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Encapsulation of Molecular Hydrogen in Zeolites at 1 atm
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About 1 umol/g of molecunlar H, is encapsulated in the sodalite cages of NaX zeolite at 37°C and 1
bar H, pressure. The removal of this hydrogen by diffusion can be studied by temperature program-
ming between 40 and 150°C under 1 bar Ar gas. The activation energy for diffusion is 8.1 kcal/mol.
The amount of H, trapped is more than an order of magnitude less than that expected for chemi-
sorption on a catalyst like cobalt on NaX. Exchanging Cs*, Ni**, and Eu?* for Na* cations into the
supercages, hexagonal prisms, and sodalite cages, respectively, of X zeolite, leads to the conclu-

sion that H, is trapped in the sodalite cages.

INTRODUCTION

In the course of characterization of some
reduced metal-loaded NaX zeolite catalysts
by H, chemisorption, we have noted a peak
at about 85°C in the temperature pro-
grammed desorption (TPD) spectrum after
adsorption of H, at 1 bar and room tempera-
ture. The results of this paper will show
that about 1 umol H,/g is encapsulated at 1
bar and 37°C, compared to about 500 wmol/
g at 88 bar and 300°C (). We shall show
that these small quantities can be measured
precisely and that the form of the results
indicates that the H, is actually trapped and
not adsorbed on impurities. Part of the ar-
gument will be based on the change in quan-
tity encapsulated as Na' is partially ex-
changed by Cs*, Ni?*, or Eu?*, which are
known to be concentrated respectively in
the supercages, the hexagonal prisms, and
the sodalite cages of X-type zeolite (2).

An early incentive for the study of H,
encapsulation was the development of a
means of storage for H, at high density
without resort to high storage pressure (7,
3). To our knowledge, this phenomenon
has not been studied previously at atmo-
spheric pressure nor for X-type zeolites.
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EXPERIMENTAL

Preparation of zeolites. Linde NaX zeo-
lite (600 mesh) was purchased from Alfa
Ventron Corp. (Danvers, MA) and used
without further purification. This material
was ion-exchanged by taking 1 g of zeolite
and stirring this for 18 h in a round-bottom
flask with 0.05 M solutions of various cat-
ions. Eu(NO;); - 6H,0, CsNO; - 6H,0,
and Ni(NO;), - 6H,0 salts purchased from
Alfa Ventron were used for these solutions.
Samples were filtered, washed with dis-
tilled deionized water, and dried under vac-
uum as previously described (¢). The ap-
proximate formulas of the exchanged
zeolites are EUQ5N311X, C852N8.34X, and
NizsN&j,oX .

All zeolite samples were extensively de-
hydrated under vacuum prior to adsorption
experiments. Samples were dehydrated at
50°C intervals for periods of about 1 h from
50 to 400°C on a vacuum line, evacuated to
5 %X 1079 Torr, sealed off and brought into a
drybox, and loaded into a catalytic reactor.
For TPD experiments, 0.2- to 1.2-g pow-
dered samples were used, after compaction
to 2 bar.

Characterization of zeolites. The degree
of ion exchange in various zeolites has been
studied with energy dispersive X-ray analy-
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sis, atomic absorption, and neutron activa-
tion procedures (5). The crystallinity of the
samples after ion exchange and after TPD
studies was examined with X-ray powder
diffraction (XRD) methods using a Phillips
X-ray powder diffractometer with a Diano
interface for control of scan speed, inten-
sity, and time constant. Samples were
loaded onto Vaseline-coated glass slides as
previously described (6). XRD results for
the ion-exchanged, calcined, and treated
(after adsorption and TPD experiments) ze-
olites show that the samples all retained
their structures with no loss of crystallinity.

Reactor-flow system. A once-through
stainless-steel microreactor of 3.0 ml inter-
nal nominal volume described previously
(7) was used in this study. To avoid air ex-
posure of the catalyst during transfer and
installation in the flow-panel, two-way
valves were connected in the inlet and out-
let leads of the reactor, which was loaded in
a glovebox. Response experiments (7) have
shown that the reactor behaves as an ideal
mixed-flow reactor (CSTR) under the con-
ditions used here: 0.55 g zeolite, 0.5 ml/s
flow rate (ambient), and 2.3 ml gas-phase
reactor volume.

