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Decomposition kinetics and recycle of hydrogen—tetrahydrofuran (H,~THF) clath-
rate hydrates were investigated with a pressure decay method at temperatures from
265.1 to 273.2 K, at initial pressures from 3.1 to 8.0 MPa, and at stoichiometric THF
hydrate concentrations for particle sizes between 250 and 1000 um. The decomposi-
tion was modeled as a two-step process consisting of H, diffusion in the hydrate phase
and desorption from the hydrate cage. The adsorption process occurred at roughly
two to three times faster than the desorption process, whereas the diffusion process
during formation was slightly higher (ca. 20%) than that during decomposition. Suc-
cessive formation and decomposition cycles showed that occupancy seemed to
decrease only slightly with cycling and that there were no large changes in hydrate
structure due to cycling. Results provide evidence that the formation and decomposi-
tion of H> clathrate hydrates occur reversibly and that H> clathrate hydrates can be
recycled with pressure. © 2010 American Institute of Chemical Engineers AIChE J, 57: 265—
272, 2011
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phase diffusion model

Introduction

The potential of tetrahydrofuran (THF) clathrate hydrates
for hydrogen (H,) storage continues to be of interest, where
it has been demonstrated with precise measurements that
THF hydrate can store up to 1.6 mol Hy/mol THF (0.045 g
H,/g THF) at 277.15 K and 70 MPa.! Moreover, there is the
possibility for using other guest molecules™* or hybrid struc-
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tures* that could allow achievement of greater H, storage
capacities, since current storage capacity is considered to be
low for practical applications.”

However, in considering the storage capacity of H, in a
clathrate hydrate structure, not only formation kinetics but
also release or decomposition kinetics of the clathrate
hydrate are important for practical use. A number of authors
have indicated that storage and release of H, can be per-
formed without destroying the hydrate cages and some have
presented data showing the decomposition of the clathrate to
recover H,,%” but these studies lack quantitative description
of the macroscopic physical and chemical processes occur-
ring that are shown by the time variation of experimental
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Table 1. Experimental Conditions Used to Study Formation and Decomposition of Hydrogen-Tetrahydrofuran
Clathrate Hydrates

Run Wiya (@) A (cm?) T (K) P (f) MPa) d (um)
1 7.32 822 x 1072 269.0 5.0(5.2) 500-600
2 4.02 8.20 x 1072 269.1 5.0(.1) 250-355
3 124 8.22 x 1072 269.0 5.0(5.2) 850-1000
4 7.31 8.21 x 1072 269.2 8.0 (8.4) 500-600
5 7.27 8.17 x 1072 269.2 3.13.1) 500-600
6 7.30 8.20 x 1072 273.2 5.0(.2) 500-600
7 7.36 8.26 x 1072 265.1 5.0(5.2) 500-600
8 7.30 8.20 x 1072 269.1 5.0(.2) 500-600

Whya, total mass of hydrate used; A, total surface area of hydrate used; T, experimental temperature; P(f), experimental pressure and fugacity; d, sieved range of

hydrate particles.

data in the bulk phase. Several researchers have investigated
kinetics focusing on diffusion of H, or deuterium in clathrate
hydratesg_12 and give evidence for the microscopic adsorp-
tion and diffusional processes that should be included in for-
mulating a phenomenological model. Some models that have
been proposed include additional effects such as lattice dis-
tortion,"*'* while others have analyzed equilibrium condi-
tions for H, occupancy by Monte Carlo simulation'® and
molecular dynamics (MD) simulation.'® Papadimitriou
et al.'” have proposed changes in the methodology for calcu-
lating H, occupancy with promoters with the use of equilib-
rium data.

In a previous study on binary H,—THF clathrate hydrate
formation kinetics, we developed a phenomenological model
that assumed hydrate formation via an adsorption step and a
subsequent diffusion step.18 To take into account, the pro-
gressive inhibition of inclusion as H, clathrate forms, the
hydrate phase thickness was assumed to be proportional to
the H, occupancy at any given time. The hydrogen hydrate
phase diffusion (HHPD) model'® was found to provide good
correlation of the experimental results with respect to parti-
cle size, temperature, and pressure variations. Nevertheless,
that work left open some important questions that need to be
addressed, which include the temperature dependence of the
formation and decomposition kinetics, the reversibility of the
formation process, and the extent to which H, stored as bi-
nary H,—THF clathrate hydrates can be recycled or reused.

