS-I), and superlattice
of cubic structure-I (SCS-I) in the TBA salts with theoretical
structures being 10(512)�16(51262)�4(51263)�172H2O, 3(512)�
2(51262)�2(51263)�40H2O, and 16(512)�48(51262)�368H2O for
TS-I, HS-I, and SCS-I, respectively.30,31 The structures of
semi-clathrate hydrates depend on the anion species and on the
formation conditions of temperature and concentration of the
TBA salt.32,33 In semi-clathrate hydrates, there is the possibility
that an H2O molecule can occupy the (512) cage (S-cage).34

Moreover, there is strong evidence that the S-cage is of two
types (a distorted cage and a regular cage) with one structure
being more effective for CO2 capture than the other.35

Investigations regarding the structure and phase equilibria
of semi-clathrate hydrates have been reported,36,37 however,
studies regarding the gas adsorption rate of semi-clathrate
hydrate particles are scarce. In a previous study, it was found
that H2 or CO2 equilibrium adsorption amounts depended on
TBAB semi-clathrate structures38 and it could be realized
that the control of hydrate structure and hydration number of
the semi-clathrate hydrate are important issues in their practical
application. In this work, our objectives were to examine three
different salt anions and to determine their adsorption charac-
teristics for H2 or CO2 gases for the purpose of gas separations.

TBA salts chosen for study were tetra-n-butyl ammonium
bromide (TBAB), chloride (TBAC), and fluoride (TBAF).
The effect of conditions of forming semi-clathrate hydrate
on the states of the semi-clathrate hydrate structures was
analyzed with differential scanning calorimetry (DSC),
Raman spectroscopy and by considering the equilibrium H2

adsorption amounts of the structures. Gas (H2 or CO2)
adsorption rates in the semi-clathrate hydrate particles of
unitary structure-rich phases were measured. Gas adsorption
mechanisms in semi-clathrate hydrate were investigated
quantitatively with a newly developed model that is referred
to as multiple adsorption resistance (MAR) model.39 For this
case, two types S-cages35 were assumed to have the same
gas sorbable cage because the objective was to study the
macroscopic gas adsorption. The separation potential of
TBA salts semi-clathrate hydrates was estimated for H2 and
CO2 mixture gases with the MAR model. Validity of the

simulation results is demonstrated by comparison with H2-
CO2 mixture gas adsorption measurements.

Experimental

Materials

High-purity water was obtained from Advantec Toyo Kai-
sha, RFD250NB with an electrical conductivity below 5.5
mS/m was used in the experiments. Helium gas (99.99%,
Japan Fine Products), argon gas (99.99%, Japan Fine Prod-
ucts), hydrogen gas (99.99%, Japan Fine Products), carbon
dioxide (99.99%, Japan Fine Products), hydrogen-carbon
dioxide mixture gas (H2 [99.99999%]: about 80 vol%, CO2

[99.995%]: about 20 vol%, Japan Fine Products), TBAB
(�98.0%, Wako Pure Chemical Industries), TBAC (>98.0%,
Tokyo Chemical Industry), and TBAF trihydrate (�97.0%,
Sigma-Aldrich) salts were used without further purification.
Tetra-n-butyl ammonium (TBA) salts are referred to as
TBAB, TBAC, and TBAF, for bromide, chloride, and fluo-
ride compounds, respectively.

Hydrate preparation and characterization

Batches of semi-clathrate hydrate particles were made by
loading water (ca. 15 g) and TBA salts (TBAB, TBAC, and
TBAF) into a perfluoroalkoxyethylene vessel in such a way
that the concentration of TBA salts were 2.6–3.7 mol% and
then the contents were weighed to a precision of 1 mg with a
balance (Mettler Toledo AX504) that was followed by cooling
of the solution to a predefined temperature (274–295 K) with
low temperature-controlled bath (LP-50P, Nippon Medical &
Chemical Ins.) while stirring with a hand-made stirring bar
attachment that promoted mixing throughout the vessel.

For TBA salt (TBAB,38 TBAC, and TBAF) semi-clathrate
hydrates, the effect of the concentration of TBA salt and for-
mation temperature on the formation structure was con-
firmed. The formed semi-clathrate hydrates were cooled to
253 K in a freezer for at least 6 h. The solids were crushed
with a mortar and pestle at liquid nitrogen temperatures and
then graded with stainless steel-type 316 sieves while being
kept in the freezer at 253 K. Particle size ranges of 106–150
or 250–355 mm were used in the experiments. The formation
of hydrates was confirmed with a differential scanning calo-
rimeter (DSC-6100, SII) and a laser Raman spectrometer
(NRS-5100, JASCO, Tokyo) as described in previous
reports.38 Results and discussion for DSC and Raman meas-
urements are summarized in supporting information (Table
S1, Figure S1 and S2). Table 1 summarizes the preparation

Table 1. Description of Semi-Clathrate Hydrate Structures: Hexagonal Structure-I (HS-I), Tetragonal Structure-I (TS-I) and

Superlattice of Cubic Structure-I (SCS-I)

Crystal Systems
(abbreviation) NH2O(Nideal;H2O) NTBA salt NS TBA Salt

Hydration
Number N�H2O

Lattice Constants [Å]

Ref.a b c

Orthorhombic (HS-I) 76 (80) 2 6 TBAB 38 76 21.06 12.643 12.018 Shimada32

Tetragonal (TS-I) 162 (172) 5 10 TBAB 32.8 164 23.57 12.3 Davidson25

TBAC 30.4 152 23.582 12.415 Rodionva30

TBAF 32.8 164 23.52 12.3 Dyadin33

Cubic (SCS-I) 344 (368) 12 16 TBAF 29.7 356.8 24.375 Komarov34

Lattice constants shows are typical values for each structure and tetra-n-butyl ammonium (TBA) salt. There structure parameters were determined with X-ray
study.25,30,32–34

TBAB: tetra-n-butyl ammonium bromide, TBAC: tetra-n-butyl ammonium chloride, TBAF: tetra-n-butyl ammonium fluoride.
Nideal;H2O: ideal number of water molecules per unit cell, NH2O: number of non-replaced water molecules as host molecule by cation and anion of TBA salt per
unit cell, N�H2O: reported number of water molecules per unit cell, NTBA salt: number of included TBA salt molecules in semi-clathrate hydrate structure per unit
cell, NS: number of S-cage of semi-clathrate hydrate per unit cell.
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conditions and characterization of the semi-clathrate
hydrates.

