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Binary H,-THF clathrate hydrate formation kinetics were investigated with a pres-
sure decay method at temperatures from 266.7 to 275.1 K, at initial pressures from 3.6
to 84 MPa, and at stoichiometric THF hydrate concentrations for particle sizes
between 212 and 1,400 um. Formation rate increased for smaller particle sizes, higher
pressures and lower-temperatures. A hydrogen delocalization model and a proposed
hydrogen hydrate phase diffusion (HHPD) model were used to analyze the formation
mechanisms. The HHPD model assumes that the H,-THF hydrate phase is formed due
to hydrogen adsorption onto the particle surface that is followed by subsequent diffu-
sion of hydrogen into the clathrate hydrate. The HHPD model could express the
kinetics quantitatively at the experimental conditions studied. Values of the hydrogen
diffusion coefficient in the clathrate hydrate estimated from the bulk data and the
phase thickness in the HHPD model agreed well with the literature. © 2008 American
Institute of Chemical Engineers AIChE J, 54: 3007-3016, 2008
Keywords: hydrogen storage, hydrogen hydrate, THF hydrate, formation rate, kinetic

model

Introduction

Hydrogen clathrate hydrates have received considerable
attention since their discovery in 1993 by Vos et al.' who
found that hydrogen could occupy the voids of a crystalline
water structure with a H,:H,O stoichiometry that was close
to 1:1 at pressures greater than 2.3 GPa. Mao et al.? explored
the topic in detail and synthesized a hydrogen clathrate
hydrate with structure II (sI), in which two hydrogen mole-
cules were confined into each of the 16 pentagonal dodecahe-
dral (5'%) small (S-size) cages, and four hydrogen molecules
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were confined into each of the eight hexakaidodecahedron
(5"%6" large (L-size) cages for a total of 64 hydrogen mole-
cules for every 136 water molecules corresponding to a 5.0
wt % hydrogen molecule containing solid. Synthesis of the
hydrogen clathrate hydrate required pressures on the order of
200 MPa and cooling to below 249 K, but once the hydrate
was formed, it was stable at atmospheric pressure and at
temperatures up to 145 K and even in vacuo (~10 kPa) at
78 K?. Lokshin and Zhao® presented a rapid method (<2
min) for the synthesis of hydrogen clathrate hydrate from
ground ice-lTh and H, gas, but their method still required
pressures from 50 to 200 MPa. Mao and Mao” realized that
the topic was one of great technological importance for the
hydrogen economy and synthesized other hydrogen-rich
clathrate hydrates. Although many of the clathrate hydrates
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proposed by Mao and Mao met or exceeded U. S. depart-
ment of energy (DOE) target of 4.5 wt % by 2005,* their
method required high-pressures in excess of 200 MPa for
clathrate hydrate formation.

Udachin et al.’ found a pressure dependence for the occu-
pancy of H, in a double cubic structure II clathrates of tetra-
hydrofuran (THF) with H,, with one mole of hydrogen occu-
pying the S-cages in the structure at pressures up to 70 MPa
and two moles of hydrogen being possible to occupy the S-
cages at pressures above 70 MPa. However, much excitement
was generated when Florusse et al.® discovered that the intro-
duction of a guest molecule THF, which acted as a sl
hydrate-forming promoter, led to a reduction of synthesis
pressures of hydrogen clathrate hydrates by 60-fold, to pres-
sures as low as 5 MPa. In that work, the authors concluded
that a single H, molecule most likely occupied each of the S-
cages. Further, the "H MAS NMR showed that TDF occupied
most all of the L-cages and volumetric measurements per-
formed by dissociation of the clathrate solids gave an average
of approximately one H, molecule per S-cage. In another
work, Lee et al.” showed that the amount of H, that is con-
tained in slI clathrate hydrates could be tuned by varying the
THF promoter concentration from stoichiometric (5.56 mol %
THF) with all L-cages filled with THF, to much less than stoi-
chiometric (0.15 mol % THF) with mostly unoccupied L-
cages to give hydrogen-rich clathrate hydrates having hydro-
gen molecule content as high as 4.0 wt %. Strobel et al.®
examined cage occupancy of hydrogen molecules with respect
to THF promoter concentration, formation pressure, and time
and demonstrated that only one hydrogen molecule occupies
the S-cage at THF mole fractions from 0.5 to 5.56 mol %
(stoichiometric), at pressures up to 60 MPa, and over forma-
tion periods of one week. Kim et al.? have proposed the exis-
tence of a critical guest concentration (CGC) that may help to
understand the mechanism of occupancy. However, it would
still seem that pressure, promoter concentration and possibly
phase density play a role in the initial formation process of
the hydrogen clathrate hydrate.Hydrogen clathrate hydrate has
technological importance as a hydrogen storage material and
this progress in this field has been highlighted in a article by
Hu and Ruckenstein,'® who note that some of the hurdles that
remain to be tackled include synthesis methods, temperature
constraints, and capacity. Some controversies in the literature
will probably be resolved with further synthesis methods and
phase equilibrium measurements. For the case of developing
phenomenological models, however, both equilibrium data
and kinetic data are needed, and are summarized next.