Mass spectrometry. The high-resolution
MS (Nuclide 12-90-G) produced flat-topped
peaks for all the mass numbers studied.
Sensitivity and background of components
were recorded before and after each run.
Results were obtained with a MINC-11 mi-
crocomputer (DEC) from an electron multi-
plier/electrometer (7 = 0.1 s). Data acquisi-
tion and calibration were performed at the
same acquisition frequency. To improve on
the statistical noise and to have a high sig-
nal-to-noise ratio, 200 pts were collected at
a frequency of 1 kHz and the average value
was stored. Integration of the mass spec-
trometer response, expressed as concentra-
tion (ppm, mol%) vs time (min), was done
by using the trapezoidal rule. The detection
limit for H, was about 5 ppm. The ion
source was operated at 70 eV electron ac-
celeration potential. Hydrogen, H,0, and
Ar were recorded at m/e = 2, 18, and 40,
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respectively. The contribution of H,O to
the mass number 2 (H7) ion signal was less
than 0.5%.

RESULTS
Quantities of H, Encapsulation

Sorption and desorption of H, in dehy-
drated NaX. Before the initiation of sorp-
tion/desorption experiments, samples were
checked in siru for residual water by MS.
After the response of water (if present) at
400°C reached baseline, the reactor was
closed off and cooled to the sorption tem-
perature before the sorption/desorption ex-
periments.

Figure 1 presents the results obtained
with 1.1 g of dehydrated NaX when sorp-
tion occurred at 37°C with 1 bar H, and for
the indicated period of time. The desorp-
tion was performed under 1 bar Ar and
15°C/min heating rate. Before the initiation
of any TPD run, the reactor gas-phase vol-
ume was purged with Ar for 180 s at 37°C to
ensure the complete removal of gas-phase
H,. At 37°C (zero time) some H, encapsu-
lated in the zeolite diffused away from the
surface and was measured. The rate of dif-
fusion increased as temperature increased,
and a maximum rate occurred between 78
and 92°C. The latter depended on the initial
amount of hydrogen encapsulated in the ze-
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F16. 1. TPD experiment for measuring H, encapsu-
lated into NaX. Experimental procedure: H, (1 bar,
37°C, Ar) — Ar (180 s), 37°C — TPD (B = 15°C/min).
Amount of sample used 1.1 g, flow rate 30 ml/min
(ambient).
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olite. A sorption time of 24 h produced only
about a 5% increase in the H, uptake from
that after 18 h in 1 bar H,. This increase is
within the accuracy of the analysis. There-
fore, the H, uptake after 18 h under the
conditions of the experiment represents the
equilibrium amount established between
the states of H, encapsulated in the zeolite
cavities and that in the gas phase.

The effect of sorption temperature on the
rate and amount of H, encapsulation for
NaX is illustrated in Fig. 2. By increasing
the temperature a notable increase in the
uptake rate is noted, and for adsorption
temperatures above 100°C the approach to
the corresponding equilibrium value is very
rapid. Within the first 20 min of adsorption,
more than 90% of the equilibrium value is
achieved. The curve for 18 h of exposure to
H, at 1 bar is about equivalent to the equi-
librium isobar at 1 bar.

Sorption and desorption of H, in ion-ex-
changed X zeolites. In order to probe the
encapsulation site of H, in the zeolites, ex-
change with Cs*, Eu?*, and Ni?* cations
has been done, and the same sorption/de-
sorption experiments as those with NaX
were repeated by using 0.55-g samples.
TPD results for Cs/NaX and Ni/NaX are

3.0
NaX

Isobar ( 1 bar )}

H, uptake ( gmol/g )

0.0 L L L L I
25 5 125 175

Encapsulation T ( °C)

