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Abstract

Additional evidence is presented for the catalytic role of aqueous colloidal palladium in the direct conversiparad By to HyOo.
Reactions typically were carried out at an l, ratio of 2, and 25°C, by introducing the gases at 1 atm through a frit into the aqueous
slurry. The source of palladium was either PglG reduced palladium supported on silica gel. During the course of the reaction the palladium
is distributed among Pdg#~, colloidal palladium, palladium deposited on the frit, angd i), when SiG is present. Although the amount
of colloidal palladium differs, depending on its source and the time on stream, the rapOgffefmation is proportional to the amount
of colloid present at a particular time. Maximum rates were observed for colloids prepared f8iOp,dhowever, the largest #D>
concentration of 0.7 wt% was attained when Rd@hs the source of colloidal palladium. The ultimate steady-state concentratigrOof H
is, in part, affected by the rate of @, decomposition, which is relatively large over the/BiD, sample that was tested. The rate of
decomposition also is determined by th& Koncentration. Results obtained with a mixturel®0,/180, confirm that oxygen remains
undissociated during the formation op8,, which may explain why palladium is uniquely suited as a catalyst for this reaction.

0 2003 Elsevier Science (USA). All rights reserved.

1. Introduction al. [7], in which they describe a novel membrane reactor,
also is of interest because such a reactor would enable one
The increasing utilization of hydrogen peroxide as a to avoid potentially explosive mixtures of;Hand G while
bleach in the pulp and paper industry, as an oxidant in waste-maintaining the most efficient ratio of these reagents in the
water treatment, and as a source of oxygen for epoxida-liquid phase.
tion reactions has resulted in renewed interest in the direct  In a recent paper, we reported on the direct formation of
formation of HO, from Hz and Q. The current com-  H,0, at atmospheric pressure, with the unexpected conclu-
merCial methOd for the production szﬂz iS a CiI’CUitOUS Sion that the reaction was main|y Cata'yzecbb”oida' pa'_
process tha’F involves. the use of alkylanthroquinqne and hy-|adium [8]. Palladium metal is unique in its ability to cat-
droquinone intermediates [1]. The raw product mixture con- 476 this reaction to any significant extent, and it is usually
Fams oqu about 2 _Wt% bO2. Although recent adv:?mces introduced in a supported form. Typical supports include sil-
in the d!rect formation of KO, have been repqrted in the ica, silicic acid, carbon, and alumina. Generally, the reaction
patent literature [2-5], the fundamental studies that have. . . : )
is carried out in an aqueous slurry that also contains an acid

been carried out on this reaction are limited in both scope
and number. Most notable is the work of Thompson and co- SUCh as, HCI-o.r HBr. I,n the presenge of HCI, sup.porte.Ei Pd
initially is oxidized, with the formation of PdG#~ ions in

workers [6], who investigated the reaction over a catalyst . ) :
containing hafnium phosphate and viologen phosphonates‘)'”t'on- The palladium ions then are reduced back to Pd
with supported Pd. This group reported that 13 Wt metal by kb, and some of the metal is present as a col-
could be attained by Carrying out the reaction at atmosphericlOid. Evidence for the predominant role of the colloid in the
pressure in anhydrous methanol. A paper by Choudhary etcatalytic reaction principally came from two observations:
(1) after a period of reaction, the rate ob®h formation
_ . remained essentially the same after the remainin(SRop
g’;\;ﬁ.’fgg&‘gﬁ Iﬁﬁg}g:d @mailchem tamu.edu (J.H. Lunsford). had bee.n removed from the slurry, and (2) even larger rates
1 0On leave from the Department of Chemistry, University of Colombo, of reaction were observed when the source of pallad|um
Colombo 3, Sri Lanka. was PdCJ; i.e., no SiQ support was present in the system.
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Moreover, electron microscopy confirmed the presence of a10-15 min through the solution that was usually acidified
colloid in the aqueous phase. with HCI. The Pd'SiO, materials consisted of 5 wt% Pd