Experimental apparatus

The experimental apparatus consisted of a hydrate forma-
tion cell and a reservoir tank.38,39 Internal agitation was not
used and was not needed due to cell geometry and proce-
dure.38 The reservoir tank system was designed to be sepa-
rated from the equilibrium cell during the loading of the
reservoir tank with gas. In the hydrate formation cell, the
window (outer diameter: / 30 mm) was held externally with
an O-ring (IIR-70�, Morisei Kako [H2 systems] or KEF
[CO2 systems]) and the inner cell was made of brass. For
CO2 systems, an O-ring (IIR-70�, KEF) was developed that
had low CO2 gas solubility. The inner volumes of the
hydrate formation cell and reservoir tank were 304.7 and
26.3 cm3, respectively. The cell and the tank were main-
tained to within 60.02 and 60.05 K, respectively. Two tem-
perature sensors that were inserted into a hole in the cell
assembly wall and into the reservoir tank had uncertainties
of 629 and 678 mK, respectively. Two pressure gauges on
the cell and the tank had uncertainties of 61.7 and 62.3
kPa, respectively. Detailed specifications of the apparatus,
such as temperature control system, temperature sensor, and
pressure gauges have been described in a previous paper.39

Experimental procedure

The experimental procedure used to study the semi-
clathrate hydrates was similar to that used in previous
work.36,37 When the hydrate formation cell and the reservoir
tank were cooled to 269 K, about 4 g of the TBA salt semi-
clathrate hydrate particles was loaded. As soon as the
hydrate formation cell and the reservoir tank were evacuated
for 5 s by a vacuum pump (Hitachi Koki, VR16L), the valve
between the hydrate formation cell and the reservoir tank
was closed. After the reservoir tank was sufficiently evac-
uated by the vacuum pump, H2 gas was pressurized to about
4.3 MPa, CO2 gas was pressurized to about 0.9 MPa, or H2-
CO2 mixture gas (H2/CO2 5 4) was pressurized to about 4.9
MPa in the reservoir tank. The CO2 and H2-CO2 mixture
pressures were set to an initial CO2 partial pressure of about
0.9 MPa in the adsorption experiments so as to prevent the
formation of pure CO2 clathrate hydrate that occurs as ice-
hydrate-vapor at equilibrium conditions of 268.9 K and
0.924 MPa.40 The initial H2 pressure value (ca. 4 MPa) was
set to be about four times the initial CO2 pressure value (ca.
0.9 MPa) on the assumption of the theoretical reactions of
the reforming of CH4 and water gas shift (CH4 1 2H2O !
4H2 1 CO2).8 When temperature and pressure of the reser-
voir tank stabilized, the gas was loaded into the formation
cell over a period of about 5 s (H2) or 10 s (CO2 or H2-
CO2). The analysis method was based on the pressure decay
method with material balances being used in the formation
cell and reservoir tank as in previous work.39 The amount of
gas loaded ngas;load, was calculated by the difference in the
gas density before and after loading of the reservoir tank
(Eq. 1) with the virial EoS fit to NIST correlations.41 The
second and third virial coefficients of H2 were estimated
from the molar volume at temperatures of 240–300 K and at
pressures of 0.05–14 MPa, and those for CO2 were estimated
from the saturated pressure at temperatures from 217 to
303 K. The second and third mixture virial coefficients of

the virial equation of state were estimated from liquid-vapor
equilibria of H2-CO2 systems42–45

ngas;load5ngas;R;initial2ngas;R;final (1)

The amount of gas in the hydrate phase was calculated
from the relationships below.

Volume of vapor phase

Vvapor5
ngas;loadMgas

qgas;vapor t50ð Þ (2)

Moles of free gas in vapor phase

ngas;vapor tð Þ5
qgas;vapor tð ÞVvapor

Mgas

(3)

Moles of gas in hydrate phase by material balance

ngas;Hyd tð Þ5ngas;load2ngas;vaporðtÞ2ngas;leakðtÞ (4)

where the leak rate in Eq. 4 was considered to be constant.
The leak rates of H2 and CO2 were (6.2 6 0.9) 3 1024

mmol/h and (1.30 6 0.10) 3 1023 mmol/h, respectively,
which corresponds to a pressure drop rate of 0.05–0.11 kPa/h.
The experiment for the run was judged to have reached the
equilibrium adsorption amount when the leak rate for the run
was close to that for a system without sample according to
values noted above. The leak amount of gas from the
O-ring, ngas;leakðtÞ was calculated using the leak rate at the
end of the experiment. The volume of hydrate phase was
calculated from Eq. 5 and that of the hydrate phase was
calculated from Eq. 6 using the theoretical water density in
the hydrate phase (Eq. 7) as given below.

Volume of hydrate phase

VHyd5Vcell2Vvapor (5)

Volume of theoretical hydrate phase

VTheor Hyd5
nH2O;HydMH2O

qH2O;Theor Hyd

(6)

Theoretical water density in the hydrate phase is

qH2O;Theor Hyd5
NH2OMH2O

a3b3cð ÞNA

(7)

Because pores exist in the hydrate particles,46 the differ-
ence was corrected using porosity, e, as in Eq. 8

VHyd5
VTheor Hyd

12e
(8)

where NH2O is the theoretical number of water molecules per
unit cell. The lattice constants a, b, and c were taken from
the literature.25,30,32–34 The porosity parameter was deter-
mined from Eqs. 5 and 6 according to previous work.39

Table 1 summarizes NH2O and lattice constants for each
semi-clathrate hydrate. In H2-CO2 mixture systems, the gas
composition of the vapor phase was analyzed with gas chro-
matography (GC; INFICON 3000 Micro Gas Chromato-
graph, Agilent Technologies) with a two column systems
and a thermal conductivity detector. In the MolSieve 5A
PLOT (10 m) backflush column system, the carrier was
argon gas, injection time was 20 ms and backflush time
was 15 s. In the PLOT Q (8 m) column system, the carrier
was helium gas and injection time was 100 ms. In both col-
umns, temperatures in the injector and column, and pressure
of carrier gas were 323, 323 K and 172 kPa, respectively.

994 DOI 10.1002/aic Published on behalf of the AIChE March 2015 Vol. 61, No. 3 AIChE Journal



The amount of sample gas in the cell was diluted by 1:6 by
volume with Ar gas to increase its volume. Similarly, the
sample gas in the tank was analyzed after dilution with Ar
gas to standardize the sample gas conditions. The H2 compo-
sition of sample gas in vapor phase, yH2

was calculated from
the peak area of GC, AGC;gas corresponding to each gas as
given by Eq. 9

yH2
5

AGC;H2
=A�GC;H2

AGC;H2

A�
GC;H2

1
AGC;CO2

A�
GC;CO2

(9)

where A�GC;gas is the peak area given by GC analysis of the
pure gas, which was measured for run numbers 16–20. These
data reported represent the average of three values. The
uncertainly of the selectively was estimated from error anal-
ysis of the H2 composition.

Results and Discussion

Equilibrium hydrogen storage

Figure 1 shows H2 equilibrium storage amounts in TBAC
or TBAF semi-clathrate hydrates and Tables 2 and 3 (Sup-
porting Information Table S2) summarize experimental con-
ditions and results. The H2 equilibrium storage amounts with
respect to the sample (hydrate and ice), Xeq:;H2

were calcu-
lated from Eq. 10

Xeq:;H2
5

neq:;H2;Hyd

nH2O;load1nTBA salt;load

(10)

where, nH2O;load and nTBAsalt;load are the amounts of H2O and
TBA salt contained in the sample powder, respectively. The
Xeq:;H2

greatly depended on the semi-clathrate hydrate struc-
ture, but it did not seem to be affected by the presence of
ice. The Xeq:;H2

for the TBAC semi-clathrate hydrate systems
and the 3.0 mol% TBAF semi-clathrate hydrate systems
were about the same (ca. 3 mmol2H2

/mol2H2O1TBA salt). The
Xeq:;H2

for 3.3 mol% TBAF semi-clathrate hydrate system
values (ca. 2 mmol2H2

/mol2H2O1TBAF) were lower those that
for other semi-clathrate hydrate systems (Table 3, runs
3–10). This change in the Xeq:;H2

implies some differences in
the semi-clathrate hydrate structures.