Three-phase coexistence data for the (H,O + H, + THF)
system were measured by Florusse et al.® over the tempera-
ture range from 279 to 296 K at pressures from 5 to 100 MPa.
At lower pressures, from 0.1 to 13.3 MPa, and over the tem-
perature range from 277.5 to 281.4 K, Hashimoto et al.''
presented data for the 5.6 mol % THF hydrogen hydrate that
agreed well with the higher-pressure data of Florusse et al.®
Equilibrium data have also been reported for related systems
by Hashimoto et al.'? (H, + CO, + THF + H,0) and by
Zhang et al.'? (H, + CH; + THF + H,0). Measurements
by Anderson et al.'"* show comprehensive equilibrium condi-
tions over a range of THF concentration up to and over the
stoichiometric limit of 5.6 mol % THF at temperatures from
260 to 290 K, and at pressures up to 45 MPa.
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Models for describing the equilibrium occupancy of hydro-
gen in THF-water clathrate have been presented by Strobel
et al.® who proposed a simple single adsorption Langmuir
isotherm written in terms of the hydrogen fugacity and a sin-
gle fitting constant for the S-cage. The model was able to
correlate the low-pressure (<100 MPa) data to within experi-
mental error at low-pressures (<70 MPa), and gave reasona-
ble agreement both with the high-pressure results of Udachin
et al.” and with the one hydrogen molecule per S-cage limit.
Lee et al."” developed a procedure to calculate the equilib-
rium conditions for hydrogen containing clathrates, based on
a generalization of the method of Lee and Holder'®'” and
the use of Langmuir constants. The model showed that
hydrogen occupancy stabilized the structure and lowered
equilibrium pressure as expected, however, the model
assumed occupancies of 2 moles of hydrogen in the S-cage,
and 4 moles of hydrogen in the L -cages, which is in conflict
with recent data®. Kim et al.” have developed equilibrium
models and proposed tuning mechanisms.

Formation and release kinetics of hydrogen clathrate
hydrates were presented by Lee et al.” where it was shown
that the less than stoichiometric promoter concentrations (0.2
mol %, 0.7 mol %) formed faster hydrogen clathrate hydrates
than stoichiometric promoter concentrations (5.56 mol %),
whereas dissociation rates were roughly similar for all hydro-
gen clathrate hydrates. No models or detailed interpretation
were presented in that work.

Although there are some equilibrium data for hydrogen
clathrate hydrates, insufficient data exist on hydrogen clath-
rate formation kinetics, and the data that are available are
not well suited for model development. Specifically, in this
study, we use conditions of single hydrogen molecule occu-
pancies of S-cages in slI clathrate hydrate with stoichiomet-
ric amounts of THF to fully occupy the L-cages. We exam-
ine a hydrogen delocalization model,'® in which the driving
force is the difference of the gas and hydrogen hydrate fu-
gacity as suggested by Englezos et al." and a hydrogen
hydrate phase diffusion model that is based on the models
proposed by Bishnoi and Natarajanzo and Kawamura et al.'®
and applied by Ota et al.*' in studies on methane and CO,
hydrates. Discussion of these models allows us to formulate
plausible hydrogen hydrate formation mechanisms.

Experimental Methods
Materials

Distilled/de-ionized water having an electrical conductivity
of 5.5 uS/m was used in the experiments. Hydrogen gas
(99.99%, Iwaki Suiso) and tetrahydrofuran (99.5%, Wako
Pure Chemical, Inc.) without stabilizer were used.

Apparatus

The experimental apparatus (Figure la) used for the
hydrate formation and dissociation experiments consisted of
a 129.8 cm® cell (Figure 1b) constructed of SUS 316
(AKIKO Co.), a feed system, a 302.6 cm’® reservoir tank
(Whitey, 304-HDF4-300), a cooling system and a laser
Raman spectrometer (JASCO, NR-2000), with a holographic
grating, CCD (Princeton Instruments, Inc.) detector, and a re-
solution of within = 1 cm™'. The formation cell was main-
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Figure 1. Schematic diagram of the apparatus for
hydrate formation experiments: (a) loading
setup, and (b) hydrate formation cell.

tained at the temperature of interest (266.7 to 275.1 K) to
within =0.2 K by an integral cooling jacket that was cooled
by a circulator (LE-600, Advantec). The reservoir tank was
maintained at the same temperature as that of the cell with a
separate cooling unit (CA-1111, Eyela Co.). The cell (Figure
1b) had three windows with 90° spacing to allow for 180
and 90° Raman measurements. Two thermocouples were
used to measure temperatures of the upper gas phase and the
lower hydrate clathrate solutions. Temperatures in the cell
and in the reservoir were measured with T-type thermocou-
ples (CHINO) that were accurate to *£0.25 K. Pressures in
the cell and reservoir were measured with independent pres-
sure sensors (Setra, 280E) that were accurate to 0.11%, and
which were confirmed with a secondary quartz pressure
standard (DH-Budenberg, GPS 1II) to provide estimated maxi-
mum errors of 0.023 MPa. All temperatures and pressures
were recorded by computer with a data logger (Agilent,
34970A).

