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Hydrogen Formation from Water Adsorbed on Zeolite
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The y-radiolysis of water adsorbed on synthetic zeolite, MS 13X (Molecular Sieve 13X), has been investi-
gated by the product analysis method using gas chromatography. One of the main products is molecular
hydrogen, the G value of which increases with increasing amount of water adsorbed on MS 13X and reaches a
first plateau (0.42) at ca. 4 mmol of water per g of MS 13X. At ca. 6 mmol g~! of water, it resumes the increase and
finally approaches a second plateau (1.2) at ca. 9 mmolg™. The formation of hydrogen is depressed by an
electron scavenger, while ammonia, a scavenger of positive hole, enhances the hydrogen formation. The result
indicates that hydrogen is produced through a reaction of water with electrons generated in MS 13X. The rate
constant for the reaction of electrons with water adsorbed on MS 13X is estimated to be (2.610.3)X108 dm?3
mol~!s71, on the assumption that rate constants for reactions of electrons with some electron scavengers deter-
mined in liquid cyclohexane can be applied to this system.

Enhanced yield in the radiolysis of a substance
adsorbed on solid has been explained in terms of the
energy transfer from adsorbent to adsorbate. Exciton,
electron, and positive hole have been proposed as
energy carriers.!”® Recently we found that N,O
adsorbed on synthetic zeolite (Molecular Sieve 13X;
abbreviated to MS) is radiolyzed to produce N, with a
G value of 2.8, which is saturated against the adsorbed
amount of N,O.” In the presence of a second electron
scavenger, G(N,) decreases with increasing amount of
the second scavenger. Relative reactivities of electrons
generated in MS toward several kinds of scavengers
suggest that these electrons are similar to those pro-
duced in liquid 2,2-dimethylpropane with respect to
reactivity.®? This implies that electrons generated in
MS are possibly in a “quasi-free” state. On the other
hand, we found that adsorption of methanol alters rel-
ative reactivities to those observed in liquid cyclohex-
ane or hexane.% In the system with methanol, molecu-
lar hydrogen is produced as a main product and the
formation of hydrogen is explained by a mechanism
including a reaction of electrons with adsorbed
methanol. The estimated rate constant for the reaction
of electrons with adsorbed methanol is much higher
than that determined in liquid methanol. These sug-
gest that electrons generated in MS adsorbing
methanol is “slightly solvated”” in a way similar to
excess electrons in cyclohexane or hexane.®~10

The radiolysis of water adsorbed on MS is of interest
in the reactivity and state of electrons generated in the
system and their reaction with adsorbed water, because
the reaction of ‘“‘nearly dry” electrons with water can
be approximated to a reaction occurring at the initial
stage of radiolysis of liquid water.

In this study, an attempt was made to clarify the
state of electrons generated in the MS-H,0 system by
determining the relative reactivity of the electrons
toward some electron scavengers. Molecular hydrogen
was found to form from water adsorbed on MS and
stepwise increase in G(H;,) was observed with increas-

ing amount of water. The relative reactivity deter-
mined by competition kinetics showed that electrons
produced in this system are similar to those in the
MS-CH;3;0H system rather than those in MS-N,O.
The rate constant for the reaction of electrons with
water adsorbed on MS was estimated by assuming that
rate constants for reactions of electrons with some elec-
tron scavengers are the same with those obtained in
liquid cyclohexane.

Experimental

Zeolite (Molecular Sieve 13X) was purchased from Nippon
Kuromatokogyo K. K. The specific surface area is 1030 m?
gl Dinitrogen monoxide, ammonia, and sulfur hexafluo-
ride were obtained from Takachiho Kagakukogyo K. K. and
purified by distillation under vacuum before use. Carbon
tetrachloride was obtained from E. Merck, Ltd.

The procedure of pretreatment of MS and introduction of
adsorbates were described elsewhere in detail.” Molecular
hydrogen and nitrogen were analyzed by gas chromatog-
raphy according to the method employed in a previous
work on silica gel.¥ Water was triply distilled after treat-
ment with alkaline permanganate.