For TBAC semi-clathrate hydrates, the H2 equilibrium
storage amounts (Figure 1 and Table 3, runs 3–6) were in
the order of (largest to smallest) 3.2 mol% TBAC (run 5),
3.0 mol% TBAC (run 4), 3.7 mol% TBAC (run 6), and
2.6 mol% TBAC (run 3). The reason that the H2 equilibrium
storage amount for 3.2 mol% TBAC semi-clathrate hydrate
was the highest among the concentrations examined is due
to the formation of hydrate without ice (Supporting Informa-
tion Figure S1 c–f). As H2 equilibrium storage amount given
by in Eq. 10 is lowered by the existence of ice, some TBAC
essentially had no contribution to hydrate formation due to
the standardized loading amounts of the salts used. However,
the H2 equilibrium storage amount did not change greatly
among the TBAC semi-clathrate hydrates and those values
were close to those for 3.7 mol% TBAB semi-clathrate
hydrate of TS-I structure (Table 3, run 2). These results are
evidence that TBAC semi-clathrate hydrate had TS-I struc-
ture independent of the TBAC concentration.

For TBAF semi-clathrate hydrate in Table 3, the H2 equi-
librium storage amount for 3.3 mol% TBAF (run 10) was
lower than half of that for 3.0 mol% TBAF (run 8). Thus,
the effect of TBAF concentration on the H2 equilibrium stor-
age amount for TBAF semi-clathrate hydrates was larger
than that for TBAC semi-clathrate hydrates (Figure 1 and
Table 3). The difference in H2 equilibrium storage amount
for 3.0 mol% TBAF semi-clathrate hydrates and 3.3 mol%
TBAF semi-clathrate hydrates formed near the dissociation
temperature (DT 5 5 K) was larger than that for TBAF semi-
clathrate hydrates formed at 276 K (DT 5 25 K). These
results imply that semi-clathrate hydrates of different struc-
tures were formed between 3.0 mol% TBAF and 3.3 mol%
TBAF, and that these two structures probably formed at the
same time for the given set of conditions in which there was
a large degree of supercooling (DT). The H2 equilibrium
storage amount for 3.0 mol% TBAF semi-clathrate hydrate
formed at DT equal to 5 K (Table 2, run 8) was close to that

Figure 1. Hydrogen equilibrium storage amount in
TBAC or TBAF semi-clathrate hydrates
(dp 5 250–355 lm, T 5 269 K, Pinitial 5 4.0
MPa).

Symbols show semi-clathrate hydrate formation tem-

peratures. Green circles, TBAC, 276 K; brown dia-

monds, TBAF, 297 K; filled brown diamonds, TBAF,

276 K. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]

Table 2. Gas Adsorption Experimental Conditions for Semi-

Clathrate Hydrate Particles (T 5 269.2 K)

Run Gas TBA Salt
Conc.

(mol%)
DT
(K)

Pinitial

(MPa) WHyd (g)

138 H2 TBAB 2.6 9 4.02 4.369
238 3.7 2 3.99 5.217
3 TBAC 2.6 12 4.07 7.501
4 3.0 12 4.05 7.319
5 3.2 12 4.05 8.192
6 3.7 12 4.05 8.795
7 TBAF 3.0 25 4.02 7.324
8 3.0 5 4.05 5.368
9 3.3 25 4.12 7.213
10 3.3 5 4.02 6.609
11 CO2 TBAB 2.6 9 0.82 2.389
12 3.7 2 0.84 2.862
13 TBAC 3.2 12 0.85 3.380
14 TBAF 3.0 5 0.84 4.349
15 3.3 5 0.83 3.789
16 H2/CO2 5 3.4 TBAB 2.6 9 4.50 4.054
17 3.7 2 4.49 3.791
18 TBAC 3.2 12 4.51 3.782
19 TBAF 3.0 5 4.49 4.257
20 3.3 5 4.51 4.570

Particle sizes for the H2 system were 250–355 mm and those for CO2 system
were 106–150 mm. Runs 1 and 2 are experimental conditions reported in pre-
vious work.38

TBAB : tetra-n-butyl ammonium bromide, TBAC: tetra-n-butyl ammonium
chloride, TBAF: tetra-n-butyl ammonium fluoride.
DT: degree of supercooling, T: temperature, Pinitial: initial pressure, WHyd:
mass (weight) of hydrate in product particles.
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for 3.7 mol% TBAB semi-clathrate hydrate of TS-I structure
(Table 3, run 2), thus, it can be concluded that the TBAF
semi-clathrate hydrate (Table 3, run 8) is TS-I structure rich.
The 3.3 mol% TBAF semi-clathrate hydrate formed at DT
equal to 5 K (Table 2, run 10) for which the H2 equilibrium
storage amount was lowest (Table 3) is most likely SCS-I
structure rich. The TS-I structure seemed to readily form for
3.0 mol% TBAF and the SCS-I structure seemed to readily
form for 3.3 mol% TBAF. Detailed analyses of semi-
clathrate structures are needed in the future.

Characteristics of gas occupancy

Tables 2 and 3 summarize experimental conditions and
results for the gas adsorption experiments. Figure 2 shows
gas occupancy in the S-cages as a function of time for the
TBA salt semi-clathrate hydrates for either H2 or CO2. The
gas occupancy in the S-cage, hgas;S was calculated from Eq.
11 based on the assumption of single occupancy in the S-
cage

hgas;S5
ngas;HydNH2O

nH2O;loadNS

(11)

where NS is number of S-cages in a unit cell. When hH2;S is
1, all S-cages are occupied with H2 molecules. In Eq. 11,
water molecules are assumed to not occupy the S-cage for
simplicity. It should be noted, however, that different occu-
pancies for H2O molecules have been reported for the SCS-I
structure of the TBAF semi-clathrate hydrate.33,34 This point
is considered in a later section. Gas adsorption rates for semi-
clathrate hydrates were assessed by the time required to reach
half the equilibrium gas occupancy in the S-cage, thalf . A low
thalf value means that the adsorption rate is high and that

adsorption occurs fast. The thalf for H2 systems (Table 3) were
in order of (low to high) 3.3 mol% TBAF (run 10), 3.0 mol%
TBAF (run 8), 3.7 mol% TBAB (run 2), 2.6 mol% TBAB
(run 1), and 3.2 mol% TBAC (run 5). The thalf for H2 systems
were influenced more by the anion of the TBA salt than the
structure of the semi-clathrate hydrate and were in order of
(shortest to longest) TBAF, TBAB, and TBAC.

The thalf for CO2 systems (Table 3) were in order of (low
to high) 2.6 mol% TBAB, (run 11), 3.0 mol% TBAF (run
14), 3.7 mol% TBAB (run 12), 3.3 mol% TBAF (run 15),
and 3.2 mol% TBAC (run 13). The thalf for CO2 systems
depended not only on the anion of the TBA salt but also on
the semi-clathrate hydrate structures. Considering the TBA
anion and clathrate structure, the thalf for CO2 systems were in
order of (low to high) TBA salt (TBAF, TBAB, and TBAC)
and semi-clathrate hydrate structure (HS-I, TS-I, and SCS-I).
The effect of the TBA anion on thalf for CO2 systems corre-
sponded to that for H2 systems. This implies that the area of
the crystal grain boundary, Agb for the semi-clathrate hydrates
increases in order of Agb,TBAF>Agb,TBAB>Agb,TBAC. In fact,
TBAF semi-clathrate hydrates could be easily crushed when
the hydrate particles were prepared (Section Hydrate prepara-
tion and characterization). The effect of clathrate structure on
thalf for CO2 systems was in correspondence with the hydra-
tion number (Table 1). The structure for low hydration num-
bers of TBA salts (NH2O=NTBAsalt, Table 1) has a high ratio of
anion to H2O molecules as host molecule. This means that the
anion in the host framework probably inhibited inclusion of
the gas molecule into the S-cage of the semi-clathrate hydrate.
The volume of the distorted S-cages near the anion is smaller
than that of regular S-cages35 because the anion radius47 is
larger than that of water.48 Therefore, the dependence of the
CO2 adsorption rate on semi-clathrate hydrate structure