To determine whether the predominant role of colloidal supported on either Davison grade 57 silica or grade 03
palladium in the formation of b, is a more general phe-  silica. The resulting materials are referred to agH@,(57)
nomenon, the influence of other factors on colloid concen- and Pd'SiO,(03), respectively. The surface areas and pore
trations and reaction rates has been explored. These factorsiameters of grade 57 silica are ca. 300gn* and 15 nm,
include types of silica, acid concentration and reaction time. respectively; whereas, those of the grade 03 silica are 625
In addition, experiments involvintfO, /180, mixtures pro-  m?g~! and 3 nm, respectively. The preparation of the
vide insight into the reaction mechanism. materials, which included as a final step reduction iy H

has been described previously [9]. After addition of the Pd

to the aqueous phase, the solution or slurry was rapidly
2. Experimental stirred with an overhead stirrer(500 rpm) that had a glass

impeller. For longer duration runs, parafilm was loosely

Most of the reactions reported here were carried out at placed over the top of the reactor to inhibit evaporation.
760 Torr and 25°C in a Pyrex reactor, shown in Fig. 1, After different times on stream, small aliquots of the liquid
that was 22 mm id. The oxygen and hydrogen gases werephase were removed from the reactor, and th®+Hormed
allowed to flow through a Kimax 20F fine glass frit that was analyzed by colorimetry after complexation with a
was located 100 mm below the top of the open reactor. The TIOSOy/H2SO4 reagent. The estimated error in the analysis
flow rates, unless noted otherwise, were maintained at 20 mLof H,O05 is +£2 x 1074 wt% (£ 5 x 107> M).
min~! for O, and 10 mL min! for Hy using Scott mass flow Contact of the 2:1 @/H> mixture with adry Pd/SiO;
controllers. Note that this is a potentially explosive mixture catalyst may result in an explosion. After several hours
and appropriate precautions should be taken, some of whichon stream a small amount of P8I0, is deposited on the
are described below. reactor wall above the liquid phase. This deposited material

Palladium was introduced as PdQGir via a PdSiO, usually has a water film, but to ensure that it did not become
material to 10 or 20 mL of an aqueous phase. Prior to addingdry, the stirring occasionally was stopped, the reactor was
the catalyst, the &'H> mixture was allowed to pass for lowered, and the slurry was swirled so as to remove the
solid from the wall. More recently we have found that the
initial introduction of P¢SiO, into the solution can result
in an explosion because the dry catalyst contacts the exiting
|l I O2/H2 gas mixture. To avoid this problem, ca. 15 mL of
the aqueous solution was removed and slurried with the
Pd/SiOs,. This slurry was then introduced into the remaining
agueous phase.

The selectivity for HO, formation was obtained by
converting the single-pass reactor to a recycle reactor which
made it possible to follow the loss ofHand @& during
the reaction. The gas-phase ratio, which initially was 2:1 for
O2/H2, was followed by gas chromatography. The reaction
was carried out for 1 h. From the reactions

yH2 + yO2 — yH20s, (1)

H;, O,
l 2xHz + xOz — 2xH20, )

it follows, that the H selectivity to BO; is given by

SH,0, = [¥/(v +20)] x 100 (3)

The values ofx and y were determined from the £QH>
ratios before and after reaction, the volume of the system,
the initial and final total pressures, and the amount g1
formed.

— The amount of colloid that was formed in the aqueous
phase during the reaction was determined by first analyzing
for the amount of P&, using the method of Onishi [10].
Then the colloid was oxidized by exposing the solution to
Fig. 1. Schematic of the reactor. air for 12 h, and the solution was again analyzed fot'Pd

e
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The difference between the amounts ofPik taken to be
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The systems prepared from 1O M PdCh, 44 mg of

the amount of colloidal Pd. The estimated error in the colloid Pd/SiOx(57), or 44 mg of PdSiO,(03) all contained 2.2

concentrations is=3 x 1076 M.
Electron micrographs of the colloidal palladium were