Experimental procedure

Preparation of THF Hydrate. A THF solution of 5.56
mol % (19 wt %) was used to make about 60 g of THF
hydrate. This solution was kept in a freezer at about 255 K
for more than 1 day. The obtained THF hydrate was ana-
lyzed with Raman spectroscopy as shown in Figure 2a,
which shows the obtained THF hydrate with liquid THF and
THF solution. The THF hydrate was crushed with a mortar
and pestle cooling under liquid nitrogen, and graded in a
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freezer according to particle size with SUS 316 sieves having
sizes of 212, 355, 500, 600, 1,180, and 1,400 um. The
obtained THF hydrate particles were used immediately to
avoid agglomeration and condensation.

Binary H,-THF clathrate hydrate formation

After the cell and reservoir tank were cooled to the given
temperature, about 10 g of THF hydrate particles were
loaded. As soon as the system was evacuated by vacuum
pump (Hitachi Koki Co., VR16L), the reservoir tank was
pressurized to about 11 MPa with hydrogen gas and allowed
to equilibrate. After temperature and pressure of the reservoir
tank stabilized, which typically required a few minutes, the
hydrogen gas was loaded into the cell over a period of about
10 min. From this time, pressure and temperature were
recorded at 15 s intervals. The amount of hydrogen gas
loaded 7y, ora, Was calculated by the difference in hydrogen
density before and after loading of the reservoir tank with
the Soave and Redlich-Kwong (SRK) equation of state
(E0S).?> Density of the hydrogen gas in the cell was calcu-
lated at a given condition with the SRK EoS** at a given
conditions. The amount of hydrogen in the hydrate phase
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Figure 2. Raman spectra of obtained clathrate
hydrates: (@) THF hydrate (solid line) with
liquid THF (dashed line) and 19 wt % THF
solution (dashed-dotted line) as reference,
and (b) binary H,-THF clathrate hydrate
(solid line) with hydrogen gas (dashed line)
as reference.
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was calculated according to the pressure decay method> 2
from the following relationships.
Water contained in hydrate phase

PH,0Hyd = % M
Volume of hydrate phase
Vigpa = Dot @
PH,0,Hyd
Volume available to H, gas
VGas = Veell — Vhyd 3)
Moles of free H, gas
ity o = OGS HA‘;HVG )
Moles of H, in hydrate phase by material balance
7H, Hyd = "H total — MH, Gas ©)

where, puo0, Hyq in Eq. 1 is the water density of that in the
hydrate. As binary H,-THF clathrate hydrate has sl struc-
ture, the lattice constant ¢ was taken to be 17.3 A and
N'hoo, the theoretical number of water molecules per unit
cell was taken to be 136. The volume of the hydrate phase
Viyd» can be calculated from Eq. 2, which the volume occu-
pied by the water molecules in clathrate hydrate form and
the volume of the hydrate formation cell V..; was taken to
be as 129.8 cm®. The amount of hydrogen in the gas phase,
N2, Gas Was obtained by applying Eqs. 3 to 4. During
hydrate formation, there is a vapor phase in the cell. In the
calculations, it was assumed that the vapor pressures of H,O
and THF were negligible, which leads to the amount of
hydrogen in the clathrate hydrate as shown by Eq. 5. The
obtained binary H,-THF clathrate hydrate was analyzed with
in situ Raman spectroscopy as shown in Figure 2b to confirm
hydrogen clathrate formation.

Results and Discussion

Table 1 summarizes the experimental runs made and their
conditions. Experiments were made for various particle sizes
from 212 to 1,400 um, at initial pressures from 3.6 to 8.4
MPa, and at temperatures from 266.7 to 275.1 K. In this

Table 1. Experimental Conditions for Hydrogen Hydrate
Formation Experiments

Run Wyyq, o [g] Wha, o [g] T [K] Initial P [MPa] d [um]
1 8.98 0.720  269.5 6.5 212 - 355
2 10.4 0.707 2695 6.5 500 — 600
3 12.5 0.693 269.5 6.5 1180 — 1400
4 114 0.706  266.7 6.5 500 — 600
5 7.90 0.709  275.1 6.5 500 — 600
6 8.92 0913 269.5 3.6 500 — 600
7 7.66 0.406 2695 8.4 500 — 600

THF concentration for all runs was 19.1 wt %.
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Figure 3. Hydrogen consumption as a function of time
at 269.5 K, initial pressure of 6.5 MPa, and
particle size of stoichiometric THF hydrate of
212 - 355 pum (circles), 500 - 600 um
(squares), and 1,180 - 1,400 um (triangles).

work, the uncertainty in the calculated number of moles of
hydrogen in the hydrate was estimated to be to 3% based on
pressure accuracy and the pressure decay region.