In this work, we examine formation and decomposition
kinetics of binary H,~THF clathrate hydrates with an appara-
tus and procedure that were modified to improve both the
temperature control and reproducibility of the experiments
over previous work. We develop a model that can describe
the decomposition kinetics by considering the previous
HHPD model and apply the model to study the decomposi-
tion process according to temperature, particle size, and pres-
sure variations. Experiments are performed that examine
recycle of the binary H,-THF clathrate hydrates through
multiple formation and decomposition cycles of the same
clathrate hydrates such that conclusions can be made on the
reversibility of the formation and decomposition processes.
A modification to the HHPD model is proposed that relates
the hydrate phase thickness during desorption to the ratios of
differences between H, occupancy at formation and that af-
ter decomposition. As decomposition of clathrate hydrate
also requires formation experiments, additional formation
runs are presented in this work with improved temperature
control.
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Experimental Methods
Materials

Distilled and deionized water was used that had an electri-
cal conductivity of 5.5 uS/m. H, gas (99.99%, Iwaki Suiso)
and THF without stabilizer (99.5%, Wako Pure Chemical)
were used.

Hydrate preparation

Batches of THF clathrate hydrate particles were made by
loading water and THF into a perfluoroalkoxyethylene vessel
and weighing the contents to a precision of 1 mg with a bal-
ance (Mettler Toledo AX504) and then cooling the solution
to 253 K with a freezer (Norfrost, HNC100) while stirring.
After at least 1 day at 253 K, 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. The formation of THF clathrate
hydrate was confirmed with laser Raman spectroscopy
(JASCO, NR-2000) by comparison with spectra for liquid
THF, a 19.06 wt% THF-water solution, and the product
THF clathrate hydrate (Supporting Information, Figure S1).
Particle size ranges of 250-355 um, 500-600 pm, and 850—
1000 pum were used in the experiments with the actual mass
of clathrate hydrate loaded into the cell being adjusted to
have a constant surface area of 0.082 m> (Table 1). In the
formation and decomposition experiments, eight runs were
performed that varied temperature, pressure, and particle size
range (Table 1). In the recycle experiments, three formation
and decomposition runs were performed.

The experimental apparatus (Figure 1) was modified and
the procedures used were improved over those used in the
previous work on formation kinetics.'® As shown in Figure
la, 4-wire Pt thermometers (Netsushin Co.) were added to
both hydrate formation cell and to the H, reservoir tank. The
reservoir tank system (Figure 1b) was designed to be sepa-
rated from the equilibrium cell during the loading of the res-
ervoir tank with H,. An additional pressure gauge (Setra,
280E) was added to the reservoir tank system.

The H, reservoir tank system (Figure 1b) used two 300
cm’ sampling bombs (Whitey, 304-HDF4-300) and a cooling
unit (Julabo, F-25 MB). The reservoir tank was volume cali-
brated with nitrogen over the range of temperatures (269—
273 K) and pressures (2.5-5.3 MPa) and found to have an
average volume of 300.79 cm’® from seven independent trials
(¢ = 0.447 cm®). The hydrate formation cell was volume
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Figure 1. Apparatus used in hydrogen clathrate hydrate formation and decomposition experiments.

(a) H, reservoir loading system and (l(%) hydrate formation cell. Components, 1: connection to H, cylinder, 2a: Glycol jacket (hard vinyl
chloride), 2b: insulation (AEROFLEX"™) 3: reservoir tank, 4: 4-wire Pt thermometers, 5a: chiller inlet, S5b: chiller outlet; 6a: chiller inlet,
6b: chiller outlet, 7: hydrate formation cell, 8: agitator, 9: window, 10: thermocouple (T-type), 11a: transferable sampling bomb connected
to reservoir tank, 11b: transferable sampling bomb connected to hydrate formation cell.

calibrated with nitrogen over a range of temperatures (269—
273 K) and pressures (2.2-7.4 MPa) and found to have an
average volume of 134.75 cm’® from 12 independent trials (o
= 0.255 cm?). Temperature control of the reservoir tank was
better than 0.1 K that improved the reproducibility of H,
quantification.

