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I. INTRODUCTION

Four frequently used methods of preparation of selenic
acid from selenious acid have been desoribed. These include
the action of bromine on silver selenite,l the oxidation of
selenious aecid by chloric acid,2 the electrolysie of selenious
ac1d3 and the oxidation of selenious acid by hydrogen perox-
1de.“ This last method has been the most convenient on a
laboratory scale and has ylelded an exceedingly pure product
since the excess of reagent can be removed completely by a
vacuum distillation. The complete reaction is accomplished
only by refluxing for an extended period of time (24 hours
or more) with occasional addition of more hydrogen peroxide.

Under conditions in which the reaction proceeds at a
satisfactory rate, the evolution of gas whieh 1s always
observed indicates a considerable decomposition of hydrogen

peroxide to oxygen and water.
2 H202 —> 2 Hp0 + 02

The rate of the above reaction is greater than that of the
actual oxidation of the Selenious acid as represented in

the reaction
HoOo + HySe0; ——> Hy0 + H,Se0y

Consequently a large excess of hydrogen peroxide must

always be employed.
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In some preparations which were carried out under con-
ditions that were believed effective for complete conversion
of selenious acld to selenic acid, positive tests for selenite
were still obtained by the sulfurous acid method.u These
results indicated possible decomposition of selenic acid, its
reduction by hydrogen peroxide, or perhaps some unusual
feature of the kinetics of the oxidation.

The work described in this thesis was undertaken to
investigate in detall the kinetics of this oxidation-reduction
reaction in order that optimum synthetic procedures could
be formulated and that information could be provided concern=-
ing the mechanism of the process.

The overall equation for this reaction corresponds to
a transfer of an oxygen atom from a hydrogen peroxide mole-
cule to a selenious acid species. From the energetics of
possible transition states it appears unlikely that the
transfer 1s effected in a single bimolecular collision pro-
cess.

Selenic acid oxidations are in general quite slow.
Equilibrium of the selenite-selenate couple with the chlo-
rine-chloride couple was established in four to seven days

at 25‘c‘5 with the bromine-bromide couple it was not

attained until fifty to seventy days after initial contact.s

The oxidation potential of the selenlite-selenate couple has

6

been given as - 1.15 volts  on the basis of the work of
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Sherrill and Izard.5 Well known analytical procedures
depend on the fact that selenlc acid 1is not reduced by
sulfurous acid at an apprecliable rate while selenious acid,
a weaker oxidizing agent, is rapldly reduced.7 (Se +
3H,0 HpSeOg + 4H* Y4e; E° = -0.Th volts)6 In

addition, selenic acid is not affected by hydrogen sulfide
6

or ferrous ion despite the high oxidation potential,

Mechanisms for homogeneously catalyzed hydrogen perox-
ide decompositions have fallen into two groups. One group
has included the formation and action of free radicals
whereas the other group has involved molecular and ionic
specles only,.

Haber and Weisss proposed a free radical chain mechanism
involving OH and HO, radicals as intermediates 1n an attempt
to explain the catalytic decomposition of hydrogen peroxide

by ferrous and ferric ions.

Fe*? + Hy0p —— Fe*3 + OH™ + OH chain initlating
chaln carrying
Fe*2 4+ OH e PFe*3 + OH- chain terminating
Fe*2 + HO, ——— Pe*3 + HO,™ chain carrying
Fe*3 + HOp Fe*2 + 0o + H* chain terminating

A significant proposal of the authors was that hydrogen

peroxide is never simultaneously attacked by two one-electron
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reagents nor by a two-electron reagent in either oxidation
or reduction. Instead there are one-e¢lectron changes in-
volving the formation of either hydroxyl or HO, radicals.
The foregoing mechanism has since been modified in some
ways. weiss® himself proposed a dissociation of the HOp
radical in order to account for the acid dependence of the
reaction. Evans, Hush, and Urilo suggested a comparatively
high value for the dissocliation conatant to allow the more

desirable and less complicated reaction

0" ¢+ Hx0p —> 0, + OH + OH
to replace

HOp + H0p —— 02 + H0 + OH

Barb, Baxendale, George, and Hargravell have studied the
reaction quite extensively and have pointed out that the
most likely main oxygen evolution step is

Fe'3 4+ 0 —> pre*? + o,

Christiansen and Anderaen12

have stoutly contested the
Haber and Weiss mechanism for the iron(II) and iron(III)
catalysis of the decomposition of hydrogen peroxide and

have proposed

Fe*3 + Hopm === PeooH'?
PeOOH*? == pe*3 + mHo,”"

Hop™" + HpO0p —> Op + HO + OH



-5

on the basis of a deviation from a first order dependence
on hydrogen peroxide concentration found by Andcraen13 at
low hydrogen peroxide concentrations, Uri,l“ on the other
hand, has explained the data of Andersenl® in terms of the
modified Haber and Welse free radical chain mechanism.
Peteraon16 has falled to obtaln Andersen's rate law when
the nitrate in the system is completely replaced by per-
chlorate,

Cahill and Taubel7 have postulated the system

+

Pe*3 + Hx0, === PeooH*? + K
FeOOH*2 —> Pe*? + HO, chain
*3 +2 + initiating
Fe + HOp -——> Fe + 0, + H
re*2 + 10, —> pel' & 208
relV + M0, —> PeooH*> + H* chain
+3 carrying
FeOOH —> Fe*3 + HOp
Pet3 Hoa e Fe*a + H’ + 0g
Fe*2 4+ w0, —>Pe*3 4+ OH + oH
chain
Fe*2 + OH —> Fe*3  + oW terminating

There were two main features to be explained by this
mechanism. The isotope fractionation factor of O18 appearing
in the water was the same in the reaction of hydrogen per-
oxide with iron(1I) as it was in the reaction of hydrogen
peroxide with several reagents which underwent two-electron
changes, and different from that obtained from titanium(III),
a one-electron reducing agent. In addition, iron(III) led
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to an isotope fractionation factor similar to that of iron(II).
From these considerations the authors decided that any mech-
anism for the iron reaction with hydrogen peroxide had to
incorporate iron(II) as a reaction intermediate and iron(IV)
as the result of a two-electron loss by iron(II).