Table 3. Results Derived from Gas Adsorption in Semi-Clathrate Hydrates Experiments

Run Gas TBA Salt Conc. (mol%) DT (K) Pfinal (MPa) thalf (h)
X

eq., gas

mmolgas
molH2O1TBA salt

� �
heq:;gas; S(-)

Cgas, S

(31021 MPa21)

1 H2 TBAB 2.6 9 3.90 0.79 6.67 0.087 0.238
2 3.7 2 3.93 0.74 3.21 0.052 0.136
3 TBAC 2.6 12 3.97 0.15 2.73 0.045 0.117
4 3.0 12 3.94 0.22 2.90 0.048 0.126
5 3.2 12 3.93 0.94 3.07 0.051 0.134
6 3.7 12 3.93 0.48 2.88 0.048 0.126
7 TBAF 3.0 25 3.91 0.27 3.05 0.051 0.134
8 3.0 5 3.97 0.31 3.21 0.054 0.140
9 3.3 25 4.04 0.52 2.09 0.046 0.118
10 3.3 5 3.97 0.15 1.45 0.032 0.081
11 CO2 TBAB 2.6 9 0.56 3.24 35.58 0.413 13.15
12 3.7 2 0.68 13.1 14.02 0.236 4.991
13 TBAC 3.2 12 0.60 14.1 19.40 0.325 8.341
14 TBAF 3.0 5 0.55 4.24 16.93 0.283 7.504
15 3.3 5 0.65 14.0 9.82 0.218 4.489

X H2
X CO2

hH2,S
hCO2,S

16 H2/CO2 TBAB 2.6 9 4.21 2.97 17.68 0.039 0.230
17 3.7 2 4.40 1.70 5.63 0.029 0.095
18 TBAC 3.2 12 4.40 1.43 7.07 0.024 0.118
19 TBAF 3.0 5 4.35 1.02 8.02 0.017 0.133
20 3.3 5 4.44 0.96 3.82 0.021 0.085

Runs 1 and 2 are analysis results of raw data from previous work.38 Time at completion of runs 16–20 was 4.0 h.
H2/CO2: H2 1 CO2 mixture gas (H2/CO253.4). TBAB : tetra-n-butyl ammonium bromide, TBAC: tetra-n-butyl ammonium chloride, TBAF: tetra-n-butyl ammo-
nium fluoride.
Pfinal: pressure at experimental finished, thalf : time to reach half the equilibrium gas occupancy in S-cage, Xgas: gas mole number in semi-clathrate hydrate phase
by H2O and TBA salt molecules in samples, h eq: equilibrium occupancy, CS: Langmuir constants of gas in S-cage.
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implies that the anion as host molecule physically inhibits
CO2 adsorption due to the CO2 molecular size being close to
the S-cage size. Especially for the TS-I structure, the thalf for
the TBAF semi-clathrate hydrate was significantly shorter
than that for the TBAB and TBAC semi-clathrate hydrate
because the ionic radius of F2 (1.71 Å) is much smaller than
that of Cl2 (2.23 Å) and Br2 (2.35 Å).47

The H2 equilibrium occupancies in the S-cage, heq:;H2;S

(Table 3) were in order of (high to low) for the semi-
clathrate hydrates: 2.6 mol% TBAB (run 1), 3.0 mol%
TBAF (run 8), 3.7 mol% TBAB (run 2), 3.2 mol% TBAC
(run 5), and 3.3 mol% TBAF (run 10). The effect of the
anion on the heq:;H2;S for TS-I structure (Table 3, runs 8, 2,
and 5) was small but seemed to correspond to the size of the
unit cell for TS-I structure (Table 1), as the hS;H2;eq increased
as the size of unit cell decreased. Thus, this result implies
that van der Waals interactions between H2 and H2O
increase as the size of the S-cage becomes smaller. Con-
versely, the heq:;H2;S seemed to be more strongly influenced
by the semi-clathrate hydrate structure (Table 3, runs 1, 5,
and 10). trend implies that the S-cage was occupied by H2O
molecules, because the occupancy of H2 decreases with the
introduction of other guest molecules according to Eq. 12

heq:;H2;S5
C�H2;S

fH2

11C�H2;S
fH2

12heq:;other;S

� �
(12)

where C�H2;S
and f are the actual Langmuir constant and

fugacity, respectively. The occupancy of H2O seemed to
depend on the number of anions of TBA salt as host mole-
cule irrespective of the anion species of the TBA salt. For
the case of occupied H2O as a guest molecule, the heq:;H2;S

varies slightly because the heq:;H2;S calculated from Eq. 11
changes from NH2O to N�H2O. The C�H2;S

was calculated from
Eqs. 13 and 14 by considering the number of H2O molecules
occupied in the S-cage per unit cell, NOcc;H2O as follows

h�eq:;H2;S
5

neq:;H2;Hyd NH2O1NOcc;H2O

� �
nH2O;load NS2NOcc;H2O

� � (13)

C�H2;S
5

h�eq:;H2;S

fH2
12h�eq:;H2;S

� � (14)

where h�eq:;H2;S
is the equilibrium occupancy of H2 in the S-cage

nonoccupied with H2O. The C�H2;S
was assumed to be equal to

that for clathrate hydrates of sII structure, because the effect of
distortion of the S-cage on C�H2;S

is small in the sII structure due
to the small molecular size of H2.39 From the measurements in
this work, the Langmuir constant for H2 in the S-cage for sII
structure, C�H2;S

was 0.04 MPa21 at 269 K,39 thus, h�eq:;H2;S
was

0.14 at 4 MPa. The NOcc;H2O was estimated with the h�eq:;H2;S
,

structure parameters (NH2O and NS) and experimental results
(nH2O;load and neq:;H2;Hyd) in Eq. 13. The NOcc;H2O for HS-I, TS-,I
and SCS-I structures were taken to be 2.1, 6.0, and 12.2, respec-
tively. These values correspond to the number of included TBA
salt molecules per unit cell, NTBAsalt (Table 1) and implies that
the number of included H2O molecules are strongly related to
the number of included TBA salt species. In these results, the
occupancy of H2O molecules in the S-cage were about 0.35,
0.6, and 0.76 for HS-I, TS-I, and SCS-I structures, respectively.
Komarov et al. reported that the occupancy of H2O molecules
in the S-cage was 0.8 for the SCS-I structure of TBAF semi-
clathrate hydrate,34 so that results in this work are in accordance
with the literature.34 From these results, it is possible for the gas
adsorption capacities to be increased if the occupancy of H2O
molecules can be inhibited.

The CO2 equilibrium occupancy in the S-cage, hS;CO2;eq

for semi-clathrate hydrates (Table 3) were in order of (high
to low) 2.6 mol% TBAB (run 11), 3.2 mol% TBAC (run
13), 3.0 mol% TBAF (run 14), 3.7 mol% TBAB (run 12),
and 3.3 mol% TBAF (run 15). The heq:;CO2;S depended not
only on the structure but also on the anion of the TBA salt
in contrast to the H2 systems. The heq:;CO2;Sfor TBAC semi-
clathrate hydrate (Run 13) was highest among TS-I struc-
tures (runs 12–15) regardless of the order of ion radii (F2:
1.71 Å, Cl2: 2.23 Å, and Br2: 2.35 Å).47 In TBAB semi-
clathrate hydrate, the occupancy of CO2 molecules in the
distorted S-cages is higher than that in the regular S-cage.35

It seems likely that the size of the distorted S-cage of TBAC
semi-clathrate hydrate is optimal for the CO2 molecule.