Formation kinetics for various particle sizes

Figure 3 shows hydrogen consumption as a function of
time for various particle sizes of stoichiometric THF hydrate
clathrate at 269.5 K and initial pressure of 6.5 MPa. Hydro-
gen consumption is expressed as the ratio of hydrogen in
hydrate phase to loaded THF hydrate by mass. The hydrogen
consumption rate increased with decreasing particle sizes and
the fastest rate was observed for particle sizes in the range of
212 to 355 pm. The differences in hydrogen uptake rates
during O to 2 h are probably related to the surface areas of
the different samples. The asymptotic values of particle sizes
from 212 to 355 pum and from 500 to 600 um seemed to
approach the same value, however, the asymptotic value of
1,180 to 1,400 um was noticeably lower than the values for
the other particle sizes. For the 1,180 to 1,400 um particles,
although we followed the time evolution of hydrogen uptake
until 19 h, the slow uptake would probably have to be con-
tinued for days or weeks or longer for to reach saturation.
For the large particle sizes, it is possible that the hydrogen
consumption rate was affected by both increases in the parti-
cle surface area, and the clathrate hydrate surfaces becoming
saturated with hydrogen according to the available area. It
would seem that hydrogen consumption depended on particle
size and that diffusion of hydrogen was rate-controlled in the
binary H,-THF clathrate hydrate formation process.

Formation kinetics for various pressures

Figure 4 shows the rate of binary H,-THF clathrate
hydrate formation at 269.5 K, and various initial pressures
beginning from stoichiometric THF hydrate having particle
sizes between 500 and 600 um. The initial hydrogen uptake
rates were similar for the various pressures studied. The
trends are an indication that free surface area was dominant
in the initial adsorption process. On the other hand, initial
stages are significantly influenced by heat transfer during

November 2008 Vol. 54, No. 11 AIChE Journal



G.EU T T T

0.25F ABAAN J
< ﬂﬂ&a&MﬂDDDDEIDDDUUDDDDDE
E;: 0.20F &é Dnﬂuzioooooﬁ,{}goDGOcGDOﬂx_}
T gisl .aongeee® ]
o a®
E o.10} ]
3]

0.05 4

0.00 . . .

0 4 8 12 16
Time [h]

Figure 4. Hydrogen consumption as a function of time
at 269.5 K, particle size of stoichiometric THF
hydrate of 500 - 600 um, and initial pressure
of 3.6 MPa (circles), 6.5 MPa (squares) and
8.4 MPa (triangles).

The quasi-equilibrium occupancy of hydrogen in S-cage,
Geq, were 0.19, 0.24 and 0.25 at initial pressures of 3.6, 6.5
and 8.4 MPa, respectively.

pressurization including heat of adsorption at the interface,
so that estimation is difficult. The asymptotic values of the
curves increased with increasing initial pressure. This binary
hydrate forms through Langmuir type adsorption processes
like the other common hydrates, so that the trend of hydro-
gen consumption at saturation conditions where hydrogen
adsorption accelerates when pressure increased is the same
trend as that reported by Strobel et al.® The total hydrogen
consumption rate increased with increasing pressure, which
means that diffusion of hydrogen into the hydrate phase also
probably increased with pressure. On the other hand, the dif-
fusion coefficient in the hydrate phase decreases with
increasing pressure as reported by Okuchi et al.>® who meas-
ured the diffusion of hydrogen into solid THF hydrate parti-
cle using pulsed field gradient NMR directly.

Formation kinetics for various temperatures

Figure 5 shows the rate of binary H,-THF clathrate
hydrate formation at 6.5 MPa, and temperatures ranging
from 266.7 to 275.1 K beginning from stoichiometric THF
hydrate having particle sizes between 500 and 600 pm.
When temperature increased from 266.7 K to 269.5 K,
hydrogen consumption decreased. This trend with tempera-
ture was the same as that expected for physical adsorption,
which is an exothermic process. However, the variation of
consumption rate with temperature can be expected to de-
pendent on several factors, and so this topic will be discussed
in a later section after introduction of the models.

Hydrogen occupancy

The data in Figures 4 and 5 appeared to reach steady-state
values, which was taken as the quasi-equilibrium occupancy
of hydrogen in the S-cages of binary clathrate hydrate. The
hydrogen occupancy in S-cage 0, was taken to be the global
occupancy and expressed as the ratio of number of entrapped
S-cages to all S-cages expressed by Eq. 6
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Figure 5. Hydrogen consumption as a function of time
at initial pressure of 6.5 MPa, particle size of
stoichiometric THF hydrate clathrate of 500 -
600 um and temperature of 275.1 K (circles),
269.5 K (squares) and 266.7 K (triangles).

The quasi-equilibrium occupancies of hydrogen in the S-
cage, 04, were 0.24, 0.22 and 0.21, at 266.7, 269.5 and
275.1 K, respectively.
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where, N is theoretical number of molecules per unit cell so
that for H,O this value is 136, and for H, this value is 16
assuming single occupancy, which follows from the reports
by Strobel et al.® and Anderson et al.'* and the low-pressure
ranges used in this work.