The reaction of nitrous acid with hydrogen peroxide has
been studied by two groups of investigators with differing
results.?8919 It 18 of interest that the proposed reaction
intermediate, peroxynitrous acid, can be observed.

Shilov and stepanovala found the rat e law to be

4(H2%) . k(ne0p) (¥02)? + k' (HgOp) (HNOZ) (")
where ( ) represents concentration.

They proposed the mechanism

Hy0p + HNOp, === HOONO + H0

HOONO + H' —» H* + HNOg

Halfpenny and Robinsonl9d reported no term second order

in nitrous acid. Instead, their rate law was simply
d(Hs0,) +
_(.g%.—g_. = k(HaOa) (HNOz) (H)

and their proposed mechanism was

Nop~ + H' —» HNO,
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HNO, + H,0p ——>- HOONO + H,0 rate determining
at low acidity
HOONO -3 OH + N02

HO + NO, —> HN03

For solutions high in hydrogen peroxide concentration they
included the familiar chain of Haber and Weiss.

uaoa + HOp 5 HO + neo + 02

It is evident that some explanation is necessary for the
disagreement of rate expressions obtained by the two groups
of investigators. Since the work of Shilov and Stepanova
was seen only in abstract it is difficult to comment on 1it.
On the other hand, Halfpenny and Robinsonlg have covered
only a limited range of nitrous acid concentrations (0,00125 -
.00171M), have obtained their rate expression from extra-
polated initial slopes, and have not mentioned adjustment of
the lonic strengths of their solutions.

The Haber and Welss ieehaniam has also been used to
explain the decomposition of hydrogen peroxide at metal
surfaces such as platinum, gold, palladium, silver, and

zinc.ao

chain

initiating

H,0p, + e(Metal) —> OH + OH
HOp™ ~—> HOp + e(to Metal)
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OH + e(Metal) —— OH chain
- terminating
HO, + e(Metal) —— HOp
HO, + (¢) — O +« 0, + OH) chain
2 v+ Hy0p Ha 2 }c 1ng
OH + HYO0, ——> H0 + HO,

The decomposition of hydrogen peroxide in aqueous solu-
tion has been extensively studied. Early work by CIayton21
indicated a first order rate law. Important features, how-
ever, were contained in a definitive rate study by Rice and
Beiff.az Using extreme precautions to ensure pure, dust-
free hydrogen peroxide in a reaction vessel with smoothed
walls, they observed a slow, almost gzero order rate. This
rate became first order with induction periods when a small
amount of impurity was present.

The Haber and Weiss chain carrying steps have been pro-
posed together with the photochemical step for the photo-
chemical decomposition of hydrogen peroxide in aqueous

aolution.23

OH + 3302 —> HOp + 1'120
Hoa + 3202 ot H20 + 0 + OH

Several combinations of the free radicals postulated have
been suggested as chain termination steps. Recent work by
Hunt and Taubeau has presented evidence that the chain
in;tiation process is probably
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HyOp, + hU s Hy0 + 0

o + H202 —> OH + HO2

In contrast to the above group of reactions involving
free radical wechanisms is the group of reactions between
hydrogen peroxide and a number of anions. Edwards2? has
discussed these reactions in terms of an acid catalysis
mechanism common to all of them. They appeared to fit the

general rate law

d (H,05)

dt

=k (Hy0,) (B%)  + K, (Hp0,) (B%) (1)

where B is the anion in question and x is its charge. The
‘anions included were ilodide, bromide, chloride, hypobromite,
hypochlorite, lodate, hypolodite, bromate, thiosulfate, and
nitrite., The reaction of hydrogen peroxide with molecular
iodine was also included, He proposed that the process was
a nucleophilic attack of the reducing agent on the peroxide
with a concurrent displacement of a hydroxide ion coupled
with a donation of a proton by the general acid to the hydro-
xide ion being displaced.

In the reaction of hydrogen peroxide with the sulfite
ion Halperin and Taube26 have demonstrated that two atoms
of oxygen are transferred from each molecule of peroxide which
reacts, Their mechanism for the process involves the forma-

tion of peroxysulfurous acid.
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0 *e QO ##
HOSOH + HOOH — HOSOOH + H20
The peroxysulfurous acid then rearranges either by itself
or by interaction with another sulfite 1ion.
In the present study it was anticipated that the sele-
nious acid reaction would further elucidate the general sub-

Ject of anlionic hydrogen peroxide decompositions,



I1. EXPERIMENTAL
A. Materials
l, Selenium

Selenium was obtained as a 99.95% pure product from
the A. D. Mackay Company in the form of small black pellets.

2. Selenious acid

A nitric acid oxidution27 was used in the prepara-
tion of selenious acid. Selenium was dissolved in nitric
acid and the sclution was boiled to dryness to drive off the
excess nitric acid, Water was added and the solution was
again bolled to dryness., This last step was repeated twice.
Finally, the selenium dioxide was sublimed in a beaker to
form long needlelike crystals. These were scraped off the
walls of the beaker and dissolved in water to form selenlous

acid.

