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Hydrogen peroxide is formed as near ultraviolet light is absorbed by a suspension of zinc oxide in water saturated with
oxygen and containing organic additives. It is demonstrated through the use of O®-enriched oxygen and water that the
oxygen in the hydrogen peroxide originates entirely from the oxygen gas for systems containing any of the additives studied
(sodium formate, phenol, potassium oxalate, toluene, acetanilide) or in additive-free solutions, Decomposition of peroxide
product is unimportant for runs of short exposure time for all the additive containing systems, but a small thermal exchange
and a larger photochemically initiated exchange between oxygen gas and hydrogen peroxide are observed. The exchange is
greatest in the systems exhibiting the lowest peroxide forming efficiency. Tests for hydrogen are negative in the products

of the irradiated zinc oxide suspensions in water free from oxygen.

of these data.

Recently three independent quantitative studies
have been reported on the photochemical synthesis
of hydrogen peroxide in the system zinc oxide~
oxygen—water in the presence of various organic
additives.?—* In explaining the results of these
studies, all of the research groups have favored
reaction schemes in which the steps leading to
peroxide formation are initiated by an electron
transfer to a molecule of water or oxygen ab-
sorbed on the zinc oxide surface. These mecha-
nisms suggest that the oxygen present in the hydro-
gen peroxide comes from oxygen gas, and nomne
from water, zinc oxide or the organic additive.
The use of water and oxygen gas enriched in O
has been made in the present study to check this
point and to aid in the determination of the reaction
mechanism.

Experimental Procedure

Materials.—OB-Enriched H,O (1.5%) from Stuart Oxy-
gen Co. was used directly in some experiments together with
Linde U.S.P. tank O gas (0.20% Ow®). OB-Enriched O.
gas was used in most of the experiments. It was prepared
in 500-ml. quantities by the electrolysis of the O®B-enriched
H,0 in a system similar to that described by Slack and
Ehrke.? Pure Na metal was added to the H;O (under N.)
to provide the necessary electrolyte. All chemicals used
were reagent grade. In experiments with organic addi-
tives, General Chemical Co. B & A reagent grade ZnO was
used as received. The ZnO used in the experiments with
no additive was washed thoroughly by stirring with con-
ductivity water for successive periods of 15, 30, 60 and 60
min. and treating with fresh water at the end of each period.
This procedure removed the soluble material on the ZnO sur-
face (which could act as additive). The same sample of
ZnO was used consecutively in the runs without additive.

Apparatus and Procedure.—The general method used in
the photochemical experiments involved: (1) the irradia-
tion of mixtures of OB-enriched O, gas in a ZnO suspension
in an aqueous solution of a given organic additive; (2) the
degassing, distillation, and catalytic decomposition of H.O:
product; (3) the mass spectrometric determination of the
abundance of the oxygen isotopes in the O; used in the run
and the O, evolved from the H;O.. The photolyses were
carried out in a closed all Pyrex glass system consisting of
two bulbs, a magnetic pump, a catalyst chamber, a man-

(1) This work was supported in part by a contract between the
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Possible reaction mechanisms are considered in view

ometer, and connections for O. gas introduction, a high
vacuum line, and a Toepler pump. Photolyses were made
at 25 &= 2° in a water-cooled Pyrex bulb which was irradi-
ated using a Hanovia type A burner., The absorption of the
Pyrex bulb and the ZnO suspension limited_the effective
radiation to that in the range 3600 to 4000 A. Assuming
Pgy0, = 0.5 in the NaO,CH runs,* the absorbed light inten-
sity was estimated to be 2 X 10 q./sec. (a lower limit).
The intensity was approximately constant during these ex-
periments. The second bulb was used in conjunction with
the photolysis bulb in the suspension preparation and de-
gassing, and in the peroxide product distillation and decom-
position. For a 15-min. period preceding each experiment
and throughout the exposure period the ZnO suspension
(0.2 g. ZnO/25 ml. H;0) was stirred magnetically, and O,
(at about 400 mm. pressure) was bubbled through the sus-
pension and circulated (at about 5 ml. (S.T.P)/sec.) by
means of the pump. Peroxide product was distilled to the
second bulb following the run, degassed, Ce(HSO;); cata-
lyst added, and the solution was stirred for 1 hr. The O,
product was removed with a Toepler pump and collected
for analysis.