Fic. 2. Effect of temperature on the H, encapsula-
tion amount for the NaX zeolite. Experimental proce-
dure: H, (1 bar, T, A¢) — reactor closed off, cooled to
37°C — Ar (180 s), 37°C — TPD (8 = 10°C/min).
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F1G. 3. TPD runs after various adsorption times. (a)
Ni/NaX, (b) Cs/NaX. Experimental procedure: H, (1
bar, 37°C, At) — Ar (180 s), 37°C — TPD (8 = 10°C/
min). Amount of sample used 0.55 g.

shown in Fig. 3, and summarized in Fig. 4
and Table 1. There is zero H, uptake by Eu/
NaX and a decrease in uptake for Cs/NaX
and Ni/NaX with respect to NaX.
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FiG. 4. Diffusion uptake of H, by various ion-ex-
changed NaX zeolites. The amount of H, encapsula-
tion was determined according to the sequence: H, (1
bar, 37°C, Af) — Ar (180 s), 37°C — TPD (8 = 10°C/
min).
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TABLE 1

Hydrogen Uptake vs Time for Some NaX Zeolites
(T = 37°C, Py, = 1 bar)

H, uptake (umol/g)

Time NaX Cs/NaX Ni/NaX Eu/NaX
3 min 0.44 a a a
20 min 0.78 0.45 0.20 b
1h 1.13 0.55 a a
2h 1.64 0.61 0.35 b
4h 1.81 0.87 0.48 b
12 h a 0.98 a a
18 h 2.56 a 0.69 @
24h 2.71 a a a

4 Not measured.
b Zero H, uptake.

Rates of Encapsulation and
Decapsulation

The curves in Fig. 4 can now be inter-
preted to obtain the diffusion parameters
which control the encapsulation at 37°C and
1 bar H, pressure.

The classical solution of the diffusion
problem for a sphere at constant tempera-
ture and subjected to a constant gas con-
centration starting at time zero is as follows
(8-10):

0@ — 00) _ 6

0@ —00 ' T

1 D
> -3 CXP (- o w2n’). (1)
n=1

For small values of ¢

oW -00 __(D\"?,
g@—g@‘6ﬁﬁ)ﬂ )
and for large values of ¢
9 = 0] _ (6 _ D
ldﬂ@—qﬁ’mﬁﬁ et €)

where Q represents the amount of adsor-
bate present in the zeolite crystallites at the
indicated times and « is the radius of the
spherical crystallite. Because of the as-
sumptions made in deriving the diffusion
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equation, no attempt is made here to exam-
ine other crystallite geometries.

Figure 5 presents the results obtained af-
ter using Eqgs. (2) and (3) to calculate the H,
diffusivity (D/a?® from sorption studies.
For the case of Na.X and for short times (r <
45 min), a very good fit according to Eq. (2)
is obtained. The quantity Q(0) appearing in
Eq. (2) was set equal to zero and that of Q
() equal to the corresponding equilibrium
value under the experimental conditions
used. For t = 1 h, a deviation from Eq. (2)
is observed and this is shown in Fig. 5. A
value of D/a? = 5.5 x 107% s~ is obtained
by Eq. (2), compared to 2.9 x 1076 s~ ob-
tained by Eq. (3). This difference is reason-
able and might be related to assumptions
made for constancy of the diffusivity. As
equilibrium is approached, the dependence
of the sorption curve on particle shape be-
comes significant, requiring a detailed
knowledge (8) of particle shape when using
Eq. (3). For Cs/NaX the value of D/a? is
1.3 x 1076 571,

From the TPD spectra of Figs. 1 and 3 it
is possible to calculate diffusivities from the
decapsulation process. The variation of D
with temperature is given by

_ —E }
D(t) = Dqy exp { RIS 4)
t ( min )
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F16. 5. Determination of D/a? (s7?) for various NaX
zeolites according to Egs. (2) and (3) in the text. T =
37°C.
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A detailed analysis for this case has been
presented (11, 12), where peak shape and
graphical methods can be used to calculate
D, and E. The graphical method has been
applied here, given by the following equa-
tion (I1, 12):

T™w) E
In (7;) = —-—RTM

Eo?