mg of Pd; whereas, the system prepared forl®l PdCh
contained 0.22 mg of Pd. The liquid volume was 20 mL. It

obtained with a Zeiss 10C TEM instrument operating at will be shown subsequently that Pd was distributed among
100 kV. After 1 h on stream an aliquot of liquid was removed the colloid, the frit, and the Si©when it was present. At
from the aqueous phase and deposited on either a carbonshorter times on stream (e.g., 2 h) the activity follows the
coated copper or gold grid. The liquid was rapidly dried in a sequence PtBiOx(57) > Pd/Si0»(03) > 103 M PdCh >

vacuum oven at ca. 8UC.

The oxygen isotope distribution in the hydrogen perox-

ide that forms from the reaction of Hwith an 180,/180,

10~* M PdCb, but as the reaction proceeded, the system
derived from 102 M PdCh maintained the largest activity.
Selectivities for HO, formation, based on fHconsumption,

mixture was determined by Raman spectroscopy. A Holo- were 61 and 66% for the P8i0,(57) and 103 M PdCh
probe Raman spectrometer (Kaiser Optical) system that wassystems, respectively.

equipped with a Nd: YAG laser was used for this purpose.

The variation in activity for the Pt5iOx(57) and

Hydrogen peroxide in concentrations as small as 0.05 wt% Pd/Si0O»(03) systems is shown in Fig. 3. When 22 mg

could be detected. The isotopically labelegd] was pre-
pared by reacting®0, (340 Torr) and%0, (400 Torr)
with Hyz (400 Torr) in a catalyst derived from 5 mg of
Pd/SiOy(57) in 10 mL of 1 M HCI. The reaction was car-

Pd/Si0,(03) was introduced into the 10 mL of 1 M HCI so-
lution, there was an induction period of about 5 min, during
which time only a small amount of the colloid was formed
and, correspondingly, the rate ob@&, formation was low.

ried out in a closed 100-mL Pyrex round-bottom flask. The After about 15 min, the colloid concentration and the rate
slurry was stirred for 8 h with a magnetic stirrer, and dur- of H,O, formation reached a maximum and thereafter both

ing this period 0.4 wt% BHO» was produced. The #D, was

slowly declined. By contrast, with the P8IO,(57) cata-

concentrated by pumping on the system for 0.5 h with the lyst, the formation of the colloid was rapid, and no induc-

solution at 3C°C.

3. Results
3.1. Kineticresults

The formation of HO, as a function of time on stream
for four different catalyst systems is depicted in Fig. 2.

0.8 | N
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Time (h)

156 20 25

Fig. 2. Comparison of KO, production over palladium derived from
different sourcesM, 1073 M PdCh; ¢, 107* M PdCh; A, 5 Wt%
Pd/Si0x(57); ¥, 5 wt% Pd'SiO(03).

tion period was observed. But, with this system as well, the
decrease in the colloid concentration at times greater than
15 min was accompanied by a decrease in activity.

In a separate experiment, the amount of Pd present in
the colloid, on the silica, and, by difference, on the frit was
determined for a P&5iOx(57) system after 10 and 24 h of
reaction in 1 M HCI. Of the 2 mg Pd in the system, after
10 h there was 0.2 mg as the colloid, 0.8 mg ag3a,,
and 1 mg on the frit; whereas, after 24 h there was 0.08 mg
as the colloid, 0.3 mg as P8iO, and 1.6 mg on the frit.
The frit became dark as a result of the Pd deposit. In the
presence of the 2:1 L0 H; ratio, the amount of palladium
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Fig. 3. Formation of HO, and variation in colloid concentration during
the reaction of K and G in aqueous slurries ofa(, A) Pd/SiO»(57) and
(v, V) Pd/SiO(03).
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as PdCJ?~ was small after an initial induction period. Most  activities at the lower acid concentrations were not as stable
of the Pd resides on the frit for times on stream greater thanwith respect to time on stream. Even the neutral solution
about 10 h, but the catalytic activity of this form of Pd is was active after an induction period of several minutes.
relatively small. After allowing the palladium to form onthe In this case, as well as with the 0.01 M HCI solution,
frit for 5 h during the reaction of Hland Q in a system there was a decrease in activity that resulted fropO#
derived from 102 M PdCb, the solution with the colloid  decomposition at the lower proton concentrations. Pospelova
was replaced by a fresh 1 M HCI solution, and the rate was and Kobozev [11] have shown that the decomposition of
determined. The rate of 4D, formation was 14 x 10~° H20- is strongly inhibited by protons in similar catalytic
Mmin~%, which may be compared to the original rate of systems. This interpretation for the decrease in ngdH