Analysis of H,O., Product.—Recent studies of the cata-
lytic decomposition of H;O, and oxidation of H.0,® prove
that the O, evolved from agueous solutions of H,O, is de-
rived entirely from the Hy0.. Furthermore there is very
little isotopic fractionation observed in solutions of H,O,
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Fig. 1.—Moles of H:0; formed in the ZnO-H,0-0,-addi-
tive system vs. irradiation time: O;pressure, 400 mm. at 20°;
flow rate of O; about 5 ml. (S.T.P.)/sec.; ZnO, 40 mg./8 ml.
H,0; wave lengths, 3600-4000 A.; absorbed intensity,
about 2 X 10 q./sec.
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J. Chem. Phys., 20, 961 (1952),



2576

J. G. CaLvERT, K. THEURER, G. T. RANKIN aNxD W. M. MacNEVIN

Vol. 76

TaBLE II

SoMe TvpicAL DATA FROM ISOTOPIC STUDIES OF THE PHOTOCHEMICAL ForMATION oF H,0: IN THE ZnO-H,0-0,-ORGANIC
ADDITIVE SysSTEMS WITH ADDED H.0,

(1 (2) (3) (4) (5) (6) (7) (8) ()]

Irradi- Method Moles H:0: X 108 Ratios of masses 34/32

ation of Added Formed 02 O2 O: Theo-
Run time, H,0: start calibra- H:0: start end from retical
no. min. addn. run tion run added run run H:0, ratio®

Additive NaO.CH, 0.084 i/
15° 0(60) Added 1.0 1.0° 0.0040 e 0.0298 0.0039 0.0040
17 110 Added 2.5 2.5 .0040 0.0303 .0303 .0299 .0170
20 3.03 Photo 0.526 0.526 .0308 .0040 .0040 .0167 L0173
Additive X2Cy04, 0.10 A1
22 0(60) Added 1.0 1.0° 0.0040 e 0.0314 0.0062 0.0040
32 3.0 Photo 0.098 0.098 .0040 0.0296 0302 0199 .0167
Additive MePh, satd.

33? 0(30) Added 0.5 0.5 0.0040 e 0.0308 0.0039 0.0040
35 5.0 Photo .17 .17 .0303 0.0040 .0040 0118 .0170
Additive PhOH, 0.01 M
36° 0(60) Added 0.5 0.5 0.0040 ce 0.0311 0.0044 0.0040
38 5.0 Photo .29 .29 .0312 0.0040 .0040 0152 .0174
Additive PhNHAg, 0.01 M
39° 0(68) Added 0.5 0.5° 0.0040 e 0.0308 0.0057 0.0040
41 5.0 Photo .19 .19 .0040 0.0315 .0313 .0208 0175
No organic additive present
420 0(120) Added 1.0 1.0° 0.0040 e 0.0305 0.0040 0.0040
43¢ 15.0 Added 0.28 0.28 .0040 0.0304 .0302 0222 .0170

? Ratio was calculated assuming no decomposition or exchange of H,0,.
mixed with OB.enriched O; in the dark at 25 % 2° for the period of time indicated in the parentheses.
4 Run 43 was made using 100 ml. suspension volume (8-11 ml. used in all other runs) and

remaining after thermal run.

about five-times larger irradiated area than in the other runs.

undergoing complete decomposition under a variety of con-
ditions. These results were utilized in the isotopic analysis
of the H,O; in the present work. The isotopic compositions
of the O, from the H,O;, the O, introduced into the system,
and that in the system at the end of the run were determined
by measurement of the 34 and 32 mass peaks using a Gen-
eral Electric mass spectrometer. The error in the mass
ratio 34/32 as determined for the O, samples from the H,O,
was about =59% (because of the small sample size, 30-300
ul.), while that for the ratios for the start and finish O,
samples was about #0.5%. The amount of H.O, formed in
the series of rate experiments shown in Fig. 1 was deter-
mined (following removal of the ZnO by centrifugation) by
Na2S,0; titration of the I; liberated in an acid-KI-(NH,)s-
Mo;0y4 solution using starch indicator.