3. Hydrogen peroxide

Hydrogen peroxide was obtained in reagent grade, free
from inhibitors, and approximately 30%# by weight, from the
J. T. Baker Chemical Company.

4, Selenic acid

Selenic acid was prepared according to the procedure
given by Gilbertson and Kins.“ Selenious acid was allowed
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to stand for twenty-four hours in the presence of 304
hydrogen peroxide. The mixture was then refluxed for
twenty~-four hours while oxygen was bubbled through the
solution, The hydrogen peroxide and most of the water

were removed by vacuum distillation.

5. ZIron(III) perchlorate

Iron(IXI) perchlorate was prepared from reagent
grade iron(III) nitrate. The latter compound was dis-
sélvad in water and treated with a solution of reagent
grade sodium hydroxide to precipitate iron(III) hydro-
xide. The precipitate was collected on filter paper,
washed with water, and dissolved in reagent grade per-
chloric acid. The perchloric acid was then neutralised
with reagent grade ammonium hydroxide which reprecipi-
tated the iron(III) hydroxide. This was redissolved in
perchloric acid, precipitated with ammonium hydroxide,
washed with water, and dissolved in dilute perchloric
aclid to make a stoek solution. The stock solution wae
standardised by spectrophotometric couparison with several
standard solutions prepared from resgent grade iron wire.

6. Lithium perchlorste

Lithium perchlorate was cobtained in roagent grade
from the G. Frederick Smith Chemical Company. Insoluble
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particles were eliminated from this compound by the fil-

tration of an aqueous solution.
7. Platinum

The sheet platinum used as a surface catalyst was

obtained from the J. Bishop and Company Platinum Works.

8. Radioactive selenium

The selenium’> for the exchange experiment was part of
a 5 millicurie shipment received from the Oak Ridge National
Laboratory. It was originally in the form of selenious
acld in a hydrochloric acid solution. It was further puri-
fied by precipitation of the selenium with hydrazine hydro-
chloride and reconversion to selenious acid by the procedure

mentioned in Part 2 above,

9. Analytical standards

The primary atandards used in standardizing the various
solutions were iron wire, potassium acid phthalate, and
ethylenediamine iron(II) sulfate. All of these were reagent

grade chemicals.
B. Analyses

In most cases the components of the reaction mixtures

were selenious acid, selenic acid, perchloric acid, hydrogen'
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peroxide, and water. Usually there was no selenic acid
present initlally; but in the few reaction mixtures which
contained selenic acid initially, there was no perchloric
acid. Therefore three analyses were sufficient to deter-
mine the system, total acidity, selenious acid, and hydro-
gen peroxide,

Both the total acidity and the selenious aclid were
determined by a potentiometric titration with standardized
sodium hydroxide. The dirfgrence between the first and
the second end-points was proportional to equivalents of
selenious acid in the solution. Some difficulty was
experienced in obtalning exact values for the concentrations
of selenious acid. It was found that the presence of
carbonate in the sodium hydroxide solution was the source
of error. The error was kept to within 2.04 by careful
preparation and storage of the sodium hydroxide solution.
The solution was prepared by filtering a saturated aqueous
solution of sodium hydroxide into hot, boiled, distilled
water. This solution was kept in a large bottle with an
ascarite-magnesium perchlorate trap to exclude carbon
dloxide from the ailr entering the bottle.

The potentiometric determination of the selenious acid
was accurate to ! 5% because of the difficulty in reading
the second end-point. It was certainly not a rapid method
of analysis but was the best of the methods considered.
Two other methods conNtemplated were the determination of



-15-

gselenium which involved selective reduction of selenious acid
by sulfurous acid, and the gravimetric determination of bar-
ium selenate after precipitation from a nitric acid solution.
These methods were not, however, well adapted to small
amounts of selenious and selenic acids.

A cerium(IV) titration was employed to determine the
hydrogen peroxide in the samples withdrawn from the reaction
mixtures. The cerium(IV) solution was 1 M with respect to
sulfuric acid, and the yellow color of the cerium(IV) was
sufficient to indicate the end-point. Seleniocus acid does
not interfere with this deternination.as

In the exchange experiment it was necessary to separate
selenious acid from selenic acid. This was done by slowly
adding sulfurous acid to each sample. When the peroxide was
consumed, the selenious acid was reduced to selenium which
was flltered, washed, dried, and mounted for counting.

Small amounts of iron(III) were determined by couversion

to the salicylate with subsequent spectrophotometric com-
parison with standard iron(III) salicylate solutions.29

C. Apparatus

All the reactions were carried out in a Precision
Scientific Company water bath in which the temperature was
held constant to % 0.1°C,

Both pyrex glass stoppered flasks and polyethylene

containers were used to contain the reaction mixtures.
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These reaction vessels were closed to the air but were not
sealed against evolution of gas by the reaction mixture.
The containers were cleaned initially by several hours of
steaming but were merely rinsed thoroughly with double
distilled water between experiments. The pyrex glass helices
which were used to increase the avallable surface area in
some of the reaction were also cleaned by steaming.

Potentiometric titrations were performed with a
Beckman Model G pH meter together with a Type E high pH
glass electrode as the indicator electrode and a saturated
calomel electrode as the reference electrode.

A Tracerlab Geiger-Mueller counter was used in con-
Juncetion with a Nuclear Instrument and Chemical Corporation
Model 165 scaling unit for the counting of radiocactive
samples.