1.9 x 1074 M min~1. Thus, the activity of the Pd on the formation as depicted in Fig. 5A is confirmed by the results
frit was more than an order of magnitude less than that of of Fig. 5B. After the steady state was reachedQbl was

the colloid in solution. Even this value for the Adt is an added to a level of about 0.04 wt%, and it was observed
upper limit since a small amount of the Pd was reintroduced that decomposition of this added>8, rapidly occurred,
into the solution as a colloid. down to the level of the original steady-state concentration.

The rates of HO, formation for the systems derived from  Subsequent acidification of the solution to 1 M HCI caused
the two supported catalysts and from Pg@ave been de-  a net formation of HO, at a rate comparable to that found
termined, and the results are shown in Fig. 4 as a func-for the original 1 M HCI solution (Fig. 5A).
tion of the colloid concentration. Within experimental error, The question arises as to whether the decrease in activity
there is a linear relationship between the rate and the colloidof the 0.1 M solution also resulted from the approach to
concentration, which further supports the predominant cat- steady state (i.e., the more rapid decomposition g®4 or
alytic role of the colloidal palladium. A specific activity of  whether colloidal Pd was less stable in the 0.1 M solution. In
80 mmol B0, g~ Pd mirr! was determined from the lin-  a separate experiment, the reaction was carried out for 7 h,
ear relationship of Fig. 4. The earlier catalytic results, which during which time the rate had decreased significantly. Then
were obtained with 2.2 mg P8i0,(57), indicated that the 0.1 mg Pd was added as PdQhe same amount of PdCis
specific activity of the solid catalyst itself was only about 3% was originally present) and the rate increased to the original
of the specific activity of colloidal palladium [8]. value that is indicated in Fig. 5A. This result confirms that

The role of the HCl in the formation of #D; also was of  in the 0.1 M solution, the decrease in net rate results mainly
interest, and in order to avert the complications introduced from the loss of palladium rather than the decomposition of
by the dissolution of palladium from P8iO,, PdCh was H50,.
used to form the colloid. The results of Fig. 5A show that  The potential influence of the decomposition reaction on

at 0.1 and 0.01 M HCI concentrations, the initial activities the net formation of HO, was determined for solutions that
were slightly larger than that of the 1.0 M HCI solution, but
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Fig. 5. (A). Formation of HO, in aqueous colloids derived from 16 M
Fig. 4. Variation in catalytic activity for HOo formation as a function PdC}, at different HCI concentrations, 1.0 M HCI; B, 10~ M HCI; a,
of colloid concentration with the colloid being derived frol; 103 M 102 M HCI; @, no HCl added. (B) After 80 min §D, was added to give

PdCbh; a, 5 wt% PJ'SiOx(57); ¥, 5 wi% PJ'SiOx(03). 0.04 wt%; after 100 min the solution was acidified to 1 M HCI.
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Table 1
Hydrogen peroxide decompositidn 4.0 1 -4.0
System Decomposition rée -
(M min—1)
i -3
200 mg 5 wt% P¢$|02(57) 2x 1(14 X 45 ‘“
20 mg 5 wt% PdSiO»(57) 3x 10 ’/
Pd/Frit 4x10°° —_ 1 4.5 )
1x 1073 MPdChL ¢ —-8x 107°d % 5
@ Decomposition of 2 wt% KO, in 1 M HCI in the presence of flowing ;‘— | B>
2 50
0, and H. 9 S
b The H,0, formation rate over this catalyst was 1xA0~4 M min—1
after 5 h. 4 5.0
¢ The solution remained yellow, indicating that Pdwas not exten- :
sively reduced. 55 |
d A net formation of HO, occurred.
contained a catalyst and a significantly largefdd concen- | | . | . .
tration of 2 wt%. The experiments were carried outin 10 mL -6.0 -5.5
of 1 M HCl with palladium in one of the relevant forms, as 1.5 20 25 3.0 15 20 25
well as @ and H in a 2:1 ratio. The results are given in Log(P,) Log(Py )