The modified experimental apparatus as described above
was used for studies of both formation and decomposition
kinetics. The procedure used in the formation experiments
was based on the pressure decay method using material bal-
ances for H, in both the cell and reservoir tank as in the pre-
vious work'® with the exception that the initial surface area
of the THF clathrate hydrate was held constant by changing
the loaded amounts (Table 1) as indicated earlier. Reproduci-
bility of the H, quantification for THF clathrate hydrate for-
mation for a given set of conditions was found to be consist-
ent for two independent runs to within 2.0% during forma-
tion for more than 4000 pressure measurement points
(Supporting Information, Figure S2a) and to within 1.6%
during decomposition for more than 4000 pressure measure-
ment points (Supporting Information, Figure S2b).

The procedure used in the decomposition experiments was
as follows: When the hydrate formation cell reached equilib-
rium conditions, the cell was depressurized rapidly to atmos-
pheric pressure (ca. 0.1 MPa) to remove the gas phase H,.
Once the cell was depressurized, it was immediately isolated
and temperature was controlled to the given experimental
temperature while the pressure was monitored over a period
of time (ca. 830 h) as documented in Supporting Informa-
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tion, Figure S3. The amount of H, released was calculated
from the material balance and an equation of state®” by
dividing the mass of H, due to the increase in pressure in
the cell by the loaded mass of hydrate particles. Typical var-
iations in pressure, gas phase temperature, and hydrate phase
temperature for both the formation and decomposition proc-
esses are given in Supporting Information, Figure S3. Raman
spectra were taken to confirm the existence of THF hydrate
and binary H,—THF hydrate (Supporting Information, Figure
S4).

HHPD model

Formation. In the HHPD model, the hydrate formation
process is assumed to occur through adsorption of H, into
the binary H,—THF clathrate hydrate that is followed by dif-
fusion of H, into empty S-cages in spherical particles of sin-
gle crystals.'"® The resulting equation for the formation pro-
cess is:

dnH, 1
o = T feas —feq) (M

T
kA T DA

where ny, is the moles of H included in the clathrate hydrate
at time, ¢, and L, A, k,, and Dj , represent the phase thickness of
the H,—THF clathrate hydrate, the area, the adsorption kinetic
constant, and effective diffusion coefficient, respectively. The
formation occurs according to the driving force between the
fugacity, f, of the H, gas and that at equilibrium. The phase

DOI 10.1002/aic 267



a
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(Desorption phase) (Diffusion phase)
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Figure 2. Hydrogen hydrate phase diffusion (HHPD)
model for hydrate decomposition process.

(a) Conceptual diagram of the desorption and diffusion
processes; (b) conceptual diagram of the desorption and dif-
fusion phases and the correspond fugacity driving force.

thickness, L, is related to the H, occupancy in the clathrate
hydrate and changes with time as does A.

Decomposition. The hydrate clathrate decomposition pro-
cess was hypothesized to be reversible such that decomposition
could be described by reversing the steps of the two-step forma-
tion process. Just as in the formation process, it was assumed
that all particles were spherical and consisted of single crystals.
In the binary H,—THF clathrate hydrate, a single H, at most was
assumed to be entrapped in an S-cage at the experimental con-
ditions, as this is appropriate for the maximum pressures stud-
ied (ca. 10 MPa) and experimental evidence in the literature.®