Figure 6 shows hydrogen occupancies measured as a func-
tion of pressure along with the data of Strobel et al.® Those
researchers measured the occupancy of hydrogen using a
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Figure 6. Hydrogen occupancies in the S-cages of stoi-
chiometric H,-THF binary hydrate as a func-
tion of initial pressure at 269.5 K and particle
size of 500 - 600 gm in this work (filled
circles).

Data of Strobel et al.® '"H NMR method (circles), pressure
decay method using particle size of 45 um (squares) and
250 um (triangles). Best fit Langmuir isotherm thorough 'H
NMR data, Cjp, = 0.029 MPa ' (solid line), and 45 um
data, Cyp» = 0.087 MPa ! (dashed line).
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pressure decay method and an NMR method. As shown in
Figure 6, the hydrogen occupancies of this work were consis-
tently lower than data from pressure decay method of Strobel
et al.® but were closer to the results obtained by the NMR
method. Figure 6 also shows a single Langmuir isotherm
model fits to the data obtained from their pressure decay and
NMR methods in the form Eq. 7

0, _ _Cfi

e ©)

In this model, hydrogen fugacity was calculated by SRK
EoS,*? and the Langmuir constant was calculated by New-
ton’s method. The deviation between SRK EoS and Wagner
EoS?’ for the hydrogen fugacity in measurement ranges of
Strobel et al.® was 0.77% with the number of about 500 data.
The Langmuir isotherm from NMR data of Strobel et al.®
agreed well with our data. Although there are differences in
experimental conditions such as formation time, temperature,
particle size, or even detection method between this work
and that of Strobel et al.® the hydrogen occupancy in the S-
cage of binary H,-THF clathrate hydrate was small (ca.
0.2%), at the pressures studied in this work.

Hydrogen delocalization model

Considering a binary H,-THF clathrate hydrate formation
model from THF hydrate, Kawamura et al.'"® constructed a
hydrogen delocalization model in which hydrogen was rap-
idly delocalized into THF hydrate from the particle surface
expressed by Eq. 8

<%) = kAnw,0 (fGas — feq) 3)
' Jp

Figure 7 shows a conceptual diagram of this model. The
driving force of gas consumption is the difference in fugacity
of hydrogen between bulk and equilibrium conditions as has
been suggested by Englezos et al.'”2* for other hydrate sys-
tems, and who also proposed that the model include the pro-
cess of gas absorption. In Eq. 8, k is a kinetic constant for
binary clathrate hydrate formation, and A is the total surface
area of the THF hydrate particles assuming a spherical geom-
etry, which is calculated with an average value after sieving.
In this analysis, it can be assumed that one THF molecule is
entrapped in each L-cage, and only one hydrogen molecule
at maximum is entrapped in each S-cage based on the finding
of Strobel et al.® which is the basis for the hydrogen delocal-
ization model used in this work. The equilibrium pressure at
these temperature conditions can be considered to be almost

THF hydrate

H,-THF hydrate

Figure 7. Conceptual diagram of hydrogen delocaliza-
tion model based on reference.'®
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Figure 8. Estimation results of the hydrogen delocali-
zation model for particle sizes of 212 - 355
um (solid line), 500 - 600 um (dash line) and
1,180 - 1,400 um (dashed-dotted line).

Best fit hydrogen delocalization model parameter was k =
3.5 X 107 % (Pa-ssm?) ! that was determined from particle
sizes of 212 — 355 pm. Symbols represents experimental
values at 269.5 K, initial pressure of 6.5 MPa and particle
size of stoichiometric THF hydrate of 212 — 355 um
(circles), 500 — 600 um (squares) and 1,180 — 1,400 um
(triangles).

zero,' feq can be neglected. In this model, the surface area is
considered to be constant, and the hydrogen consumption
rate is proportional to the remaining amount of H,O as
shown by Eq. 9

Os

n#,0 = NH,0,0 <1 - 0—> )
eq

In Eq. 9, the 05 used were the saturated adsorption values
obtained from the quasi-equilibrium data in the experiments,
which were comparable with the values reported by Strobel et al.®

The hydrogen delocalization model was evaluated with the
assumptions mentioned previously. First, this model was cor-
related with the experimental data for particle sizes 212 —
355 pm, and the parameter & was determined. Then, the con-
sumed hydrogen at other particle sizes was estimated using
this value. Results are shown in Figure 8. Although the
model could correlate the data for the small particle sizes, it
could not express the particle size dependence as shown in
Figure 8 for the case where the parameter k was used for the
larger particle sizes. Therefore, it was apparent that there
were other processes occurring that lead to a smooth reduc-
tion in the hydrogen consumption rate. In the next section, a
model that considers hydrogen diffusion is developed.

Hydrogen hydrate phase diffusion (HHPD) model

The H,-THF phase that is formed can be viewed as a
result of hydrogen adsorption onto the particle surface, and
then subsequent migration into the particle. For such migra-
tion, the hydrate formation rate should decrease gradually
with the hydrogen consumption rate and depend on the diffu-
sion of hydrogen into the phase. Figures 9 and 10 show a
conceptual diagram of the model. In the clathrate hydrate
formation process, two steps are considered. The first step is
adsorption of hydrogen into the H,-THF clathrate hydrate.