Table 1. The rate of decomposition was approximately pro-
portional to the amount of P&iO,(57) catalyst. Over 20mg  Fig. 6. Variation in KO, formation rate as a function o#j O or (M) Hp
Pd/SiOz(57), the rate of HO,» decomposition was compa- partial pressure in a slurry derived from 2.2_ mg (if‘5 wit%y BiD>(57) in

. 10 mL of 1 M HCI. Rates are expressed in Mmitand pressures are
rable to the net rate of formation that was ,Observed When in Torr. For the variation in @ pressure, the smallest and largest ratios
the level of O, was much less. The palladium on the frit \ere G:H,:Ar = 5:10:45 and 50:10:0, respectively; for the variation in
was about an order of magnitude less active, and the col-H, pressures the smallest and largest ratios weréiAr = 30:2.5:27.5
loid derived from 102 M PdCb actually resulted in the net  and 30:30:0, respectively.
formation of HO,. These results, together with those that
demonstrate the loss of palladium to the frit, indicate that at corresponds to an apparent reaction order of 0.8, although
the lower concentrations of 4, attained in the previous for the reasons stated above, no fundamental significance
experiments (e.g., those described in Fig. 2) and in 1 M HCI concerning the mechanism can be attached to this value.
the H,O, concentration is limited more by the stability of
the colloid than by the decomposition ob8,, especially 3.2. Electron microscopy
for the systems that did not contain f/RiO».

The effect of @ and H concentration on the reaction The electron micrographs shown in Fig. 7 confirm the
rate was studied in a reactor similar to that described presence of colloidal palladium in the aqueous phase. For the
above except that the top was closed and the gases exitedolloid formed from PdGf?~ in the 0.01 M HCI solutions
through tubing. The glass stirrer passed through a gas(Fig. 7A), a broad distribution in particle size was apparent,
tight seal. The total flow rate was kept constant by using with an average diameter of ca. 3 nm. For the colloid formed
argon as a diluent. Each reaction rate was determined infrom Pd/SiO»(57) in 0.1 M HCI, the average diameter was
a separate experiment, during which the rate was constanica. 6 nm (Fig. 7B). In the latter case, the particles are
for approximately 3 h after an initial transition period. The more clustered. These results may be compared with those
palladium was introduced to the system ag&@,(57). The reported by Henglein [12], who observed the formation of
results of Fig. 6 show that there is a positive order with Pd colloids following the reduction of an aqueous P4CI
respect to both @and H up to a certain partial pressure, solution with H. The colloid was stabilized by sodium
but at higher pressures the order approaches zero. Here, theitrate, and a narrow size distribution centered at about 4 nm
concept of a reaction order needs to be understood in view ofwas observed.
the fact that the concentration of the colloid is also affected
by the @ and H partial pressures. At the higher, ®l 3.3. Oxygen isotope results
ratios, e.g., [12], the palladium was present in solution
mainly as PdGP~. The yellow color of PAGP~ was clearly Experiments using a mixture 00, and 180, were
evident. The plateau at the largep @artial pressures may carried out to determine whether a dissociated form of
reflect the steady state between colloidal Pd and PdCl oxygen is involved in the formation of #D,. If, indeed,
namely, most of the palladium is in the form of Pd€l. The a dissociated form of oxygen were involved or if oxygen
plateau at the larger Hoartial pressures is more difficult to  dissociated and rapidly recombined to produce a diatomic
interpret, although it may result from a saturation coverage species which was then hydrogenated, one would expect to
of hydrogen on the surface. The linear region of both curves observe a scrambling of oxygen isotopes, and®@'€0
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Fig. 7. Electron micrographs of palladium colloids obtained (A) after
exposure of a 103 M PdCl2~ solution, 0.01 M in HCI, to @/H, for