Figure 2 shows a conceptual diagram of the hydrate clath-
rate decomposition process. In the first step, H, is desorbed
from the binary H,—THF clathrate S-cage and in the second
step, H, diffuses through the hydrate phase to finally reach
the bulk gas phase (Figure 2a). In the decomposition of the
clathrate hydrate, it is assumed that there remains some H,
in the hydrate phase even after decomposition goes to com-
pletion according to the equilibrium pressure or according to
possible hysteresis. Therefore, it was assumed that there
were different phases in the binary H,-THF clathrate
hydrate, namely a diffusion phase at the clathrate hydrate
surface and a desorption phase on the interior of the clath-
rate hydrate particle (Figure 2b). In other words, diffusion,
desorption, and bulk gas phases were assumed to exist for
estimating the mass transfer that occurs. Each phase was
described in terms of a fugacity driving force (Figure 2b).
The HHPD model incorporates a desorption step in which
the driving force for H, release is considered to be the dif-
ference between the H, fugacity at equilibrium conditions,
feq» and that at the reaction interface, f;, multiplied by an
area, A, and a desorption rate constant, kges as follows:

dn
= ke~ £) @)
t
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At the initial stage of hydrate decomposition, A was calcu-
lated from the assumption of spherical particles as an aver-
age value after sieving, just as was done for the formation
process. In this work, V},yq was determined by assuming that
it was proportional to the global occupancy, just as was
assumed for the formation process as follows:

4
Viga = gnN(r —L) 3)

m _ ()S - Oeq,deu (4)

V{lyd Heqform. - Qeq,dec,

where L and Vi, are the diffusion distance of hydrogen in Hy—
THF clathrate hydrate diffusion phase and Vyq at L = 0,
respectively. The Oqqfrom. and Ocqgec. are equilibrium occu-
pancies at formation and decomposition, respectively. To
account for both formation and decomposition processes, the
value of L was written in terms of the instantaneous
occupancies as follows:

3VH d QS - Ge .dec. %
L=r— 2 : 5
g { 47N <0eqformA - Oeq.decA ( )

The diffusion step of H, in hydrate phase, which is the
driving force for H, migration, is considered to be the differ-
ence between the H, hydrate fugacity at the reaction inter-
face, f;, and bulk, f,,,, multiplied by an area and a mass
transfer coefficient that depends on diffusion, kg;r as follows:

dnHz
dt

= kaitA(fs — feas) (6)

The kgir was expressed as follows:

Dy,
L

kair = )
where Dy is an effective diffusion coefficient of hydrogen in
the H,—THF clathrate hydrate diffusion layer that contains
mass transfer contributions. This expression shows that the
diffusion of H, in the clathrate hydrate becomes inhibited as
the thickness of hydrate layer increases. Temperature depen-
dence of the H, diffusivity is discussed later.

At quasi-equilibrium conditions, the left-hand side of Eq.
6 equals to that of Eq. 2, thus, Eq. 8 can be developed by
eliminating the H, hydrate fugacity at the reaction interface:

dlz;z = 1_._% (fe,q _fgas) (8)

KaesA T D}y A

where the decomposition occurs according to driving force
between the H, fugacity, fiq, at equilibrium and that of the gas
phase, fyas. We estimated the equilibrium fugacity to be the
fugacity at long reaction time using Soave—Redlich-Kwong
(SRK) equation of state.”” Bulk fugacities were also estimated
by the SRK equation of state.”’ The functional form of Eq. 8 is
similar to that of Eq. 1. The HHPD model was used to
correlate the experimental data using the absolute average
deviation in moles as the objective function and using kg4.s and
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Table 2. Fitted Parameters k, and Dy, for Hydrate Formation Process with the HHPD Model

Run ko [x107'2 mol/(Pa/s/m?)] Dip [x107"7 mol/(Pa/s/m)] Dy (10712 m?%/s) AAD (x107> mol)
1 2.84 (+0.26) 9.49 (£1.7) 3.76 (+0.68) 3.56
2 3.98 (+0.68) 7.48 (£1.5) 3.88 (+1.20) 9.34
3 420 (+0.34) 8.95 (£1.5) 477 (£0.77) 7.64
4 3.74 (+0.34) 6.90 (£1.3) 3.47 (+0.63) 8.21
5 3.96 (+0.36) 8.86 (+1.6) 4.19 (£0.76) 3.62
6 243 (+£0.22) 14.7 (£2.7) 4.20 (+£0.76) 3.80
7 3.50 (+0.31) 8.00 (£1.5) 3.13 (£0.57) 4.26
8 3.26 (+0.30) 8.62 (+1.6) 3.67 (+0.67) 4.10

The values in parenthesis show variation in the parameters according to the lower or higher values of the particle size ranges given in Table 1.