*In {1.5 WZRDO}' )
By varying the heating rate 3, the peak
maximum temperature Ty is expected to
vary, and by plotting the left-hand side of
Eq. (5) against 1/Ty a straight line is ex-
pected. From this plot, E and D, can be
calculated. Equation (5) has been applied to
TPD spectra for NaX like those of Fig. 1,
with encapsulation at 1 bar and 37°C for 20
min. The heating rate 8 is varied in the
range 10-25 K/min, and it is found that E =
8.1 kcal/mol and Dy/a? = 50.1 s~!. Then the
use of Eq. (4) gives D/e?2 = 1.02 X 1074 s~}
at 37°C. This value is larger than that of
about 3 to 5 X 107% s~! found from Fig. 5.
Such behavior has been reported previ-
ously (8).

Blank experiments. Doubling the amount
of Na X zeolite led to a doubling of H; sorp-
tion. This result excludes the possibility of
any H, dissolution in the stainless-steel of
the reactor under the conditions of the ex-
periments. In addition, the EuX experi-
ments (Fig. 4) should give H, desorption
from the steel, if the latter was indeed
present. The possibility that H, sorption
measurements could result from water
(cracking effect) was also carefully exam-
ined. A small amount of water in the H,
sorbate gas that is not removed by the traps
might be present. For large times on
stream, this water could accumulate in the
zeolite and might contribute to the mea-
sured H7 ion signal. Therefore, a separate
H,0 TPD experiment with dehydrated NaX
was performed, after the sample was
treated with 1 bar H, for 18 h at 37°C. No
H,0 signal was observed with MS between
37 and 350°C.

EFSTATHIOU, SUIB, AND BENNETT

DISCUSSION

Hydrogen Encapsulation

It is appropriate to note that the TPD
curves of Fig. 1 are not consistent with the
chemisorption behavior of H, on metallic
impurities. Experiments on Rh/AlLO; show
that Ty decreases with increasing amount
of adsorbed H, present at the beginning of
the TPD (13). This type of behavior has
also been discussed by Balkenende et al.
(I14) and is consistent with the decrease in
heat of adsorption as surface coverage in-
creases. In Fig. 1 the opposite behavior ap-
pears. This result is consistent with decap-
sulation, which is controlled by diffusion
rather than desorption from metallic sites.

Hydrogen sorption at 150°C for 18 h from
a 30% H,/70% Ar mixture at 1 bar produced
a H, uptake only 15% of that obtained un-
der the same conditions with pure H,. This
behavior is also not consistent with chemi-
sorption, which is relatively insensitive to
H;, partial pressure. Rather, it corresponds
to the encapsulation behavior already men-
tioned (7).

Figure 4 shows that all H, uptake is elimi-
nated when Na* is largely exchanged with
Eu?*. This exchange would not be expected
to result in zero uptake if the uptake were
the result of some process other than en-
capsulation, such as adsorption on impuri-
ties, spillover, or sorption on the steel walls
of the microreactor.

The signal-to-noise ratio of the data is
good, and it is interesting that it is quite
easy to measure encapsulation at 1 bar
when the phenomenon has previously
been studied only at pressures like 100-
1000 bar. At fuli uptake at 37°C and 1 bar
(Fig. 2), it is found that 0.035 molecules of
H,/unit cell are present, based on the data
reported (Ref. (19), Table II) for NaX. This
number represents a small fraction only of
the available empty space in the cages, but
the encapsulation seems to behave qual-
itatively as it does at the higher pres-
sures.
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Effect of Ion Exchange on Encapsulation

Again the results of the experiments with
Eu/NaX are crucial to our arguments. We
propose that 4Eu* ions are formed at the I’
sites in the sodalite cages, coordinated with
an O jon at the U site. The bulky Eu,O+1°
complex then prevents all encapsulation in
the sodalite cages. The Eu®* state in dehy-
drated A and Y zeolites has been confirmed
(15). The apparent votume of the ions is not
sufficient to explain the complete exclusion
of H, trapping, so that it is probable that the
strong fields set up by the multivalent cat-
ions play a role.