Analysis of gas adsorption behavior with kinetic model

The MAR model described in a previous work39 was
applied to results in this work. Figure S3 (Supporting Infor-
mation) shows the MAR model and its fitting parameters.
The MAR model assumes that the hydrate particle consists
of a delocalized gas-adsorbed outer shell and a localized

Figure 2. Experimental and correlation results of H2 or
CO2 occupancy as a function of time in
S-cages of semi-clathrate hydrates at 269 K
with multiple adsorption resistant (MAR)
model.39

(a) H2 adsorption systems (dp 5 250–355 mm, Pinitial 5 4.0

MPa). (b) CO2 adsorption systems (dp 5 106–150 mm,

Pinitial 5 0.8 MPa). Continuous lines are correlation

results. Symbols show TBA salt and structure of semi-

clathrate hydrate. Symbols: red up-pointing triangles,

2.6 mol% TBAB (HS-I); blue circles, 3.7 mol% TBAB

(TS-I); green squares, 3.2 mol% TBAC (TS-I); olive dia-

monds, 3.0 mol% TBAF (TS-I); brown down-pointing

triangles, 3.3 mol% TBAF (SCS-I). [Color figure can be

viewed in the online issue, which is available at wileyon-

linelibrary.com.]
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gas-adsorbed inner core. Fitting parameters in this model are
L, Ka, kc, and Da. The L and Ka are the thickness of the
delocalized adsorbed shell and the gas adsorption rate con-
stant in the delocalized adsorbed shell, respectively. The kc

is the inclusion rate constant at the interface of the gas non-
included solid core and the Da is the apparent diffusion coef-
ficient. The experimental data were correlated with the
model in such a way that the average deviation was mini-
mized as

AD5
106

Ndata

XNdata

i51

����ngas;exp ið Þ2ngas;calc ið Þ
���� (15)

where Ndata is the number of data points.
Figure 2 shows correlation results for H2 and CO2 adsorp-

tion in semi-clathrate hydrate particles with the MAR model

(Table 3, H2: runs 1, 2, 5, 8, 10, CO2: runs 11–15). Table 4

summarizes fitting parameters and average relative deviation

(ARD) of the model, where ARD is defined as

ARD%5
100

Ndata

XNdata

i51

���� ngas;exp ið Þ2ngas;calc ið Þ
ngas;exp ið Þ

���� (16)

As shown in Figure 2 and Table 4, the MAR model could
describe the gas adsorption process for both CO2 and H2

within an ARD that was generally <3%.
The L in the MAR model is the thickness of the delocal-

ized gas-adsorbed outer shell, which is related to the area of
the crystal grain boundary. Clathrate hydrate particles for
which L is large have many cracks and pores. For the TS-I
structure, the L values (H2 systems: runs 2, 5, and 8, CO2

systems: Runs 12–14 in Table 4) were in order of (high to
low) TBAF, TBAB, and TBAC, and thus, this implies that
the area of the crystal grain boundary was in order of (high
to low) TBAF, TBAB, and TBAC. The adsorption rate con-
stants Ka for the CO2 systems (3.4–35 3 1024 s21; runs 11–
15 in Table 4) had a trend of being larger than those for the
H2 systems (2.6–9.1 3 1024 s21; runs 1, 2 5, 8, and 10 in
Table 4), which means that the stable gas in the S-cage is
rapidly adsorbed from the vapor phase. In contrast, the inclu-
sion rate constant kc for H2 systems (11–88 3 1029 m�s21;
runs 1, 2 5, 8, and 10 in Table 4) were larger than those for

CO2 systems (0.7–10 3 1029 m�s21; runs 11–15 in Table
4). On the interface of the nonincluded gas solid core, the
gas is included from the gas-included shell. Thus, the stable
gas in the S-cage has difficulty to transfer from the gas
included shell to the nonincluded gas solid core. In the gas
included shell, a gas molecule diffuses through an empty S-
cage or grain boundary. The diffusion coefficients Da for H2

systems (1.9–20 3 10213 m2�s21; runs 1, 2 5, 8, and 10 in
Table 4) were larger than those for CO2 systems (0.3–2.4 3

10215 m2�s21; runs 11–15 in Table 4) as should be expected,
because the molecular size of CO2 is much larger than that
of H2. Thus, the MAR model provides trends in accordance
with general physics.

In H2 systems, the Ka, kc for TS-I structure were in order
of (high to low) TBAC, TBAB, and TBAF (runs 5, 2, and 8)
in Table 4, which corresponds to descending order of the lat-
tice constant or S-cage size (TBAC, TBAB, and TBAF) in
Table 1. This dependence for the S-cage size was observed
for H2-additive binary clathrate hydrates39 and means that
H2 molecules were included in the S-cage of semi-clathrate
hydrates without translation of water molecules as for H2-
additive binary clathrate hydrates.39 The cause of this is
thought to be that H2 adsorption is difficult to be inhibited
by the QAS anion due to the small molecular size of H2.
The Da for TS-I structures were in order of (high to low)
TBAF, TBAB, and TBAC (runs 8, 5, and 2) in Table 4,
which corresponds to ascending order of the area of the crys-
tal grain boundary inferred from the relative values of L.
Thus H2 molecules probably diffuse through the grain boun-
daries of semi-clathrate hydrate particles.

In CO2 systems, the kc for TS-I structure were in order of
(high to low) TBAC, TBAB, and TBAF (Table 4, runs 12–
14) and these had similar trends for kc in H2 systems (Table
4, runs 2, 5, and 8). However, the Ka for TS-I structure were
in order of (high to low) TBAF, TBAB, and TBAC in con-
trast to H2 systems, which corresponds to ascending order of
the area of the crystal grain boundary. Thus, the Ka in CO2

systems were strongly influenced by the diffusivity of CO2.
The Da for the TS-I structure were in order of (high to low)
TBAF, TBAC, and TBAB, which corresponds to ascending
order of the ionic radii of the anions. From these results it
can be concluded that the diffusion of CO2 molecules was

Table 4. Correlation Results in Terms of the Average Relative Deviation (ARD) for Gas Adsorption Rates with the MAR

Model
39

for Semi-Clathrate Hydrate Particles Formed from Tetra-n-Butyl Ammonium Bromide (TBAB) Tetra-n-Butyl Ammo-

nium Chloride (TBAC) and Tetra-n-Butyl Ammonium Fluoride (TBAF) at Various Degrees of Supercooling, DT

Run Gas TBA Salt Conc. (mol%) Struc.a DT (K) L(mm) Ka (31024 s21) kc (31029 ms21) Da (310213 m2s21) ARD(%)