Analyses of solutions for small quantities of iron

were carried out with a Beckman Model D.U. Spectrophotometer.
D. Procedure

Each reaction mixture was prepared by the pipetting
into the reaction vessel of the proper quantities of stock
solutions of all the reagents required to produce the initial
concentrations of materials with the exception of hydrogen
peroxide, The mixture was brought to temperature in the

water bath, and the necessary amount of hydrogen peroxide
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was added. The flask was shaken several times below the
surface of the water to ensure complete mixing. In every
case the initial ionic strength was 1.7 M. Mixtures of low
acidity were adjusted to an ionic strength of 1.7 M by the
addition of the calculated amount of lithium perchlorate.

Samples of two milliliters each were pipetted from the
reaction mixtures at various intervals during the course of
the reaction. The pipette was rinsed with the reaction
mixture before each sampling. Two samples were taken at a
time, and the reactions were quenched by cooling to room
temperature. One of the samples was titrated for the hydro-
gen peroxide content while the other one was tltrated
potentiometrically for both selenious acid content and total
acldity.

In the treatment of the radicactive samples the sul-
furous acid method was used to separate selenious acid from
gselenic acid. The selenium obtained from the reduction of
the selenious acld was dried, counted, and weighed in order
to determine its specific aotivity.
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III. RESULTS
A. Conversion of Analytical Results to Rate Data

Since the rates of reaction of both selenious aoeid
and hydrogen peroxide depended upon many variables, a
simple plot of the data did not suffice to resolve the
system, It was found necessary to plot the concentra-
tions of the reactants versus time and to measure the
slopes of the curves at various intervals., These slopes
were tabulated together with the concentrations of the
reactants at the respective times. Table 1 contains
several arbltirary éelectiona of groups of data from each
reaction,

At the temperatures of the reaction mixtures evapora-
tion had to be considered. Since the total replaceable
hydrogen in the solution did not change as a result of
the reaction, the increase of total acidity of the solu-
tion with time was a measure of the amount of evaporation
of the solution. This was not of great enough magnitude
to be important in most of the reactions, but in the case
of reactions carried out in polyethylene contalners, a
correction term was found to be necessary. If V = volume

of solution in liters, A = total replaceable hydrogen in

moles, cg = concentration of total replaceable hydrogen in

moles per liter, M = moles of reactant in solution, and
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¢y = concentration of reactant im moles per liter, the
rate of change per unit volume of the total reactant due

to the reaction 1is

The lastterm may be evaluated from the expression

dInV _ _ dlne,
dt =T e

The data for the reactions carried out in polyethylene

containers include the proper evaporation correction terms.
B. Determination of Rate Laws

1. The selenious acid reaction

Variation of selenious acid concentration with time
for a typical reaction, #12, is shown in Figure 1. Al-
though many of the reactions were followed for as long as
400 hours, it can be seen from the graph that the slope
of the curve at 100 hours is but a small fraction of the
initial slope.

In several experiments the initial selenious acid
congentration was approximately 0.5 M, the initial hydrogen
ion concentration was approximately 1.7 M, and the initial
hydrogen peroxide concentration varied between 0.5 M and

2.0 M, vhen the initial rates of these reactions were
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plotted against the hydrogen peroxide concentratiocn, a
straight line relationship was obtained as 1llustrated in
Figure 2. The highest point does not conform to the
linearity because the initial hydrogen ion concentration
in that case was approximately 1.9 M,

When the initial value of the function, /1/(Hy02)7
[5(H28e03)/a§7, for a group of reactions whose initial
hydrogen lon concentration was approximately 1.7 M was
plotted versus the square of the concentration of selenious
acld, a straight line function was obtained which passed
through the origin. The relationship is shown in Figure 3.

In order to establish the hydrogen lon dependence,
experiments were conducted in which the initlal concentra-
tions of reactants were the same with the exception of
the hydrogen ion concentrations, In each case the 1initial
ionic strength was 1.7 M. When the funetion /I/(Hp02)
(H23e03)f7’Za(naseo3)/ag7 was plotted against the reciprocal
of the hydrogen ilon concentration as in Figure 4, a
straight line was obtalned which passed through the origin.

The rate law therefore took the form

_ da(HpSe03) _ ky(H20p) (HQSeos)e
dt | (5*)
where k; = 0.0265 & 0.0015 liters /moles -hour at 67.7°C.

A test of the rate law 1s shown in Figure 5, Various

instantaneocus values of compositlions were selected at random
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from several different reactions. The rate constant was
calculated for each composition by appropriate multipli-
cation and division of the reactant concentrations. These
constants were then plotted versus the hydrogen ion con-
centration. A key explains the ranges in which the other
concentrations fall.

Since the rate constant was found to be the same for
solutions in which the selenic acid concentration variled
widely, it was concluded that the selenious acid oxidation

rate did not depend on the concentration of selenic acid.,

2. The hydrogen peroxide reaction

Variation of the concentration of hydrogen peroxide
with time for a typical reaction is shown in Figure 6.
The rate of disappearance of hydrogen peroxide was greater
than the rate required to account for the selenious acid
oxidation, Evidently the oxidation reaction was accompanied
by some decomposition of hydrogen peroxide to form oxygen
and water. To find this hydrogen peroxide decomposition rate,
the selenious acid oxidation rate was subtracted from the
gross hydrogen peroxide disappearance rate. The decomposi-
tion rate soc obtained was found to be dependent upon the
hydrogen peroxide, selenious acid, hydrogen-ion, and selenic

acid concentrations,

The results obtained from a group of experiments in

which the hydrogen peroxide concentration was varied are
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shown in Figure 7 in which the hydrogen peroxide decomposi-
tion rate was plotted against hydrogen peroxide concentra-
tion. Each point represents the initial rate in an experi-
ment at a time at which no selenic acid was present. The
selenious acid congcentration for each point was in the
nelghborhoced of 0.5 M while the hydrogen-ion concentration
was approximately 1.75 M. Either of the functions below
satisfactorily describe the data.

d(Ha0p)
22 a(Hp0,) + b(H202)2
at
and
a(H,0,) 3/2
- a6 = Q(Hzoa)

Curve A represents the contribution of a term first, order
in hydrogen peroxide while curve B represents a term second
order in hydrogen peroxide. The sum of the two is curve C.
Curve D is obtained from a single term three-halves order
in hydrogen peroxide.