Experimental Results

The isotopic studies are summarized in Tables
I and I1.” In Table I the effects of the different
additives, exposure time and isotopic composition
of the O, gas and the H,0 on the composition of the
oxygen in the peroxide are given. In one run (no.
5) HyO containing 1.59, O and normal O, gas
were used. In the other runs O¥-enriched O,
gas and normal H;O were the starting materials.
Within the experimental error there is an equality
between the ratios of mass 34 to mass 32 in the O,
gas at the start of the run, O, remaining at the end
of the run, and O, from the peroxide product.

(7) Table I and the unabridged Table II have been deposited as
Document number 4182 with the ADI Auxiliary Publications Project,
Photoduplication Service, Library of Congress, Washington 25, D. C.
A copy may be secured by citing the Document number and by remit-
ting $1.25 for photoprints or $1.25 for 35 mm. microfilm in advance check
or money order payable to: Chief, Photoduplication Service, Library
of Congress.

® Run was a thermal run; the sample was
¢ Moles of H:O»

Pg,, 300 mm. (about 400 mm. in all other runs).

This equality exists in all additive systems used
and even in the system without additive.

In Table II7 some typical experiments are pre-
sented in which H,O; was added to the suspension
before the run. Runs marked with a superscript b
are non-irradiated thermal experiments which are
otherwise identical to the photochemical runs.
Known amounts of HyO, solution were placed in the
suspension at the start of each run either by addi-
tion of a measured quantity of a standard H,O,
solution (runs marked ““Added in column (2) of
Table II) or by the photochemical formation of a
known quantity of H;O. (runs marked ‘‘Photo”
in column (2) of Table II). Calibration runs
preceded each experiment to establish the quantity
of HyO; expected in the run (data of column (4) of
Table II). In the calculation of the theoretical
ratios of column (9) of Table 11, it is assumed that
no decomposition of added H:O; or Oy-HO; ex-
change occurs, and that the isotopic composition
of the H,O, formed in the light is equal to that of the
O, present in the system. (This point is demon-
strated in the runs of Table I.)

In another series of experiments the relative
initial rates of peroxide formation were determined
with each additive at a concentration near that for
maximum efficiency. The relative rates are:
(a) NaO,CH (0.3 M), 1.00; (b) PhOH (0.001 M),
0.38; (c) K.C:04 (0.1 M), 0.28; (d) PhNHAc
(0.001 Af), 0.23; (e) MePh (satd.), 0.21; (f) No
intentional organic additive, 0.03. These relative
rates should be compared with the amount of Oz
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H,O, exchange which occurred in the various
additive systems. From the data of Table II it is
calculated that the percentages of peroxide (0.5
X 1078 mole in 11 ml. H,O) which underwent
thermal exchange with O, (400 mm.) in 1 hr. for the
different additive systems are: (a), 0%; (b) 1.5%;
() 2.59%; (d) 6.59%. In the various systems a
photochemically initiated oxygen—peroxide ex-
change occurred in added H:O, when an equal quan-
tity of peroxide was formed photochemically in its
presence. These percentages are: (a) 0% (runs
18-21); (b) 19.2, 16.29, (runs 37, 38); (c) 24.0,
22.3, 15.4, 27.0, 24.0% (runs 28-32); (d) 38.0,
24.09, (runs 40, 41); (e) 28.8, 39.69, (runs 33,
34). An inverse correlation between peroxide
forming efficiency and O;~H:0O: exchange is ob-
served.

Tests for H, Product in Irradiated O,-free ZnO-
H,O Suspensions.—In one experiment a Pyrex
bulb containing 200 ml. of ZnO suspension in con-
ductivity H,O was degassed thoroughly using a high
vacuum pump. The suspension was stirred (mag-
netically) and irradiated for a period of 60 hr. at a
distance of 15 cm. from a Pyrex-jacketed A-H6
lamp. There was no significant quantity of gaseous
product which was non-condensable at liquid N
temperature, and H; could not be detected by mass
spectrometric analysis of this product. Chemical
analysis showed that a negligible quantity of
H;O; was present in the solution. In another
experiment toluene vapor was circulated through an
Oq-free ZnO-H,O-PhMe suspension and irradiated
for 21 hr. in the apparatus used for the isotopic
studies. It has been demonstrated that toluene
does not inhibit but promotes H,0, formation in the
ZnO-H,0-0, system. A small amount of non-
condensable gas present at the end of the run was
analyzed for H, mass spectrometrically. H, could
not be detected. (Presumably the small amount
of gas present at the end of the run was N since
this gas was used to flush the system free from
Oq and probably was not removed completely by the
degassing procedure used.)