1 H2 TBAB 2.6 HS-I 9 28.2 9.116 34.89 15.76 0.69
2 3.7 TS-I 2 33.2 4.094 52.34 5.127 1.74
3 TBAC 2.6 TS-I 12 38.1 14.60 285.6 12.18 6.05
4 3.0 TS-I 12 42.9 7.756 104.2 19.59 3.07
5 3.2 TS-I 12 20.0 7.630 87.55 1.934 2.17
6 3.7 TS-I 12 27.9 5.656 145.0 6.949 7.02
8 TBAF 3.0 TS-I 5 78.2 2.560 10.89 20.03 1.47
10 3.3 SCS-I 5 56.1 5.000 60.81 18.96 1.98
11 CO2 TBAB 2.6 HS-I 9 10.7 35.09 0.706 0.0238 1.58
12 3.7 TS-I 2 5.11 6.170 1.642 0.0073 1.83
13 TBAC 3.2 TS-I 12 3.70 3.445 2.313 0.0111 2.49
14 TBAF 3.0 TS-I 5 11.4 10.59 1.264 0.0122 1.42
15 3.3 SCS-I 5 6.91 5.907 10.36 0.0034 0.95

Correlation parameters areL, thickness of delocalized state, Ka, adsorption rate constant in delocalized state, kc, inclusion rate constant, Da, apparent diffusion
coefficient.
aStructures based on Table 1 and DSC, Raman and gas adsorption experiments of this work: HS-I: hexagonal structure-I, TS-I: tetragonal structure-I, SCS-I:
superlattice of cubic structure-I.
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physically inhibited due to the S-cage by the anion, and that
the relationship between the size of the gas molecule and the
distorted S-cage is important for this inhibition effect.

Table 5 summarizes the many relationships between TBA
salt and structure on fitting parameters (Ka, kc, and Da).
According to fitting of the MAR model to the data, fitting
parameters were found to be proportional or inversely pro-
portional to the characteristics or property of the semi-
clathrate hydrate (Table 5).

The effect of semi-clathrate hydrate structure on Ka, kc,
and Da is best discussed for a given TBA salt semi-clathrate
hydrate. Specifically, TS-I structures are compared with HS-I
structures for TBAB systems, and TS-I structures are com-
pared with SCS-I structures for TBAF systems. However,
HS-I structures cannot be compared directly with the SCS-I
structures due to the lack of the common TBA salt semi-
clathrate hydrate. In H2 systems, Ka for the TS-I structure
were larger than those values for the HS-I structure (Table 4,
runs 1 and 2) and for the SCS-I structure (Table 4, runs 8
and 10). It is probable that lattice defects of the semi-
clathrate hydrate HS-I and SCS-I structures were larger than
those for the TS-I structure. For the HS-I structure, other
crystals such as ice formed in the formation process (Sup-
porting Information Figure S1a). Water molecules in the HS-
I structure are affected by that of ice, so that lattice defects
in the HS-I structure occur. For the SCS-I structure, the
number of anions as host molecules seems to be related to
the distortion of the hydrate cages. The lattice defect of
semi-clathrate hydrate cages are probably distorted by the
ionic size and attracted H2O molecules to the anion as host
molecule. The number of the anions as host molecules for
the SCS-I structure was largest among those structures
(Table 1). Thus, the number of the distorted S-cages for the
SCS-I structure was probably more than that for the TS-I
structure. The kc for each structure were in order of (high to
low) SCS-I, TS-I, and HS-I, which corresponds to ascending
order for the number of S-cages per ideal number of water
molecules of the unit cell (Table 1). Conversely, the Da for
each structure were in order of (high to low) HS-I, TS-I, and
SCS-I, which corresponds to descending order for the num-
ber of S-cages per ideal number of water molecules of unit
cell (Table 1). The relationship between the kc, the Da, and
the number density of S-cages of the semi-clathrate hydrates

exhibited similar dependencies with occupancy of the S-cage
as that observed for H2-THF clathrate hydrates.49 Therefore,
it can be implied that the H2 adsorption rate is faster as the
number density of sorbable sites decreases.

In CO2 systems, the Ka for each structure were in order of
(high to low) HS-I, TS-I, and SCS-I, which corresponds to
descending order of the L parameter that is related to the
area of the crystal grain boundary (Table 4, runs 11, 12, 14,
and 15) as well as the anions (Table 4, runs 12–14). The kc

for each structure were in order of (high to low) SCS-I, TS-
I, and HS-I, and the Da for each structure were in order of
(high to low) HS-I, TS-I, and SCS-I as with H2 systems.
Therefore, the relationship between CO2 adsorption or diffu-
sion rate and the number density of sorbable sites are the
same as that for H2 systems. In CO2 systems, the descending
order of the Da for each structure corresponds to the ascend-
ing order of the number density of the anions in semi-
clathrate hydrates, because the diffusion of CO2 molecules is
inhibited by the distorted S-cage near the anion as a host
molecule.

Table 4 summarizes fitting parameters and ARDs for H2

adsorption with TBAC semi-clathrate hydrate particles (runs
3–6) and Supporting Information Figure S4 shows correla-
tion with the MAR model. The Ka for each TBAC concen-
tration were in order of (high to low) 2.6, 3.0, 3.2, and
3.7 mol%, which shows that the nonincluded TBAC inhib-
ited H2 adsorption and diffusion. The kc for each TBAC con-
centration were in order of (high to low) 2.6, 3.7, 3.0, and
3.2 mol%, which means that ice was present and that TBAC
probably deformed the S-cages in the TS-I structure, as kc is
related to the distortion of the S-cage as well as the structure
dependence in H2 systems. The Da for each TBAC concen-
tration were in order of (high to low) 3.0, 2.6, 3.7, and
3.2 mol%, which corresponds to the descending order of the
L as well as the anion dependency of Da and L for TS-I
structure in H2 systems. This implies that the ice and the
nonincluded TBAC not only increased the area of the crystal
grain boundary but also that the ice and the nonincluded
TBAC caused large resistance to H2 diffusion.

Measurement and simulation of H2/CO2 selectivity

Mixture gas (H2 and CO2) adsorption behavior was simu-
lated using the correlated values from the gas adsorption

Table 5. Relationship Between Tetra-n-Butyl Ammonium (TBA) Salts and Clathrate Structures and Fitting Parameters,Ka:

Adsorption Rate Constant in Delocalized State, kc: Inclusion Rate Constant, Da: Apparent Diffusion Coefficient

Parameter Order according to structurea Characteristic or Property Relationshipb

H2 systems
Ka TBAC>TBAB>TBAF S-cage size P

HS-I>TS-I, SCS-I>TS-I Distortion of hydrate cage P
kc TBAC>TBAB>TBAF S-cage size P

SCS-I>TS-I>HS-I Number density of S-cage InvP
Da TBAF>TBAB>TBAC Area of crystal grain boundary P

HS-I>TS-I>SCS-I Number density of S-cage P
CO2 systems

Ka TBAF>TBAB>TBAC Area of crystal grain boundary P
HS-I>TS-I>SCS-I Area of crystal grain boundary P

kc TBAC>TBAB>TBAF S-cage size P
SCS-I>TS-I>HS-I Number density of S-cage InvP

Da TBAF>TBAC>TBAB Ionic radius of anion InvP
HS-I>TS-I>SCS-I Number density of S-cage P

Number density of anion InvP

aStructure: HS-I: hexagonal structure-I, TS-I: tetragonal structure-I, SCS-I: superlattice of cubic structure-I.
bRelationship of parameter to characteristic: P, proportional; InvP, inversely proportional.
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measurements with MAR model to estimate H2/CO2 selectiv-
ities. The conditions of the simulation were assumed to be
those of the experimental conditions as summarized in Table
2 (runs 16–20). The Langmuir constant and the parameters
for MAR model in Tables 3 and 4 were used (runs 1, 2, 5,
8, and 10–15). The parameter L is the semi-clathrate hydrate
particle property, thus, the L values used for mixture gas
adsorption simulation were same as those used at CO2

adsorption experiments because the particle diameters for the
mixture gas adsorption experiments were the same as those
in the CO2 adsorption experiments.