Results and Discussion

Molecular hydrogen 1is produced from water
adsorbed on MS during y-irradiation. The G value for
hydrogen formation increases with increasing amount
of water stepwise as shown in Fig. 1. G values are
calculated on the basis of total energy absorbed by MS
and water. At amounts below 6.6X107* mol g~!, for-
mation of hydrogen was hardly observed. This may be
explained by consumption of water due to chemisorp-
tion of water by some active site of MS or reaction of
hydrogen molecule or atom with the site, as has been
discussed with the MS-CH3OH system.” The forma-
tion of hydrogen is effectively depressed by electron
scavenger. Figure 2 shows the dependence of G(H;) on
the amount of several electron scavengers in the pres-
ence of 4 mmolg™! of adsorbed water. At ca. 1074
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Fig. 1. Dependence of G(Hz) on adsorbed amount

of H20. Adsorbed amount is expressed as mol of
H;0 per g of MS.
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Fig. 2. Dependence of G(Hz) and G(N2) on adsorbed
amounts of scavengers.  Adsorbed amount is
expressed as mol of scavengers per g of MS.
4X10-3mol g~! of H20 present. O; N20, @; CCly,
A; SFg, O0; G(N2) produced from N2O.

mol g~! of scavengers, the formation of hydrogen is
completely depressed in every case. Therefore, a pre-
cursor of hydrogen is thought to be eliminated by these
electron scavengers. On the other hand, addition of
ammonia, a positive hole scavenger, results in an
enhancement of hydrogen formation. Since the forma-
tion of hydrogen from ammonia itself was hardly
observed in the absence of water as shown in Fig. 3, the
increase in G(Hj) in the presence of water is caused by
scavenging of positive hole. Therefore, molecular
hydrogen is considered to be produced through a reac-
tion of adsorbed water with electrons generated in MS.
The formation of hydrogen is explained by the
sequence of reactions

MS —"\_— MS*+e", 1)
e”+MSt ——= MS*, @)
e~ +H,0 — H+OH", 3)
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Fig. 3. G(H:) and G(N2) vs. [NH3]. O; G(Hy), [J;

G(Nz2). Upper, 4X1073molg™! of HzO present.
Lower, H20 absent.
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Fig. 4. 1/G(Hg) vs. 1/[Hz0u).

H+H H,. (4)

In the presence of an electron scavenger or ammo-
nia, Reaction 5 or 6 takes place:

e +S —— product(s), (5)
MS*+NH; —— product(s). (6)

From the above reactions, the following equation
can be derived:

1/G(Hy) =2(1 + ko[ MS*]/k3[Hy0u4])/ Ge (T)
and
1/G(Hy) =2{1 + (k[MS*] + ks[S])/ ks[HyOu]}/Ge  (II)

where [H30.4] represents adsorbed amount of water.
By plotting 1/G(H,) against 1/[H,0a4] or [S], Ge and
the ratio of rate constants, ks/k;, can be estimated.
Figures 4 and 5 are examples of the plots, which show
a good linear relation. From the intercepts and slopes
of these straight lines, G. and the ratio of rate constants
are calculated. In Table 1, the values estimated for
various systems are summarized. G-values of electron
agree fairly well with each other and the value
(3.06%0.07) is obtained as the average. From the ratio
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Table 1. Estimated Values of Ge and k,/ k3 and Comparison of ks/kn,o
Ko/ b,
System G. kel ks . 0
This work  Ref. 9 Ref.10
MS-H,0 3.15
MS-H,0-N,;0 3.03 8.02X103 1 1
MS-H,0-CCl, 2.99 1.04X104 1.3 1.1 1.5
MS-H,0-SFg 3.01 1.71X10* 21 1.7 2
T T Table 2. Values of k3 Calculated on the Basis
ol ] of ks Determined in Cyclohexane
Scavenger k3/dm® mol~1s™!
N,O 3.0X108
o6 . CCly 2.6X108
z SFs 2.3X108
© Average (2.6+0.3)X108
4 J
e"+Nat —— Na, (7
z 1 Na+ H,0 Na*+OH~+H. (8)
0 1 2 This mechanism is consistent with the observed high
[CCL] /10 mol g™ reactivity of the electrons generated in the MS-H,O
Fig. 5. 1/G(Hy) vs. [CCl]. system toward water molecule.