November 2008 Vol. 54, No. 11 AIChE Journal



THF hydrate

H,-THF hydrate

Figure 9. Conceptual diagram of hydrogen hydrate
phase diffusion (HHPD) model.

The second step is diffusion of hydrogen into an empty S-
cage. It is assumed that the following phases exist along with
the reaction interface: THF hydrate phase, H,-THF clathrate
hydrate phase and a bulk gas phase. It is also assumed that
all particles are spherical and single crystal, and in the binary
clathrate hydrate, only one hydrogen molecule is entrapped
in an S-cage under the experimental conditions. The assump-
tion of up to a single hydrogen molecule in an S-cage at the
given conditions is considered particularly valid in view of
the recent measurements of Anderson et al.'"* who noted that
only THF stabilizes the L-cage and according to their com-
positional analyses, that a 90% fill of S-cages by single
hydrogen molecule (283 K, 30 MPa) occurs consistent with
the data of Strobel et al.® The hydrogen hydrate phase diffu-
sion (HHPD) model is expressed later.

The HHPD model incorporates a diffusion step, in which
the driving force for hydrogen uptake is considered to be the
difference between the hydrogen fugacity at the bulk and
equilibrium conditions multiplied by an area and a mass-
transfer coefficient ky

dn
= ke (foes = £1) (10)
The kq was expressed as
D/
ka = % (11

where L is the phase thickness of H,-THF clathrate hydrate
and D'y, is an effective diffusion coefficient of hydrogen in
the H,-THF clathrate hydrate layer that contains mass-trans-
fer contributions. It should be noted that D'y, cannot be
compared directly with hydrogen diffusion coefficients, since
its units are those of mass transfer for the given phase thick-
ness L. However, k4 should be directly proportion to the dif-
fusion coefficient. The hydrogen hydrate phase thickness is
given in terms of the instantaneous occupancy, 0s/0,

1
o 3VHyd 95 3
L= {W (1 H)} (12)

as given in the Appendix. The adsorption step of hydrogen
into the empty S-cage can be expressed by Eq. 13

d}’le
dt

= kaA (fs — feq) 13)

which is the same from as that used in the hydrogen delocal-
ization model. At the initial stage of hydrate formation, A
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was calculated from the assumption of spherical particles as
an average value after sieving, however, in this model, A
was determined from Eq. 14 that assumes that A is propor-
tional to the global occupancy

A =4aN(r — L) (14)

In some sense, although the interfacial concentrations in this
work are unknown, the phase thickness being variable, is
consistent with the analysis of Sean et al.?®2° who showed
that the interface concentration of a dissociating hydrate par-
ticle is variable and depends on position of the spherical sur-
face.

At equilibrium conditions or at the quasi-equilibrium con-
ditions in this work, the lefthand side of Eq. 10 equals to
that of Eq. 13. Then, Eq. 15 can be derived by eliminating
fs» which is the hydrogen hydrate fugacity at the interface as

LZ’I’[H7 1 L
Lo - - 15
J /(kaA Yo A) (o —fa) (15

The HHPD model was evaluated in a similar way as that
used for the hydrate delocalization model. Namely, the small
particle size data were fit and then the results were used to
study the particle size trends. Results are shown in Figure
11, where it can be seen that calculations agreed fairly well
with the data. For calculation of A, although the particle size
effect was compared based on the initial sieved values, the
effect of particle size used as the initial value was relatively
small, for k, within =9%, and for D'y, within *18%, so
that it was used as the average particle radius for calculation.
As shown in Figure 11, the model captured the trends of the
formation rate, although for the 500 — 600 pm particle sizes,
the model was systematically higher, which can probably be
attributed to effect of initial heat transfer and possibly the
competing factors of adsorption and diffusion. Since HHPD
model was constructed under the assumption of two forma-
tion steps, adsorption and diffusion, in which the driving
force is the difference between the hydrogen fugacity at the
bulk and equilibrium conditions, the k, and D'y, should be

(@) ()
THF hydrate Reaction layer

—
[nstance
H,-THF hydrate

Figure 10. Conceptual diagram of hydrogen hydrate
phase diffusion (HHPD) model: (a) phase
assumption in the hydrogen hydrate phase
diffusion (HHPD) model, and (b) fugacity
driving force in the hydrogen hydrate phase
diffusion (HHPD) model.
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Figure 11. Estimation results of hydrogen hydrate
phase diffusion model for particle depend-
ence (solid line).