Figure 8 demonstrates an inverse dependence of the
hydrogen peroxide decomposition rate on the hydrogen-ion
concentration., The points represent initial rates when no
selenic aclid was present, and when the selenlous acid con-
centration was in the neighborhood of 0.5 M and the hydrogen

peroxide concentration was approximately 2.45 M. The
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straight line relationship of the points indicates a group-
ing of the rate terms into one expression independent of
hydrogen-ion concentration and one expression inversely
proportional to hydrogen-ion concentration.

A graph of the hydrogen peroxide decomposition rate
versus the selenious acid concentration for constant hydrogen
peroxide and hydrogen-ion concentrations is shown in Flgure
9. The open circles represent experimental values, At
high selenious acid concentrations the rate approaches a
first order dependence on the selenious acid concentration.
The lower curve is the subtraction of the first order
funetion (middle curve) applying in the upper limit from
the total rate (upper curve). This difference wmay correspond
to the surface or dust catalysed decomposition of hydrogen
peroxide.

From the data thus far presented, three expressions may

be written for the hydrogen peroxide decomposition rate.

a(H,05) k! (H0p) (HpSe03)
_ 3% _ 22 2% . kg" (Hy02)2 (HpSe03)
dt (H+)
3/2
) ix—(.r_xz_o_z_)- ] P(Hp0p)™ “(HpSe03) . q(3202)3/2(r128eo3)
dt (at) |

and
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i d(H,0,)

= /5 (0,) + n (8,0,)° 7(8,8e05) /0 . 17
dat (H*)

The first expression was finally selected because its use
led to a final rate law which described all of the data.
For the first expression, therefore, the constants ke‘ and
ky" were evaluated from Figure 7 and 8. The same value
0.0055 was obtained for each constant.

That the rate expression was still not complete was
made evident by an experiment in which the perchloric acid
was replaced by selenic acid. When the rate calculated from
the terms already determined was subtracted from the
hydrogen peroxide decomposition rate, the resultant rate was
found to be proportional only to the selenious acid and
hydrogen peroxide concentrations. This is shown in Table 2.
It was assumed that there was also a first order dependence
of the rate upon selenlic acid. This term was found to be
not enough to account for the extra decomposition of
hydrogen peroxide at low acidities. Therefore an inverse
dependence upon hydrogen-ion was introduced into the term,
The complete rate expression for the hydrogen peroxide
decomposition was then written as
_a(Hy0p)  kp'(H,0p) (HpSe03)

™ o) + kg"(Haog)a(H28e03)

ko"' (HpSeO3) (HSeOy " ) (Hp0,)
(H+)




-36-

The validity of this expression has been tested by comparing

rates calculated from it with the actual experimental rates

Table 2

Evaluation of Rate Constant ko™

(hours) m/1 m/1 w/1 m/1  w/l-hr. (HpOp)(HySeO3)

0 486 2.50 1.717 1.717 .0305 .0251
5  L444 2,21 1.761 1.761 .0249 0253
10 410 2.02 1,794 1.794% .0193 .0233
15 .383 1.85 1.820 1.820 .0161 .0227
20 .361 1.71 1.842 1,842 ,0136 .0220

25 .3%3 1.59 1.860 1.860 .0119 .0218
30 .328 1.49 1.875 1.875 .0102 .0209
50 .284% 1,17 1.919 1.919 ,0079 .0238
60 .,267 1.05 1.936 1,936 ,0071 .0253
100 .225 .75 1.978 1.978 .0037 .0219

of reactions in which the hydrogen-ion concentration was
low. Under this condition the terms depending upon the
hydrogen-~-lon concentration would make large contributions
to the overall rate. A typical comparison is shown in

Table 3. The agreement between calculation and experiment
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is qulte good considering the ranges within which the con-

centrations of the reactants varied.

Table 3
Comparison of Calculated and Experimental Rates

——" —— p——— o
a— - — ———

(H02)  (HgSeO03) (HY)  (HpSeOy) calﬁ:mea menta:
2 HpSe 2Se0y te  mental
m/1 m/l,3 m/1 w/1 m/1-hr. Rate

2.47 485 .253 0 .0423 LOl22
2.15 .330 408 .155 0245 (0241
1.99 .278 460 .207 .0186 .0190
1.87 249 .489 .236 .0153 0159
1.77 .228 .510 .257 .0132 .0135
1.69 .206 532 .279 .0113 .0118
1.62 .191 547 <294 .0099 .0106
1.56 .178 .560 .307 .0087 .0097
1.50 .166 572 .319 .0077 .0087
1.45 157 .581 .328 .0071 .0080
1.40 .149 .589 .336 .0065 .0073
1.36 <142 .596 .343 .0059 .0069
1.32 <137 .601 .348 .0055 0065
1.25 .129 .609 .356 .0049 .0059
1.18 .123 615 .362 .0043 .0053
1.06 .119 .619 .366 .0036 0045
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3. Homogeneity of the reactions