of rate constants, ks/ k3 relative rate constants based on
kn,0 can be calculated for CCly and SFg. In the last
three columns, they are compared with those deter-
mined in liquid cyclohexane.? 19 It is indicated that
the electrons generated in water-adsorbing MS are sim-
ilar to those in liquid cyclohexane with respect to the
reactivity toward these scavengers. If the rate constants
for these scavengers determined in cyclohexane are
used as ks, the rate constant for the reaction of the
electrons with water adsorbed on MS is estimated to be
(2.610.3)X108 dm®mol~! s~! as an average (Table 2).
This is quite different from the rate constant for the
reaction of hydrated electrons with water in aqueous
systems. As mentioned above, G(H,) increases with
increasing amount of water stepwise and the experi-
ments of scavengers were carried out at the amount of
water which corresponds to the first plateau. Molecu-
lar Sieve 13X includes sodium ion of 6.4 mmolg™},
which is known as a counterpart of the negative charge
located on aluminium atom. Since the sodium ion in
the hexagonal prism of MS cannot get into contact
with water molecule, the content of tl}e sodium ion
effective for the adsorption of water will be less than
6.4 mmol g~1. It can be considered, therefore, that the
amount of the water at the first plateau is approxi-
mately equal to the effective amount of sodium ion.
Furthermore, it is reported that water is adsorbed pre-
dominantly on the Nat sites of synthetic zeolite to
form (Na,)3*-(H,0)x by trapping an electron.!l12
These suggest that hydrogen atom is formed from
water through the reaction with sodium atom. Reac-
tion 3 may be rewritten to

One of the authors previously found that scavengers
of positive hole with ionization potentials below 11.1
eV decolorize a color center of silica gel, which is
assigned to a positive hole produced by y-irradiation.?
While the color center of silica gel is stable at room
temperature, no absorption is observed in the case of
irradiated MS. However, the electron affinity of MS*
is at least above 10.85 eV, because methanol (1,=10.85)
reacts with MS* to produce formaldehyde and ethylene
glycol.Y Since the ionization potential of ammonia is
10.2 eV, the proposed mechanism including the sca-
venging of MS* by ammonia is reliable.

As seen in Fig. 2, the G value for nitrogen formation
is apparently larger than the decrease in G(Hy), even if
G(N,) is equal to 2G(H,). A similar disagreement in
stoichiometry was observed in hexane and cyclohexane
when N,O was used as an electron scavenger.13:14 Ag
reported in a previous paper, the G(N;) from N,O
adsorbed on MS is 2.8 at adsorbed amounts of N,O
above 5X107* molg~!l. In the presence of CH;0H,
values from 2.6 to 2.8 are estimated as G. by plotting
1/G(H;) vs. 1/[CH30H] or [S], whereas G(N,) is ca. 3.4
and differs from the G value of the electron scavenged
by N,O. Estimated G values for electrons generated in
various systems of MS seem to converge in the neigh-
borhood of 2.8. However, the G(N,) in the MS-N,O
system differs from those in systems MS-CH3;OH-N,O
and MS-H,0-N,0. The relative reactivity of the elec-
trons produced in these systems toward some electron
scavengers can be classified into two types, one
observed in liquid 2,2-dimethylpropane and the other
in liquid hexane or cyclohexane. These results suggest
a resemblance in the energy state of excess electrons
between liquid hydrocarbons and MS. The disagree-
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ment of stoichiometry between G(N,) and G value of
scavenged electron will, therefore, be related to the
energy state of excess electrons generated in the irra-
diated systems.
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