Best fit hydrogen hydrate phase diffusion model parame-
ter were k, = 1.2 X 10~ '! mol/(Pa-s-m?), and D'y, =
1.3 x 10 '° mol/(Pa-s'm), that were determined from
particle sizes of 212 — 355 um. Symbols represents ex-
perimental values at 269.5 K, initial pressure of 6.5 MPa
and particle size of stoichiometric THF hydrate of 212 —
355 pum (circles), 500 — 600 um (squares) and 1,180 —
1,400 um (triangles).

constant with time, at least, over some time-range. The time
evolution of k, and D'y, were calculated at discrete intervals
of an hour for one of the runs as shown in Figure 12. The
values of k, and D'y, were relatively constant until 11 h
from start of measurement indicating steady inclusion of H,
into the clathrate hydrate structure. After 11 h, these values
changed dramatically. This trend implies that there are two
differential limiting stages in hydrogen clathrate hydrate for-
mation, which includes an absorption controlled period
before 11 h and a diffusion controlled period after 11 h.
Time evolution of the hydrogen hydrate fugacity at the inter-
face f, calculated with Eq. 10 is also as shown in Figure 12,
and can be seen to steadily decrease. In Eq. 10, hydrogen
uptake rate is proportional to surface area of binary H,-THF
clathrate hydrate A, which changes by formation period, and
fugacity difference of between bulk gas phase fg.s and f; as
driving force. Considering the over-all hydrate formation,
fGas Was almost constant as measured, although A decreased
through binary hydrate formation according to the HHPD
model. At quasi-equilibrium, f; approached a value of about
0.5 MPa, which indicated hydrogen was not saturated in the
S-cages.

Next, this model was applied to various conditions and the
obtained parameters are shown in Table 2 and Figure 13
with the HHPD model. The HHPD model was fit to all of

6 16 : : . > 16
sl = 414 o
& 12 o | {125,
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Figure 12. Time evolution of k, (dash line) and D'y, (dot
line) values calculated for 1 h intervals for
run 2, at 269.5 K, for an initial pressure of
6.5 MPa and particle sizes of 500 - 600 um
for stoichiometric THF hydrate.

Fugacity at the interface f; (solid line), is shown as the
hydrogen clathrate hydrate forms.

the runs using the absolute average deviation in moles as the
objective function.

The trends of k, and D'y, with temperature, pressure, and
initial surface area (particle diameter) of the hydrate particles
are discussed next. In Table 2, for runs 2, 4 and 5, which
have the same particles sizes and same initial pressure and
different temperatures, the D'y, was positively correlated
with temperature, and this showed that hydrogen molecule
diffusion kinetics in the binary H,-THF hydrate layer was
promoted by increasing temperature. For the k,, there was lit-
tle or no correlation with temperature. Comparing runs 2, 6
and 7 for the same particle sizes and same temperature at
different pressures, the D'y, and k, varied only a slightly
with pressure for the conditions in this study, which seems to
support the use of the fugacity (pressure) driving force in the
models. It should be also noted from Table 2 for runs of 1, 2
and 3 that the dependence of initial surface area (particle di-
ameter) was relatively small, and this is supported in the dis-
cussion of Figure 11.

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. For the 500 to 600 um
particle sizes at an initial pressure of 6.5 MPa (runs 2, 4 and
5, Table 1), the estimated Dy, values were 3.6, 4.9 and 10.5
X 10~" m?s, for 266.7, 269.5 and 275.1 K, respectively.

Activation energies of diffusion for hydrogen into the
hydrate phase AEp, and of adsorption AE;, were calculated
from the following relationships

Table 2. Fitted Parameters k, and Dj;, for the Hydrogen Hydrate Pphase Diffusion Model

Run Initial surface area [m?] k, [mol/(Pa-s:m?)] Dy, [mol/(Pa-s-m)] Absolute Average deviation [mol]
1 20x 107! 12x 10" 13 x 10716 53 % 10°*
2 12 x 107! 47 X 10712 8.2 x 107" 73 X 107
3 6.0 X 1072 9.7 X 10712 1.6 X 10716 19 X 107
4 13x 107! 8.0 X 10712 1.1 x 10 26 X 107°
5 8.9 X 1072 6.7 X 10712 1.8 X 10716 1.7 X 1074
6 8.6 X 1072 9.9 X 10712 1.6 X 10716 8.7 X 107°
7 1.0 X 107! 2.1 X 107" 1.7 x 10°1¢ 1.7 x 107*
3014 DOI 10.1002/aic Published on behalf of the AIChE November 2008 Vol. 54, No. 11 AIChE Journal
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Figure 13. Correlation results of hydrogen hydrate
phase diffusion model with temperature
(solid line).

Best fit hydrogen hydrate phase diffusion model with
data at temperatures of 266.7 K, k, = 8.0 X 10— 12 mol/
(Pa-sm?) and D'y, = 1.1 X 107'® mol/(Pa-s'm), for
269.5 K, k, = 4.7 X 10~ "2 mol/(Pa-s:m?) and D'y, =
8.2 X 10" " mol/(Pa-s-m), and for 275.1 K, k, = 6.7 X
1072 mol/(Pa-sm?) and D'y = 1.8 X 107'° mol/
(Pa-s-m). Symbols represent experimental values at initial
pressures of 6.5 MPa, particle sizes of stoichiometric
THF hydrate of 500 — 600 um and temperature of 266.7
K (circles), 269.5 K (squares) and 275.1 K (triangles).