Figure 3 shows experimental and calculated H2/CO2 selec-
tivities for TBA salt semi-clathrate hydrates. In the simula-
tion results, the equilibrium H2/CO2 selectivities SH2=CO2

for
the semi-clathrate hydrates were in order of (high to low)
3.2 mol% TBAC, 2.6 mol% TBAB, 3.3 mol% TBAF semi-
clathrate hydrate, 3.0 mol% TBAF, and 3.7 mol% TBAB.
The H2/CO2 selectivity for 3.2 mol% TBAC semi-clathrate
hydrate was highest among the semi-clathrate hydrates. The

SH2=CO2
in each semi-clathrate hydrate were higher than the

SH2=CO2
by gas clathrate hydrate formation without additive

guest molecules (T 5 273 K, Pinitial 5 3.8 MPa, nH2
/

nCO2
5 1.6).17

The rate of increase in the SH2=CO2
at the early stages of

adsorption were in order of (high to low) 3.0 mol% TBAF,
2.6 mol%, 3.3 mol% TBAF, 3.2 mol% TBAC, and 3.7 mol%
TBAB semi-clathrate hydrate according to the simulation. In
the experimental results (points in Figure 3b), the H2/CO2

selectivities SH2=CO2
for the semi-clathrate hydrates at 4 h

were in order of (high to low) 3.0 mol% TBAF (run 19),
2.6 mol% TBAB (run 16), 3.2 mol% TBAC semi-clathrate
hydrate (run 18), 3.3 mol% TBAF (run 20), and 3.7 mol%
TBAB (run 17). The SH2=CO2

of the simulation results were
close to those of the experimental results as shown in Figure
3b. Therefore, 3.0 mol% TBAF semi-clathrate hydrate is con-
sidered to be applicable as separation media for H2/CO2 sys-
tems in PSA processes. Because the cycle time of the gas
adsorption and desorption is generally on the order of
minutes, high selectivity at short contact times is required. In
this section, the structure of semi-clathrate hydrates as separa-
tion media has been unified as much as possible. However, as
the gas adsorption rate increases with increasing area of crys-
tal grain boundaries, it would seem to be possible to mix
other crystals, such as TBAC semi-clathrate hydrates to create
more favorable systems (Supporting Information Figure S4).
The gas selectivity and adsorption rate of semi-clathrate
hydrates may be improved by combining semi-clathrate
hydrates with additive salts and considering the structures.

Simulation of H2/CO2 selectivity with hydrate membrane

Theoretical selectivity with polymeric membranes to sepa-
rate a gas mixture can be calculated from the solubility and
diffusivity of the species.50 The theoretical selectivity
aH2=CO2

of a membrane can be calculated from Eq. 17 as

aH2=CO2
5

pH2

pCO2

5
CH2;S

CCO2;S

DH2

DCO2

(17)

where p is the species permeability. In the use of Eq. 17 for a
hydrate membrane, the apparent diffusion coefficient depends
on occupancy,49 which means that the diffusion coefficient
depends on the partial pressure of the gas, Pgas. Thus, the gas
permeability is calculated from Eqs. 18–21 with Langmuir
constants and apparent diffusion coefficients as

pgas5
dmFgas

Am Pgas;inlet2Pgas;outlet

� � (18)

Fgas5De;gasAm

Cgas;m;inlet2Cgas;m;outlet

� �
dm

(19)

De;gas5 12hS;gas

� �
Da;gas (20)

Cgas;m;inlet5
NS

NAVunitcell

Cgas;Sfgas;inlet

11CH2;SfH2;inlet1CCO2;SfCO2;inlet

� �

(21)

where Am, dm, F, Cgas,m,inlet, hS, and Cgas,S are the membrane
area, membrane thickness, gas permeate flow rate, supply
side gas concentration, S-cage occupancy, and Langmuir
constant for the gas in the S-cage, respectively. The effective
diffusion coefficient, De;gas in Eq. 20 is related to the appa-
rent diffusion coefficient, Da;gas by the occupancy in the S-
cage. Figure 4 shows the pressure dependence of H2 and
CO2 permeability. As the total pressure increases, the H2 and

Figure 3. H2 selectivity for CO2 as a function of time in
the semi-clathrate hydrate particles (dp 5 128
lm, T 5 269 K, Pinitial (H2/CO2 5 3.4) 5 4.5
MPa).

(a) long time-scale and (b) short time-scale. Lines show

the simulation results with the MAR model.39 Symbols

show TBA salt and structure of semi-clathrate hydrate.

Symbols: red up-pointing triangle (dashed-dotted line),

2.6 mol% TBAB (HS-I); blue circle (dotted line),

3.7 mol% TBAB (TS-I); green square (continuous line),

3.2 mol% TBAC (TS-I); olive diamond (dashed line),

3.0 mol% TBAF (TS-I); brown down-pointing triangle

(dashed-two dotted line), 3.3 mol% TBAF (SCS-I). Lang-

muir constants and fitting parameters of MAR model

for each gas and semi-clathrate hydrate are given in

Tables 4 and 5. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]
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CO2 permeability decreases for all semi-clathrate hydrates.
As the gas partial pressure increases, the adsorption amount
of the gas increases. However, as the occupancy of the gas
increases, the effective diffusion coefficient decreases as Eq.
20. Therefore, the trend of gas permeability with pressure is
due to the decrease in the ratio of gas diffusion rates being
larger than the increase in the ratio of the gas adsorption
amounts.

Figure 5 shows the pressure dependence of H2/CO2 selec-
tivity versus H2 permeability. As the H2 permeability
increases, H2/CO2 selectivity decreases for all semi-clathrate
hydrates. The reason for this is thought to be due to the
decreasing ratio of CO2 permeability to H2 permeability
(Figure 4) for increasing pressures, as the CO2 occupancy of
the S-cage is higher than that of the H2 occupancy. The vari-
ation of selectivity with pressure for clathrate hydrate mem-
branes is completely different from the separation
characteristics of polymeric membranes.50 For semi-clathrate
hydrate membranes, as pressure increases, H2/CO2 selectivity
increases. The SCS-I structure TBAF semi-clathrate hydrate
seems to be most favorable for use as a hydrate membrane
among the semi-clathrate hydrates examined as it can be
used at conditions close to ambient temperature. However, it
is probable that gas selectivity of semi-clathrate hydrates can
be made even higher for other QAS than TBAF that lower

the permeability of large size molecules or by control of the
clathrate structure. Based on the above results, the semi-
clathrate hydrates examined in this work are favorable for
applications in membrane separation due to their high selec-
tivity and mild operating conditions. Further research is
needed on membrane support materials for semi-clathrate
hydrates and on conditions for semi-clathrate hydrate thin
film formation or particle formation methods.

Conclusions

In this work, the formation TBA salt semi-clathrate
hydrate particles were analyzed by DSC, Raman spectros-
copy and by consideration of the equilibrium H2 storage
amounts. The TBA salts used were TBAB, TBAC, and
TBAF. TBAC semi-clathrate hydrate formed TS-I structure
regardless of TBAC concentration and 3.2 mol% TBAC
semi-clathrate hydrate formed without forming ice. TBAF
semi-clathrate hydrate formed TS-I structure for 3.0 mol%
TBAF and SCS-I structure for 3.3 mol% TBAF at small
degrees of supercooling.