Dy, as fitting parameters. Parameter sensitivity was examined
by fitting the decay data in small time increments (ca. 1 h). As
sieved particles give particle distributions, parameter variances
were estimated by using low and high values of the sieved
particle ranges for the hydrate formation process (Table 2) and
the hydrate decomposition process (Table 3). Apparent
diffusion coefficients, Dy, were estimated from the final
slopes of the quasi-equilibrium data and the phase thickness of
the model L for each temperature (Table 2). In the proposed
phenomenological model, it is the intent of this work to
capture features of the microscopic adsorption and diffusional
processes with a small number of parameters that have
physical meaning. The model uses the fugacity of the gas
component as the driving force, which is common in other
clathrate hydrate formation and decomposition models.?' >

Results and Discussion

Formation and decomposition of binary H,—~THF clathrate
hydrate at three different temperatures are shown in Figures
3 and 4, respectively, along with the HHPD model correla-
tions for formation (Eq. 1) and decomposition (Eq. 8). As
shown in the Figures 3 and 4, the HHPD model could
describe both formation and decomposition processes well
and from the time scale of the processes, it is apparent that
the formation process occurred more rapidly than the decom-
position process. The model was applied to formation and
decomposition experiments for which the initial pressure
(Supporting Information, Figures S5-S7) and the particle
sizes (Supporting Information, Figures S8 and S9) were var-
ied. It was found that the model could suitably describe both
the formation data (Table 2) and the decomposition data (Ta-
ble 3). The trends of the model with the data clearly show
that decomposition process was reversible and demonstrated
consistency in the formation and decomposition processes.
From the trend of the kinetic data, the process can be di-

vided into at least two periods: one is a rapid reaction in the
initial period and another is a slow reaction in the latter pe-
riod. In our previous work,18 the H, delocalization model
taking into account of one reaction rate parameter (k) was
examined; however, that model is unable to reproduce the
experimental trends, especially for the rapid initial reactions.
In the H, delocalization model, the assumptions of rapid dif-
fusion and random reactions in the matrix are inappropriate
according to the regression results. The present data exhib-
ited particle size dependence on the hydrate formation and
decomposition, which indicates that diffusion distance for H,
should be taken into account into the model. Therefore, we
chose two parameters (k and D’) to fit using the H, hydrate
phase diffusion model. The physical meaning of the two
obtained parameters is discussed in the following section.

The rate parameters obtained in this work can be com-
pared by determining the activation adsorption, desorption,
and diffusion energies via:

ky = ki X exp(—AEk,/RT) )
ke = Kioo X €Xp(—AEkgec/RT) (10)
D}y, = Dy, x exp(—AED}, /RT) (11)

where AEk, is the activation energy for adsorption, AEkye. is
the activation energy for desorption, and AEDy, is the
activation energy for diffusion. i
Figures 5 and 6 show the temperature dependence of the
HHPD model parameters for formation and decomposition,
respectively. The activation energies for adsorption and de-
sorption (AEk, and AFEkg..) were found to be —28 and 24
kJ/mol, respectively. The negative value for adsorption indi-
cates that the process is exothermic, which is usual for
hydrate formation processes,24 whereas the positive value for
desorption shows that the process is endothermic. The abso-
lute values between formation and decomposition processes,

Table 3. Fitted Parameters kg.s and Dy, for Hydrate Decomposition Process with the HHPD Model

Run kaes [x 1071 mol/(Pa/s/m?)]*

Dip [x107"7 mol/(Pa/s/m)]* AAD (x10~° mol)

0.95 (+0.086)
1.16 (£0.031)

1.00 (£0.090)
0.71 (£0.065)
1.46 (£0.133)
1.07 (£0.098)
0.69 (+£0.063)

RN VN - S

6.99 (£0.64) 242
6.22 (£2.26) 6.23
6.10 (£0.55) 4.88
6.79 (£0.62) 3.07
7.61 (£0.69) 2.66
5.04 (£0.46) 2.97
7.38 (£0.67) 2.93

The values in parenthesis show variation in the parameters according to the lower or higher values of the particle size ranges given in Table 1.