The homogeneity of the reactions was tested by varia-
tion of both the magnitude and type of sclid surface con-
taining the reaction mixtures. The rates obtained from
the reactions carried out in pyrex vessels, to which pyrex
glass helices had been added to increase the surface area
sixteen-fold, were not significantly different from those
obtained under normal conditions., Similarly, there was
no. significant difference in the rates when the reactions
were carried out in polyethylene containers. A comparison

of typical rates obtained is shown in Table 4,

Table &4

Type‘or(n23e03)(HQSeou)(3202)(30104)(H+) d(H,8e03) k; d(H05)

Surface
dt at

m/1 m/1 mZl VA m/1 nll=hr

" "

Pyrex  .407 .075 2.21 1.772 1.847 .00529 ,0267 .0165
Pyrex  .422 ,117 1.86 1.712 1.829 .00373 .0275 .0162

(16-folad
increase)

Poly- 439 .113 2,22 1,590 1.703 .,00567 .0225 ,0210

ethylene

Two reactions were carried out in the presence of a
small amount of bright platinum sheet. The gross hydrogen

peroxide disappearance rate was increased by a factor of
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four over the rate obtained without the platinum, On the
other hand, the selenious acid oxidation rate was different
by only 15% from the rate without the platinum and only 11%
from the average as shown in Figure 5, Since this is
within the range of experimental accuracy, the selenious
acid oxidation rate may be considered to be independent

of the presence of platinum. An example of the results

obtained is shown in Table 5.

Table 5
Effect of Platinum on Reactilon

Pt (HpSeO3) (HpSeOy) (Hy02) (HC104) (H*) d(HpSeO3) ky d(Hp02)

m/1 m/1 wm/1 m/1 m/1 4t dt

No  .482 0 2.47 1.772 1.772 .00890 .0275 .0203
Yes .517 0O 2.43 1,706 1,706 .00896 ,0235 .0817
Yeﬂ ullu 0 20“'3 1.688 10688 0 ----- .0294

4, Effect of iron(III)

Iron(III) acts as a catalyst in the homogeneous decomposi~
tion of acldic solutions of hydrogen peroxide. It was found
that selenious acid and selenic acid both decreased the
effectiveness of the catalysis. Sulfate has been reported

to have an effect similar to that of selenic acid3° but the
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magnitude of the effect does not appear to be as great
although no direct comparison has been made. The results
are presented graphically in Figure 10 as plots of the
logarithms of hydrogen peroxide concentrations versus time.
The first order reaction rate constant was decreased by
a factor of nine by the presence of 0,25 M selenious acid
and by a factor of ninety by the presence of both 0,25 M
selenious acid and 1.7 M selenic acid,

Within the range of experimental accuracy the rate
constant of the oxidation of selenious acid by hydrogen
peroxide was unaffected by the presence of iron(III). The

results are shown in Table 6.

Table 6
Effect of Iron(III) on Selenious Acid Oxidation

m——— — v - - -
——— i — — - —

(PelIl) (HSe0,) (HSe0y) (Ha0,) (HO10,) (HY)  d(HpSe03) ki
m/1 m/1° m/1 wm/1 m/1 m/1 4t

0 548 0 499 1,640 1,640  .00254 .0278

.00052 498 0 494  1.724 1,724 .00213 .0299

T

5. Temperature dependence

All data mentioned previously in this section were taken

at 67.7°C., However, a limited number of experiments were
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carried out at 75.0°C and at 82.3°C. With the assumption
that the rate expression determined at 67.7°C was valid at
higher temperatures, the values of ko', ky", and ka"‘ at

the two higher temperatures were obtained in the following
manner. Three experiments were performed at each of these
higher temperatures, one at low acidity, one at high
aclidity, and one at high selenic acid concentration. The
rates obtained at the beginning of each of these experiments
are listed in Table 7. The parameters ko' and ka" were
evaluated from the initial rates of the hydrogen peroxide
decompositions in the high acidity and low acidity reactions
since only the hydrogen-~ion concentration was significantly
different and since no selenic acid was present initially.
Then these parameters were employed to calculate the contri-
bution of the respective rate terms to the hydrogen peroxide
decomposition rate in the high selenic acild reaction.

When these quantities were subtracted from the hydrogen
peroxide decomposition rates at certain time intervals in
the high selenic acid reaction, each of the resultant amounts
was divided or multiplied by the appropriate concentrations
to give the quantity k,". The constancy of the values of
ko"' obtalned throughout the reaction was used as a measure
of the validity of the rate law., Satisfactory constancy

was obtained at 75.0°C, but no constancy was obtainable at



Table 7

Data from Reactlons Carried Out at Higher Temperatures

Tfﬁp. §i2§~ Time (H,SeO3) (H,0,) (HC10,) (H,SeO,) (H*) a(H,Se03)d(Hp0,)-d(H,S5e03)
*C Number dt dt
(hours) wm/1 m/1 w/1 m/1 m/l m/l-hr. m/1-hr.
75.0 28 0  0.54%0  2.44%  1.704 0 1.704  0.0170 0.0519
75.0 29 0  0.496  2.43 0.558 O 0.558  0.0471 0.0573
75.0 30 O  0.578 2.48 0 1.690  1.630  0.0243 0.0889
82.3 31 0 0.552 2.43 1.681 0 1.681  0.0333 0.0933
82.3 32 0 0.495 2.44  0.551 O 0.551  0.0860 0.1445
82.3 33 0 0.597 2.46 O 1.665  1.665  0.0430 0.1378

“Eﬁ'
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82.3°C. It seems likely then that the rate law determined
at 67.7°C does not hold at 82.3°C.