Considering now NaX and Cs/NaX zeo-
lites, these ions are not expected to be com-
plexed. The Cs* ions occupy the III sites
and also the II sites near the 6-T rings but in
the supercage (2, 16). In the presence of
these ions the 12-T windows between the
supercages are not blocked. However, the
6-T rings are partly obstructed, so that hy-
drogen which has entered the sodalite cages
must cross an activation barrier in order to
diffuse out when the external H, pressure is
removed. The peak maximum temperature
found in the TPD spectra for the NaX and
the Cs/NaX (Figs. 1 and 3) are close to
each other, so that there seems to be no
great difference in the effective window
space. Then the smaller encapsulation
found for the Cs*-exchanged zeolite with
respect to NaX can be explained by the
larger size of the Cs* ions.

Most of the Ni?* ions in the Ni/NaX go to
the I sites inside the hexagonal prisms and
to the I’ sites in the sodalite cages (2, 17).
The ions inside the hexagonal prisms may
not affect encapsulation, but the replace-
ment of some of the Na*™ by Ni?* in the I
sites may hinder passage through the 6-T
rings into the sodalite cages, probably be-
cause of the higher electrostatic fields asso-
ciated with the Ni?*. Note that Ty for Ni/
NaX is higher than those for NaX and
Cs/NaX.

Clearly H, encapsulation is sensitive to
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the positions and charges of the ions in a
zeolite structure. By studying the effect of
the extent of exchange, the size and charge
of the ion, and the size of the inert, non-
polar gas on encapsulation, a better under-
standing of the locations and effects of the
ions can be obtained. The methods pre-
sented here should facilitate this task.

When zeolites are loaded with zero-va-
lent metals to make catalysts, it is impor-
tant and often difficult to know whether the
metal clusters are inside or outside the
crystals of zeolite. Suppression of encapsu-
lation could be a probe showing that the
clusters are inside.

Diffusion in Zeolites

It should be evident that the values of D
appearing in the text refer to an effective
diffusivity. Hydrogen should diffuse freely
through the macropores between the zeo-
lite crystals which make up the powder
used. Passage through the supercages of
the X-zeolite, connected by 12-T rings, is
also relatively easy, so that the observed
extremely slow uptake by diffusion is con-
trolled by entry into the sodalite cages.
Even the faster decapsulation process is
still relatively slow, for the replacement of
one gas by another in a typical pellet of
silica or alumina is complete in a few sec-
onds. It is interesting to note that for the
Eu/NaX case, at the end of the 180 s of Ar
purge at 37°C, before the TPD, no H, is
obtained. This indicates that outward diffu-
sion of hydrogen contained in the super-
cages and macropores during sorption is
fast relative to the diffutsion out of the soda-
lite cages.

Since the radius of the powder particles
is thus irrelevant, « is unknown, and only
(D/a?) is reported. The actual mechanism
for diffusion through the 6-T windows is un-
known. Although wall effects are clearly
important, Knudsen diffusion does not ap-
ply; the spaces are so small that the coun-
terdiffusing molecules must collide. All this
is complicated by the intracrystalline elec-
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trostatic fields. It is hardly surprising that
(D/c?) from Fig. 5 does not agree with that
obtained from TPD spectra. Probably the
best hope of understanding the process is
through a Monte Carlo simulation (I8).

CONCLUSIONS

The diffusion of molecular H, into NaX
zeolite under atmospheric conditions, simi-
lar to those encountered in chemisorption
studies, is slow near room temperature,
where about 18 h is required to achieve an
equilibrium state. When the temperature of
adsorption increases above 100°C, an ad-
sorption time of about 20 min brings the
system very close to equilibrium. Molecu-
lar H, is finally encapsulated in the sodalite
cages, where it can be expelled between 45
and 150°C with an activation energy of
about 8.1 kcal/mol. The amount of H; en-
capsulation is no more than 5% of the H,
that might be expected from a typical
metal/NaX chemisorption system. Diffu-
sivities of molecular H, were estimated un-
der conditions similar to those encountered
in catalytic studies. Hydrogen encapsula-
tion in ion-exchanged zeolites may be con-
sidered as a sensitive method to probe the
location of metal ions and particles in vari-
ous sites of the zeolite.
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