1 h at 25°C or (B) from the aqueous phase over 22 mg $id,(57) in

10 mL 0.1 M HClI, after exposure to£3H» for 1 h at 25C.
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Fig. 8. Raman spectra of 4, after reacting H with (A) an 180,180,
mixture and with (BYL80.

4. Discussion
4.1. Additional evidence for the role of colloidal palladium

As noted in the introduction, previous results indicated
that colloidal palladium may be the predominant active
phase during the catalytic conversion o ldnd Q to
H2>0- [8]. Changes in the rate of #D, formation, deduced
from the slopes of the $0 concentration curves in Fig. 3,
support this conclusion since they correlate well with the
temporal changes in the colloid concentration. This is
particularly evident for the PtBiO,(03) catalyst, for which
there is a distinct induction period. Moreover, as shown
in Fig. 4, there is a linear relationship between the rate
of H»0, formation and the colloid concentration for three
different catalysts, including the one derived from PdCI
The fact that the results for the Pd&lerived system are
approximately on a common curve with those from the two
Pd/SiO; sources indicates that the colloid can be formed
from all three sources, though not with equal efficiency.

The electron micrographs of Fig. 7 independently vali-
date the presence of the colloids in the aqueous phase. The
average diameters and the particle size distributions may not,
however, reflect the actual state of the aqueous phase since
the colloids were not stabilized and agglomeration of par-
ticles may occur during preparation of the samples. Fortu-
itously, the average particle diameter of 6 nm for the colloid

would be a major product. Raman spectroscopy was usedderived from PSiO,(57) is the same as that reported pre-
to determine the isotopic distribution in the product, and viously for the supported palladium [9]. The agreement is

the results of Fig. 8 show that only>fO, with a peak at
879 cnm! and H'80 with a peak at 830 crt were present.
The Raman shift of 49 cnt is in good agreement with the

unexpected because the Pd first enters the aqueous phase as
PdClL?~ and then is reduced to the colloidal palladium.
The palladium is believed to be distributed between

calculated value based on isotopic masses. No significantits several states according to Scheme 1. Even in a 2:1

peak was detected at about 852 Fmwhich is the position
expected for H160180. Clearly, HO> is derived from a

oxygen-to-hydrogen gas mixture, palladium on the frit is
the dominant final state, but in the presence of puge O

diatomic form of oxygen that presumably is adsorbed on the almost all of the palladium reenters the solution as R#CI

palladium.

Variations in the state of palladium, according to Scheme 1,
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Pd/frit «—— Pd colloid

N\

PdCl,*

)

Pd/SiO,

Scheme 1.

are mainly responsible for the induction period (Fig. 3)
and the different rates of reaction as the @nd H

119

of H2O2 would not have been significant. At longer times
with larger concentrations of ¥, the selectivities would
be less.

Choudhary and co-workers [13] have recently shown that
the support strongly influences both the rate of formation and
the rate of decomposition of 2D,, with PdO/fluorinated-
Al2O3 being among the best of the catalysts that they
studied. Fluorination of the alumina significantly decreased
the rate of HO, decomposition.