The H2 or CO2 adsorption rates with the semi-clathrate
hydrate particles were measured with a pressure decay
method. The time for half of the equilibrium consumption,
thalf , strongly depended on the anion of TBA salt for H2 sys-
tems, whereas H2 adsorption was not a strong function of
the semi-clathrate hydrate structure. The thalf in CO2 systems
depended not only on the anion of the TBA salt but also on
the semi-clathrate hydrate structure, and this is attributed to
the size of the CO2 molecule. The equilibrium H2 occupancy
in the S-cage hS;H2;eq strongly depended on the semi-clathrate
hydrate structure rather than on the anion of the TBA salt.
The equilibrium CO2 occupancy in S-cage hS;CO2;eq depended
not only on the semi-clathrate structure but also on the TBA
salt for TS-I structure. The size of the distorted S-cage of
TBAC semi-clathrate hydrate is optimum for CO2 molecule
because the hS;CO2;eq for TBAC semi-clathrate hydrate was
highest among TS-I structures.

From the results in this study, it is implied that the stable
gas in the S-cage (CO2) is rapidly adsorbed from the vapor

Figure 4. Effect of pressure on gas permeability for
semi-clathrate hydrate membrane at 269 K
and initial H2/CO2 5 3.4.

(a) H2 permeability and (b) CO2 permeability. Lines

show TBA salt and structure of semi-clathrate hydrate.

Lines: red dashed-dotted line, 2.6 mol% TBAB (HS-I);

blue dotted line, 3.7 mol% TBAB (TS-I); green continu-

ous line, 3.2 mol% TBAC (TS-I); olive dashed line,

3.0 mol% TBAF (TS-I); brown dashed-two dotted line,

3.3 mol% TBAF (SCS-I). [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.

com.]

Figure 5. Relationship between H2 permeability and H2/
CO2 selectivity at 269 K and initial H2/
CO2 5 3.4.

Lines show TBA salt and structure of semi-clathrate

hydrate. Lines: red, 2.6 mol% TBAB (HS-I); blue,

3.7 mol% TBAB (TS-I); green, 3.2 mol% TBAC (TS-I);

olive, 3.0 mol% TBAF (TS-I); brown, 3.3 mol% TBAF

(SCS-I). [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]
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phase, as the adsorption rate constants Ka of CO2 were larger
than those of H2 for the same semi-clathrate hydrate sys-
tems. Conversely, the stable gas in the S-cage (CO2) trans-
fers with difficulty in the gas included shell as can be
concluded from the simulation results, as the inclusion rate
constants kc and the diffusion coefficients Da for H2 systems
were larger than those for CO2 systems. The kc increased for
both H2 and CO2 systems with decreasing the number
density of S-cages. In contrast, the Da for both H2 and CO2

systems increased with increasing the number density of
S-cages. Therefore, the gas inclusion rate became faster as
the number density of sorbable sites decreased, and the gas
diffusion rate became faster as the number density of sorb-
able site increased. The Da for CO2 systems decreased with
increasing number density of the anions. This means that the
diffusion of CO2 molecules was inhibited by the S-cage near
the anion as host molecule.

The H2/CO2 selectivities SH2=CO2
for TBA salt semi-

clathrate hydrates were obtained from MAR model simula-
tions with Langmuir constants obtained from experiments.
In the simulation results, the SH2=CO2

for 3.2 mol% TBAC
semi-clathrate hydrate was the highest among the TBA salt
semi-clathrate hydrates studied. Conversely, the SH2=CO2

for
3.0 mol% TBAF semi-clathrate hydrate in the early stages
of gas adsorption was the highest among the TBA salt
semi-clathrate hydrates studied. The 3.0 mol% TBAF semi-
clathrate hydrate is considered to be appropriate as separa-
tion media for H2/CO2 systems in PSA processes among the
semi-clathrate hydrate systems studied. The H2/CO2 selectiv-
ities for semi-clathrate hydrates can probably be improved
using additive salts to control the structure.

The H2/CO2 selectivities aH2=CO2
for TBA salt semi-

clathrate hydrates were calculated from Langmuir constants
and apparent diffusion coefficients. The aH2=CO2

for
3.3 mol% TBAF semi-clathrate hydrate was highest among
the TBA salt semi-clathrate hydrates studied and had a value
that was greater than 100. Thus, semi-clathrate hydrates can
have wide application as separation media. For semi-
clathrate hydrates, the aH2=CO2

increased with decreasing gas
permeability. Therefore, the characteristics required for
semi-clathrate hydrate membranes are different from semi-
clathrate hydrate particles that might be used for a PSA pro-
cess. In either separation process, however, the adsorption
and diffusion characteristics of the larger molecules can be
controlled by choice of the QAS and the use of conditions to
form appropriate semi-clathrate hydrate structures.

Acknowledgments

The authors are grateful for Japan Society for the Promo-
tion of Science for partial financial support of this research
through a Grant-in-Aid for Scientific Research and a doctoral
course fellowship.

Notation

AGC = peak area of gas chromatography (GC)
A�GC = peak area given by GC analysis for the pure gas
Am = membrane area, m2

AD = average deviation, mol
ARD = average relative deviation, %
a; b; c = lattice constants, Å

Cgas = gas concentration, mol/m3

CS = Langmuir constant of S-cage, Pa21

C�S = actual Langmuir constant of S-cage, Pa21

Da = apparent diffusion coefficient, m2/s

De = effective diffusion coefficient, m2/s
dm = membrane thickness, m
F = gas permeate flow rate, mol/s
f = fugacity, Pa

Ka = adsorption rate constant in delocalized state, s21

kc = inclusion rate constant on interface of H2 nonincluded solid
core, m/s

L = thickness of delocalized gas-adsorbed outer shell, m
M = molecular weight, g/mol
N = number

NA = Avogadro constant, mol21

N�H2O = theoretical number of water molecules per unit cell
Nideal;H2O = number of water molecules per unit cell of structure non-

replaced H2O
NOcc;H2O = number of occupied water molecules in S-cage per unit cell

n = mole number, mol
P = pressure, Pa
p = permeability, mol�m/(m2�s�Pa)

SH2=CO2
= equilibrium H2/CO2 selectivity for semi-clathrate hydrate

particles
T = temperature, K
t = time, h

V = volume, m3

X = storage amount with respect to the hydrates, mmol-gas/mol-
H2O1TBA salt

y = composition in vapor phase

Greek letters

aH2=CO2
= H2/CO2 selectivity for semi-clathrate hydrate membrane

DT = degree of supercooling, K
e = porosity

hS = occupancy in S-cage
h�S = occupancy in S-cage nonoccupied with H2O
q = density, g/m3

Subscripts

Ab = grain boundary
calc = calculation
cell = hydrate formation cell

CO2 = carbon dioxide
data = data point

eq = equilibrium state
exp = experiment
Gas = gas molecule
H2 = hydrogen

H2O = water
half = consumption of half of gas
Hyd = hydrate phase
inlet = supply side
load = loading

m = membrane
other = other guest molecule
outlet = permeation side

R; initial = before loading of reservoir tank
R; final = after loading of reservoir tank

S = S-cage
TBAB = tetra-n-butyl ammonium bromide
TBAC = tetra-n-butyl ammonium chloride
TBAF = tetra-n-butyl ammonium fluoride

TBA salt = tetra-n-butyl ammonium salt
Theor Hyd = theoretical hydrate

vapor = vapor phase
leak = leak of gas molecule
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