The values of constants obtained at the various
temperatures are listed in Table 8. The empirical activa-
tion energy of the selenious acid oxlidation was calculated

to be 16,200 kilocalories per mole,

Table 8

Values of Rate Constants

ovpa—— o aie
A o g

Temperature k Ko! k" ko'
1/m-hr, hr,~ 12/m2-hr., 1/m-hr.
67.7 .0265 ,0055 0055 .024
5.0 LOhy .0038 .0163 024
82.3 .079 no constants obtained

e e e e e e e e e ]

6. Radioactive tracer experiment

75

Selenlious acid containing a small amount of Se
radiocactive tracer was lntroduced into a wmixture of
selenic acid, hydrogen peroxide, and water at 67.7°C.
The specific activity of the selenious acld was measured

immediately and at later times, The results are presented
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Table 9

Radiocactive Tracer Measurements

—_ —

Specific Activ-

Time (323303) (H50,) (HZSe03) igzsoicfglen-
(hours) W/l m/1 m/1 mgfggi counts/
0 «115 4,02 1.36 1.55+.03
192 .05 1.13 1.42 1.48+.03
336 .03 .84 1.44 1.46+,03

in Table 9.

selenic acids was in evidence,

No exchange of selenlium between selenious and
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IV. DISCUSSION

A. Evidence Favoring a Free Radlcal Reaction

Evidence for the existence of the free radicals OH and
302 in peroxide systems has been reviewed by Weiss3l and
Uri.lu They may be expected, therefore, in a selenlous
acld-hydrogen peroxide system.

Addition of selenlous acid to an aqueous acidic
hydrogen peroxide solution at first decreases the rate of
decomposition of the hydrogen peroxide, but further
addition of the selenious acid then increases the rate of
disappearance of the hydrogen peroxide, This inhibition
effect can be explained by the existence of a free radical
intermediate which 1s formed by a reaction of either COH
or HOp with selenious acid but which 1s also involved in
a chain termination reaction which is faster than the
original chain termination step.

The hydrogen peroxide decomposition in the presence of
selenious acid is accelerated by the presence of a small
amount of bright platinum. The selenious acid oxidation,
on the other hand, is unaffected by the platinum, Thus
if the function of the platinum is to 1dcrease the formation
of free radicals as Weiss suggesta,zo these facts indicate

that the catalytlic decomposition of hydrogen peroxide by
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selenious acid is a free radical process while the oxidation
of selenious acid by hydrogen peroxide 1s not.

The iron(IIX) catalysis of the decomposition of hydrogen
peroxide is inhibited by the presence of either selenious
acld or selenic acid., This suggests but does not require
the presence of a selenium containing free radical which

would be involved in a chain termination step.
B. The Selenlous Acid Reaction

The rate equation fof the oxidation of selenlous acid
by hydrogen peroxide has beeh shown to be
2
d(HySe0;) i ky (HpSe0;) " (H;0,)

- -

dt (")

Several mechanisms which satisfy this law are given below.

H28e03 + Hy0, —> HO0SeO,H + H,0
HOOSeO,H —> H' + HO0Se0," (1)

HOOSeO, + H,Se0; ~—~ H,SeO3 + HSeOy

- +
2H28e03 <«—— HSeg05 + H  + H20 (11)
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————
2H25e03 + 3202 3283206 + HQO

H28e206 + OH ——— HSeOu + 328303

(111)

A free radical mechanism for this particular reaction step
wag not cconsidered likely in view of the fallure of the
bright platinum to accelerate the reaction,

Both Shilov and Stepanova18 with the nitrous acid-hydrogen
peroxide reaction and Halperin and Taube26 with the sulfurous
acid-hydrogen peroxide reaction have proposed mechanisms
involving monoperoxy acids.

Schemes I and III might proceed through similar transi-

tion states

H~0~8e =20 H-O«~Se =20
0o 0
;
H-0Q =~ S% - OH HO - %% S22 0H
0 0
I III

while scheme II will have a somewhat different one.

II
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Since it is difficult to distinguish between these
systems, each of the above mechanisms appear equally well
to explain the data. In any case the transition state

would seem to have the composition H38e207.

C. The Hydrogen Peroxide Decomposition

The total hydrogen peroxide decomposition rate is given

by the expression

A(Hy0p) ko' (HpSe03) (i00)

| 2
— ) + ko (H28e03)(H202)

k" (HSeOy ) (HpSeO3) (Hp0p)
* .
(%)

A non-free radical mechanism may be formulated to
account for the above rate expression by employing various
reactions and equilibria to form the proper transition states.
The inhibition of the spontaneous surface catalyzed decom-
position of hydrogen peroxide by selenious acid can be
explalned by the assumption that the active surface is
poisoned by adsorption of selenious acld. The addition
of platinum, however, would catalyze this surface dependent
reaction.

The lack of exchange of selenium between selenicus and

selenic acids precludes the possibllity of reduction of
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selenic acid to selenious acid as a mechanism step. This

is certaiqu in line with the general lack of reactivity

of selenic acld. It seems, though, that a selenlium-contain-
ing reaction intermedliate is required which may be formed
from but later reverts to selenious acid. Both processes
would involve hydrogen peroxide or a free radical formed
from it.

For reasons given previously, a free radical mechaniam
is preferred in explaining the catalytlc decomposition of
hydrogen peroxide by selenious acid.