Clearly, the “support” material can play an important
role in the steady state concentration op@4, which
makes PdGl an attractive source of palladium for colloid
formation. The data of Fig. 2 show that after 15 h the largest
concentration of RO, was attained when the palladium was
introduced as Pdg] and the results of Table 1 confirm
that the system derived from PdQlas the only one for

partial pressures are changed (Fig. 6). The induction periodwhich there was a néncrease in the amount of HO, when

depicted in Fig. 3 is more pronounced for /&i0,(03)

the original solution contained 2 wt%8,. Most supports

than for PdSiOx(57) because the pore size of the former are considered to be inert with respect tgQd4 formation;

is much smaller. Consequently, the generation of RHCI

however, Park et al. [14] reported that an H-beta zeolite had a

and its transport to the bulk aqueous phase are inhibited.small amount of activity, but poor selectivity, for generating

For the practical utilization of this process, one of the

remaining challenges is to stabilize the colloidal palladium

so thatitis not transformed into Piit. Attempts to increase
the lifetime and/or the catalytic activity of the Pd system

by adding reagents that are known to stabilize colloids
were unsuccessful. These reagents included sodium citrate,

poly(vinyl alcohol) and poly(ethylene glycol).
Although it is not explicitly indicated in Scheme 1, HCI
plays an important role in the formation of Pd€&t from

H20o.

4.3. Effect of pressure

Reactions were not carried out in this study at total
pressures greater than 760 Torr; although, Izumi et al. [2]
have reported in a patent the weight percent gOpland
the selectivity at the end of 20 h for pressure up ta216

the reduced forms of Pd. The previous study demonstrated10® Torr. Their catalyst was Pdydrous silicic acid and

that > 0.01 M HCI was needed to form the colloid from a
Pd/SiOy(57) catalyst. The importance of protons in inhibit-
ing the decomposition of $O, has long been known [11],

the solution was 0.03 N in HCl and 1 N in,8Os. The
O2/H> ratio was 2.5. At 760 Torr they observed 0.78 wt%
H20,, which is comparable to the amount shown in Fig. 2,

and the results of Fig. 5B confirm this observation. In this but the selectivity was only 30%. The amount of®}
case, PdGP~ was used to produce the active phase; there- increases almost linearly with pressure up ®37 103 Torr,

fore, HCI was not required to generate PgfClas an inter-
mediate in the formation of colloidal Pd.

4.2. Decomposition of HoO2

At the largest acid concentrations used in this study (1 M)
the decomposition of D, probably does not become
significant at HO, concentrations less than about 0.5 wt%,

while the selectivity increased to a value of 79%. At2k

10° Torr the wt% HO, and selectivity were 12.45 and 88%,
respectively. These results demonstrate that a significant
advantage in both $O, formation and selectivity can be
gained by operating at higher pressures

" 4.4. Insight into the reaction mechanism

but at larger concentrations the decomposition reaction, as  Although important mechanistic questions remain unre-
well as the loss of colloid, may cause the nonlinear behavior solved, the Raman results shown in Fig. 8 provide strong ev-
shown in Fig. 2. At considerably larger concentrations, the idence that oxygen remains in a diatomic form during hydro-
decomposition reaction, which is first order [11], becomes a genation. This is consistent with the mechanism suggested
limiting factor, especially with PASiO»(57) as the catalyst by Pospelova and Kobozev [11,15], who proposed that O
(Table 1). Thus, the ultimate 4D, concentration that can  is adsorbed in the molecular form on Pd and reacts with ad-
be achieved depends on several factors including the sourcesorbed H to yield HQ@ as a surface intermediate. By con-
of Pd, the concentration and stability of the colloid, and trast, on Pt, which is a catalyst for,® production, Q is

the HCI concentration. Selectivities 60% were obtained
after 1 h for the conditions of Fig. 2; hence, the®;

believed to adsorb in a dissociative form. The behavior of
O2 on Pd dispersed in an aqueous phase is different from

concentration was about 0.1 wt% and the decomposition Oz on a Pd (111) surface under UHV conditions for which
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Yates and co-workers [16] observed dissociative adsorptioncroscopy was carried out at the Electron Microscopy Center,
at about 200 K. As expected, dissociative adsorption was Texas A&M University.

accompanied by extensive isotopic mixing whém, and

180, were employed, but né°0180 cross-products were

detected when only molecular adsorption occurred. The ab-

sence of isotopic mixing is therefore a valid test for exclu- Reterences

sively molecular adsorption.
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