Discussion

Hydrogen Peroxide Formation in Irradiated
Zinc Oxide-Water-Oxygen—Organic Additive Sys-
tems.—The experiments described in this study
establish several points. (1) The oxygen in the
peroxide product originates entirely from the oxy-
gen gas (compare columns (4), (5) and (6) of
Table I"); none comes from the water, zinc oxide or
organic additive. It is established that the forma-
tion of peroxide from hydroxyl radicals formed from
water, H,O — H + OH (or from oxygen gas or zinc
oxide through the occurrence of reactions: O;— 20
or ZnO — Zn + O followed by O + H.0 — 20H)
must be unimportant in this sytem. (2) The pla-
teau region of the rate curve at long exposure times
(see Fig. 1) is the result of the establishment of a
photostationary state of peroxide in the formate
solutions and probably in the solutions of the other
additives; inhibition of peroxide formation by
the action of the HCO;~ product cannot explain
the apparent exchange observed in run 17 of Table
II. (3) The results with sodium formate additive

PHOTOCHEMICAL SYNTHESIS OF Hy;Oy AND ZnO SURFACES

2577

(Table II) show that in the runs of short duration
(where peroxide concentration remains relatively
low) there is neither a destruction of added hydro-
gen peroxide nor a thermal exchange nor a photo-
chemically initiated exchange reaction between per-
oxide and oxygen gas. It is probable that the
quantum yields observed with this additive repre-
sent primary quantum efficiencies of peroxide for-
mation.t (4) With all additives tested other than
sodium formate a rapid photochemically initiated
exchange and a slower thermal exchange occur be-
tween oxygen gas and hydrogen peroxide (see Table
II). The amount of exchange observed using the
different additive systems increases with the de-
creasing efficiency of the additive systems for per-
oxide formation.

Hydrogen Peroxide Formation in the Irradiated
Zinc Oxide-Water-Oxygen—Additive-free System.
—The data of runs 14 (Table I),7 42 and 43 (Table
II) show the oxygen present in the hydrogen per-
oxide formed in this system originates entirely in
the oxygen gas. Thus the often suggested over-all
reaction for this system?

2H,0 + O; —> 2H,0; (1)

cannot be correct. This conclusion is in accord
with the work of Markham and Laidler? in which it
was shown that one molecule of oxygen disappears
for every peroxide molecule formed in the additive-
free system. The observation that a given zinc
oxide sample shows some loss of peroxide forming
efficiency after continued use may indicate that the
zinc oxide crystal undergoes a change (perhaps an
oxidation to Zn(OH)(O,H) as Markham and Laid-
ler have suggested) simultaneous to peroxide for-
mation. However, because of the high efficiency of
even trace quantities of different compounds in
promoting peroxide formation in this system, one
cannot eliminate the possibility that the observed
activity of the so-called ‘‘additive-free” systems
for peroxide formation is the result of the uninten-
tional introduction of oxidizable material into this
system and the occurrence of reactions analogous to
(2) and (3). These have been shown to be the im-
portant reactions in the oxalate*® and formate®
additive systems, respectively.

2H,0 4+ C:0 + Oy —> H:0; + 2HCO;~ (2)
H:0 + HCO.;~ + O, —> H:0. + HCO;~ (3)

Mechanism of the Reaction.—The reaction
mechanisms suggested by the recent studies of
Veselovskii and Shub,? Markham and Laidler,® and
Rubin, Calvert, Rankin, and MacNevin¢ are in
general compatible with these results. The sug-
gested mechanisms utilize the photoexcitation of
electrons in zinc oxide and interaction of these elec-
trons with the adsorbed molecules, either water or
oxygen. There are many reasons for the attrac-
tiveness of such a scheme. For example, it is in
accord with the fact that the photoconductivity in

(8) For example see: (a) G. K. Rollefson and M. Burton, *“Photo-
chemistry and the Mechanisms of Chemical Reactions,”” Prentice—
Hall, Inc., New York, N. Y., 1946, p. 386, (b) E. I. Rabinowitch,
“Photosynthesis,” Vol. I, Interscience Publishers, Inc., New York,
N. Y., 1945, p. 72.