If a free radical mechanism is operable in the surface

catalyzed reaction, 1t may well take the following course

HgOp ——» 2 OH kr (1)
OH + Hp0p ——p HO, + H0 kr (2)
Op” + HyOp ——> OH™ + OH + O  km (3)
OH + HOp =—> Hy0 + 0, kw (%)

Experimentally the reacticn is first order in hydrogen
peroxide, but the above mechanism would account for this
result 1f the chailn initiation step were independent of
the hydrogen peroxide concentration.

Consideration of HSeO3 as a reactive intermediate leads

to an additional chain initiation step.

HSeO3~ + Hp0p ——> OH + HSeO; + OH ky (5)

This, together with the chain carrying steps



OH + H28e03 —> HSeO3 + HO, kyq (6)
H008302H + OH —— HOp + HpSeOy Ker (7)
HSeO3 + Hy0p ——> HySe03 + HO, kKyr (8)

and the chain termination step
OH + HSeO3 ——s HpSeOy kx (9)

constitute a chain mechanism which explains the kinetics
observed.

Several equilibria are required to complete the system,

HpSeO3 + Hy0, = HOOSeOpH + H,0 K,
HpSeOy === H' + HSe0;" Kg
HOOSeOpH === H* + HOOSeO," Kg
Hy0p === H' + HOp" Ky

HO, —— HY + 0,” K,

Application of the usual steady state approximation for

free radical concentrations leads to the following equations

d (OH)

+ 2Ry - Ro + R = Ry + - - - s 0
" 1 -R +R3 - Ry +Rg -~ Rg - Rg - Ry

a(HOz)
dt

1"
o

= R2-R3-R,++R7+38
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d(KSeO3)
= Rg ¢ Rg - By - R =0

in which Rn is8 the rate of the nth reaction., The chains are

at

assumed to be long and the rates of the chain carrying steps
are considered to be fast with respect to those of the chain
initiating and chain terminating steps. The steady state
concentration of each of the free radicals is obtained by
simultaneous solution of the above three rate equations.
Since the consumption of peroxide according to the free

radical mechanism is

d(Haog)

dat

2 Ry + 2 R7 + 2 RB

the rate law for the decomposition of hydrogen peroxide

becomes

] =2kx(Hy0p) + 2kuK) (HySe03) (Hy0p) + 2kukuK, (7+) &'

dt

in which K! equals

] ke (') (HaOp) + kyKa(HpSe03) (Hz02)°
Ty T krkyKy kew Ky K kgkyKq
(%) (H,0,) + (HoSeOg) [ (HoOp) + a
ke 272 VY3 Yo 2ve E%IE:T + =

When no gelenius acid 1s present the rate law is simply

first order with respect to hydrogen peroxide concentration,
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but for small amounts of selenious acid the peroxide

decompogition becomes

k+(H,O
d(Hy0p) e (5.0,) (t202)
-—— = 2kg (80
dt kr ky kﬂ}ﬁxxa
(H202) + (}128e03)
Km km K,

This function is fitted to the experimental points and plotted
as the lower dotted line in Fligure 9. At high selenious
acid concentration, however, (1), (2), and (4) become

unimportant compared to (5), (8), and (9) and the expression

becoumes
a(Ha0,)  (2kykyK, (HpSe03) \'kka'
- = - + ZKEKI(H23803)(H202) (3202)0
at (u%) Kk X

A rate term contalining the selenic acid dependence can

be introduced with the proposal of two more reaction steps
Se0g- + OH ——> Sey0g™ + OH” kx
together with the equilibria

HSeO,~ + 328e03 — HSe206' + Hy0 K¢

1'183206" H* + 88206: KJ
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The complete expression for the hydrogen peroxide decomposi-

tion rate then becomes

d(H,0,)

= {?kl(nao2) + 2kyK, (HSe03) (H,05)
at

2lkeg kK, (HpSe04 2lxKy Ky (HpSeO,) (HSe0y")
+ + K"
(u*) (%)

where K" equals

2
kz(H")(H 0,) + kyKq(HgSeO3)(H0,)

Krky Ky kpK krkzK
(5* (H,0.) + (H,SeO,) 1 o T
e 22 s ko %) *
kpkgK ek
+ 1y (HSe%') + - “Ka .
kmr (HY) kym

An analogous system may be set up by employlng the
free radicals OH, HOZ, and HSeOz. In this treatment the
I-ISeO2 radical is a reducing agent (in contrast to the H8e03
radical) while the OH and H02 radicals have slightly different
roles. The kinetic expression obtained 1s identical 1n

form to the one already calculated for HSeO3. It does not
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explain satisfactorily the selenlc acid dependent term,
however, in the hydrogen peroxide decomposition rate

expresaslon,
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V. SUMMARY

1. The rates of disappearance of selenious acid and
hydrogen peroxlide have been measured in aqueous acidic
solutions containing the two specles. Temperature varia-
tion of these rates has been observed between 67.7°C and
82,3°C.

2. The following rate law has been determined for

the oxidation of selenious acld by hydrogen peroxide:

d (HpSe0;) kl(H28e03)2(H202)

dt (u*)

3. The decompositlion of hydrogen peroxide in aqueous
acidic solution has been shown to be inhibited by the presence
of a small amount of selenious acid. Another mode of
decomposition of hydrogen peroxide has been shown to exist
and has been found to be first order in selenious acid.

At least four rate terms were required to aceount for the
decomposition rate of the peroxide,

4, The evidence indicated that the reactiors which
involved selenious acid were homogeneous.

5. The selenious acld oxidation is believed to be

non-free radical in character while the extra hydrogen
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peroxide decomposition which accompanies it is believed to

proceed through a free radical chain mechanism.
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