. —AEp
DH2 = DH2 exp (T) (16)
—AE}
a — . 1
k kdexp( RT ) 17

From Egs. 16 and 17, the obtained AEp, was 78.7 kJ/mol
(R* = 0.995) and the AE; was —5.9 kJ/mol (R*> = 0.02). For
the AE,;, the value agreed with intuition that the step of
adsorption of hydrogen into an empty S-cage is exothermic,
but this step did not show strong correlation with temperature
over the ranges studied. The effect of the initial heat transfer
was relatively large compared with the initial adsorption,
which probably lead to the low correlation of k, with temper-
ature. Regarding the AEp for gas molecules into the hydrate
layer, Kuhs et al.*® reported that the AEp for methane was
52.1 kJ/mol through the neutron diffraction runs, and gas-
consumption measurements from hydrogenated and deuter-
ated ice powder. For carbon dioxide Genov et al.*! reported
that AEp was 54.6 kJ/mol through the same method
described previously, and for air, Salamatin et al.** reported
AEp was 50 kJ/mol although Raman spectra measurements
of diffusive transport of the air constituents to hydrate crystal
from air bubbles to polar ice sheets. The value of AEp in
this work (78.7 kJ/mol) was found to be somewhat higher
than values for other gas molecules such as methane, carbon
dioxide and air, that were in the range of 50 to 55 kJ/mol. In
addition, Okuchi et al.?® and Alavi and Ripmeester33 have
reported that AEp for hydrogen molecule into the small cage
were 3 * 1 kJ/mol, and 23 — 28 kJ/mol, respectively. Frank-
combe and Kroes** reported a AEp of 32 = 12 kJ/mol at
high-pressure (150 MPa), and low-temperature (245 — 265 K)
conditions, however, those simulations considered full occu-
pation of hydrogens in the both S-cage and L-cage of the sII
clathrate hydrate, which is not possible at the conditions used

AIChE Journal November 2008 Vol. 54, No. 11

Published on behalf of the AIChE

in this study. Although the AEp values can greatly depend
on the method or simulation assumptions, the value of AEp
estimated from the HHPD model in this work was found to
be higher than those values, which may possibly be attrib-
uted to the bulk technique used in this work. On the other
hand, the Dy, estimated in this study were on the order of
1012 mz/s, and these values were in close agreement with
values reported by Okuchi et al.?® at almost the same condi-
tions. Okuchi et al.® reported that the diffusion coefficient of
hydrogen in the binary H,-THF clathrate hydrate was on the
order of 10~ '? m?/s, and decreased with increasing pressure.

Conclusions

We investigated binary hydrogen-tetrahydrofuran clathrate
hydrate formation kinetics. Hydrogen consumed rates and
hydrogen occupancies in S-cages depended on temperature,
initial pressure and particle size of the THF hydrates. When
hydrate formation was assumed to consist of two steps, an
adsorption step and a diffusion step, a model could be devel-
oped that could describe the experimental results both with
respect to changes in particle size and variations with tem-
perature or pressure. From this model, the activation energy
of diffusion was estimated to be 78.7 kJ/mol, which was
obtained from later portions of phase thickness change. To
further explore the formation mechanism for increased
hydrogen occupancies, we are considering the formation pro-
cess from solution and in the presence of surfactants, which
will be reported in a future work.
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Notation

A = surface area of THF hydrate in hydrogen delocalization model;
interfacial area between THF hydrate and H,-THF hydrate in
hydrogen hydrate phase diffusion model, m>

A = lattice constant, m

Cy, = Langmuir constant, Pa—
Dy, = diffusion coefficient of hydrogen in binary clathrate hydrate
) phase, mz/s
Dy, = effective diffusion coefficient of hydrogen in binary clathrate
hydrate phase, mol/(Pa-s-m)

d = average particle diameter of hydrate, m

AE, = activation energy of adsorption for gas molecule into the hydrate
phase, J/mol

AEp = activation energy of diffusion for gas molecule into the hydrate
phase, J/mol

f= fugacity, Pa

feq = fugacity at equilibrium conditions (= 0), Pa
JGas = fugacity of gas phase, Pa

f; = fugacity of interface between H,-THF hydrate and reaction layer
in hydrogen hydrate phase diffusion model, Pa

k = kinetic constant in hydrogen delocalization model, (Pa-s-m?) "

k, = kinetic constant of hydrogen adsorption in hydrogen hydrate
phase diffusion model, mol/(Pa-s-m?)

kq = kinetic constant of diffusion in hydrogen hydrate phase diffusion
model, mol/(Pa's-mz)

L = phase thickness of binary H,-THF clathrate hydrate, m

M = molecular weight

N = particle number of hydrate

N4 = Avogadro’s number
N" = theoretical molecular number per unit cell

1
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n =number of moles, mol

r = average particle radius of hydrate; distance between cage center
and guest molecular, m

V = volume, m?

W = loaded weight, g

Greek letters

0s = occupancy in S-cage
0cq = occupancy in S-cage under equilibrium conditions

p = density, kg/m’

Subscripts

0 = initial conditions

cell = hydrate formation cell
Gas = gas phase
Hyd = hydrate phase
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