*Large particle size only used in formation experiments.
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Figure 3. Hydrogen consumption by stoichiometric
(19.06 wt %) THF clathrate hydrate particles
as a function of time for an initial H, gas
pressure of 5.0 MPa and a particle size range
of 500-600 xm.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

IAEk,l and |AEkg..| are comparable, suggesting that initial
reactions were dominated by adsorption—desorption equilib-
rium. The absolute activation energy being higher than 20
kJ/mol generally seems to be chemical adsorption including
rearrangement of water molecules rather than a simple physi-
cal adsorption. In other words, hydrate formation is exother-
mic that generates heat, which possibly promotes the rear-
rangement of water molecules or defects in the clathrate
structure” one after the other. However, the explanation is
less easy to rationalize for the reverse reaction (desorption
process) because of the process being endothermic. On the
other hand, the Joule-Thomson expansion of H, during the
process must release heat and probably supplies some of the
required energy for reversible water molecule and defect
rearrangement. Such a thermal effect could explain some of

0.20 . T T o T T
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—
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T

Released H, [wi% ]
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o 2651K
o 2690K
e o 2732K 1
) HHPD model fit.
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Figure 4. Hydrogen released from stoichiometric (19.06
wt %) THF clathrate hydrate particles as a
function of time for a final Hy gas pressure
of 0.2 MPa and a particle size range of 500~
600 um.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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Figure 5. Arrhenius plot of adsorption parameter, k,, of
the HHPD model for hydrate formation from
initial pressures of 5.0 MPa, particle sizes of
stoichiometric THF hydrate of 500-600 xm.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

the relatively large values of energy activation determined
with the model that show the activation energy is on the
order of H, bonding. Aspects of hydrate formation and
decomposition processes are discussed in the following sec-
tions.

In an intermediate period between the initial reaction and
the diffusion periods, there would seem to be a competitive
stage in which both desorption and diffusion processes
occur. Based on these observations, the fitted parameters
could be determined from each dominant stage by consider-
ing the aforementioned times to further analyze the mecha-
nism. The values of the diffusion coefficient were estimated
by using the later portions of the H, consumption curves.
The estimated diffusion coefficient values (Dy,) are com-
pared well with the literature® (Supporting Information,
Figure S10). The Dy, can be estimated in this work to be on
the orders of 10~'" to 10~'> m?/s, which were comparable
with the results of NMR data by Okuchi et al., although our

-23 T T r -36
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Figure 6. Arrhenius plot of desorption parameter, kyes,
of the HHPD model for hydrate formation
from initial pressures of 5.0 MPa, particle
sizes of stoichiometric THF hydrate of 500-
600 um.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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Figure 7. Time evolution of consumed and released H, from three successive H, clathrate hydrate formation and
decomposition experiments at 269 K for particle sizes in the range of 500-600 um, initial pressure of 5.0

MPa (P.q = 4.9 MPa).

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

values were higher than the values for diffusion through
five-membered ring in the cage (10°'* to 107'® m?%s)
reported by Mulder et al.” Frankcombe and Kroes*® did not
estimate the diffusion coefficient for five-membered ring dif-
fusion on the time scale by MD simulations. Alavi and Rip-
meester®’ also analyzed by MD simulation and their data for
five-membered ring diffusion can be estimated to be on the
order of 10™'? m?/s from their plots, although the simulation
conditions include H, inside double hydrate particles that are
considerably different from the experimental conditions in
this work.