(9) C. B. Vail, J. P. Holmquist and L. White Jr., Turs Jour~ar, 76,
624 (1954).
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zinc oxide, the photochemical formation of hydro-
gen peroxide in aqueous zinc oxide-oxygen suspen-
sions, and light absorption by zinc oxide all occur in
the same wave length region. The equivalence of
oxidation and reduction*® and the observed maxi-
mum quantum yield of peroxide formation* (0.5 in
0.3-0.5 M NaOQ,CH solutions) are also consistent
with such a scheme. Veselovskii and Shub? and
Rubin, et a/.,* have suggested an ‘“‘electrolysis”
mechanism similar to that originally proposed by
Baur and Neuweiler!®!! for the zinc oxide photo-
sensitized reactions. A reduction of adsorbed
molecular oxygen by a photoexcited electron

O+ e~ —> Oy~ (4)

followed by peroxide forming reactions such as 5
and 6

0:” 4+ H.0 = HO; + OH~ (3)
2HO; — H;0: + O (6)

may occur simultaneous to oxidation of the organic
molecules at the electron deficient regions in the
crystal. Therefore, the reaction 7 may occur in
the oxalate solutions.

C:0,= —> 2C0O: + 2e~ (7)

Markham and Laidler do not rule out an oxygen
reduction mechanism, but they have suggested
tentatively that the primary process may be the
transfer of a photoexcited electron in zinc oxide to
an adsorbed water molecule

H.0 4+ e~ —> H:0~ (8)

and peroxide formation may result from the se-
quence of reactions 9, 10 and 6.

H;0-— OH- 4+ H (9)
H + 0. — HO; (10)

An oxidation of organic material by OH radicals
(presumably formed following 9 at the (ZnO)+
surface (ZnO) *+—OH™~ — Zn0O-OH) was suggested.
Neither the oxygen nor the water reduction
mechanism can be considered as unique in the ex-
planation of all of the studies which have been
made, but several points seem to favor the oxygen
reduction scheme. The apparent ease of electron
capture by molecular oxygen (O + e~ — O~ +
15.8 kecal., in the gas phase!?) and the observed
efficiency of the quenching of the fluorescence of
zinc oxide by oxygen together with the lack of in-
fluence of water in this respect!? are facts which fa-
vor the molecular oxygen reduction theory. How-
ever the equilibrium (5), where AF? is estimated to
(10) E. Baur and G. Neuweiler, Helv. Chim. Acta, 10, 901 (1927).
(11) E. Baur, Z. Elektrochem., 34, 505 (1928).
(12) M. G. Evans and N. Uri, Trans. Faraday Soc., 45, 224
(1949).

(13) V. Gachkovskii and A. Terenin, Bull. acad. sci. U.R.S.S.
Classe sci. math. nat., Ser. Chim., 805 (1936).
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be about 18.5 kecal.,!* is somewhat unfavorable for
HO. formation. In an aqueous zinc oxide suspen-
sion where the pH is about 7 the ratio of the concen-
tration of O, to that of HO, at equilibrium would
be about 57,000:1.

The two schemes suggested differ in one impor-
tant respect. Hydrogen atoms are expected in ir-
radiated aqueous zinc oxide suspensions according
to the water reduction mechanism and the reac-
tion 9,23 while they are not expected assuming the
‘“‘electrolysis” mechanism and oxygen reductiomn.
A few experiments made in the present study aid in
the differentiation between these mechanisms.
Tests for hydrogen product were made in exten-
sively irradiated, oxygen-free zinc oxide-water and
zinc oxide-water—toluene systems. The absence of
detectable quantities of hydrogen in the products
seems to indicate that the occurrence of reaction 9
in these systems is unlikely. If water reduction
occurs as suggested in reaction 8 then one must
postulate that reactions 9 and 10 are closely cou-
pled; therefore oxygen is necessary to promote re-
action 9. Although the results are not entirely
conclusive the evidence at hand appears to favor
an ‘‘electrolysis’” mechanism involving oxygen
reduction and simultaneous oxidation of organic
additive.24

Definite conclusions regarding the exchange kinet-
ics are impossible since the exchange results show
considerable variation between runs with a given
additive, but it appears that the exchange involves
a heterogeneous reaction whose rate is roughly pro-
portional to the number of absorbed quanta. The
data from the thermal runs with K,CyO, additive
(2226 of Table II") do not show any simple varia-
tion in rate with change in H,O, concentration.
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