Activation energies for diffusion (AED{.,Z) for formation
and decomposition were determined to be 64 and 52 kJ/mol
for the formation and decomposition processes, respectively.
The absolute values between formation and decomposition
processes are comparable, although the data variation was
larger than the aforementioned values for AEk, and AEkgec.
The experimental values reported by Okuchi et al.® based on
NMR measurements show activation energy for diffusion to
be 3 kJ/mol. Alavi and Ripmeester’’ determined values for
the tunneling barrier of H, migration for two orientations by
simulation with the assumption of the cage rigidity to be
99.1 and 118.9 kJ/mol for S-cage guests and 24.1 and 27.3
kJ/mol for L-cage guests. Frankcombe and Kroes®® have
reported by MD simulation that the activation energies for
six-membered ring diffusion to be 32 £+ 12 kJ/mol and that
through five-membered ring to be more than 200 kJ/mol,
respectively. Thus, H, migration into hydrate phase seems to
require high activation energies as well as desorption (or
adsorption) of H, in the S-cage. Activation energy for diffu-
sion obtained in this work (52-64 kJ/mol) seems to be inter-
mediate to those values reported for simulation methods.

Coordination with rearrangement of water molecules, the
temporal opening of a window, and the existence of hydrate
clathrate defects® could possibly promote the H, diffusion
during formation and decomposition.” Thermal effects due to
microscopic Joule-Thomson expansion of the H, might be
another effect. These possible phenomena cannot be distin-
guished between the adsorption and diffusion processes in
the present model and will need microscopic studies with
NMR, neutron diffraction, or simulations under similar con-
ditions as those used in the experimental measurements to
estimate their possibility.

Figure 7 shows the time evolution for three successive
runs for conditions shown in Table 4 in which binary H,—
THF clathrate hydrates were formed and then decomposed.
As shown in Figure 7, both the formation curves and the
decomposition curves were very close, which is evidence for
reversibility. On the other hand, there seemed to be a slight
lowering of H, being released, which could possibly be
attributed to small changes in the hydrate particles. From the
HHPD model, it is possible to calculate the occupancies for
three successive formation and decomposition cycles. As
shown in Figure 8 for three successive cycles, the occupan-
cies showed very similar trends in both formation and
decomposition. The values fit using Eqgs. 5 and 8 gave values
Of (Oeq trom.» Deq.aec.) as (0.158, 0.0062), (0.156, 0.0031), and
(0.155, 0.0063) for cycles 1, 2, and 3, respectively, indicat-
ing a slight decrease in the capacity of the clathrate hydrate
for storing H, for successive loadings. Our calculation for
the diminishing capacity for three recycles was 1.9%
[=(0.158 — 0.155)/0.158 x 100] and the reduction of the
capacity was probably caused by indispensable vapor pres-
sures of THF and water at each temperature. Nevertheless,

Table 4. Experimental Conditions Used to Study Recycles of Hydrogen-Tetrahydrofuran Clathrate Hydrates

Run CyClC WHyd (g) d (,le) Tfr)rm. (K) Tdec. (K) Pi (MPa) Peq (MPa)
9 1 7.30 500-600 269.1 269.0 5.03 4.88
10 2 7.30 500-600 269.1 269.1 5.01 4.87

11 3 7.30 500-600 269.1 269.1 5.01 4.88
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Figure 8. Calculated H, occupancies from successive
H, clathrate hydrate formation and decompo-
sition experiments at 269 K for particle sizes
in the range of 500-600 um, initial pressure of
5.0 MPa (P, = 4.9 MPa).

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

the repetitive capacities are well within the uncertainties of
the experiment and demonstrate that the formation and
decomposition of H,—THF hydrates are reversible and that
recycle is possible at the conditions studied.

Conclusions

The H, hydrate phase diffusion model is applicable to
both the formation and decomposition kinetics of H,—THF
clathrate hydrates. Formation of H,—~THF clathrate hydrates
occurs in two steps via adsorption and diffusion, whereas
decomposition of the clathrate hydrate occurs in two steps
via desorption and diffusion. The formation and decomposi-
tion processes depend on temperature, pressure, and particle
size of the clathrate hydrate. For a given temperature, pres-
sure, and average particle size range conditions, the absolute
activation energy for adsorption was higher than those for
desorption, whereas the activation energy for diffusion was
roughly comparable. Successive formation and decomposi-
tion experiments on H,—THF clathrate hydrates with particle
sizes in the range of 500-600 um show that the process is
reversible with no large change in hydrate structure.
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