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ABSTRAGT

Investigations on the electrolytic generation of
hydrated elsctron 1n oxyrenated as well as oxygen free soliitions
at different pH were underteken. Since e;q is known to react
repldly with Oy ylelding the trensient 05™ ion, the latter wss
looked for through its interaction with phosphite lons
resulting in thelr oxidation near the cathode. It apoenrs
from the results thst in electrolytic processes, the prixary
alectron (e;pthode) probably reacts directly with reactive
golutes like oxygen, byoassing the hydration step. Dats

obteined in oxygen free solutions, however, suppeort the possible

formation of hydrated electron at least in alkaline solutions.,
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It is known that hylrogen atoms are converted to
hydrated electrons 1n alkaline solutions, and that the

roverse reaction takes plece in acidic solutions. of the

Pk
equilibrium reactlion 1 hss been established to be ?.6(1).

H@e;q + H* (1)

— T
(OI‘ H + OH-. _f.aq + Hzo)

Now, H atoms are fenerslly assumed to be the precursors cf
electrolytic hydrogen gas evolved from agqueous solutions. 3ince
the above equilibrium is also operative, prima facle there 1is

no reason why hydrated electrons could not also be the

precursors, st least in alkaline solutions. In that case H,

would form sccording to the reaction 2.
2 e = Hy + 20H 2)

BExperimental results in support of electrolytic
generatinn of hydrated electron in N,0 saturated solutions, or
in other oxygen free atmospheres have been published(2'4).
Critical examination(s’e) of the r~=u'ts, however, revegl that
the results could perhaps be explnined by other mechanisms,
not necessarily'involving hydrated electrons. In any case,
no sttemﬁt seems to have been made so fer to generate and to

datect e;q in an oxygen atmosphere, presumably because of the
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difficulty anticipated by virtue of its repid reaction with
0g ylelding oé, as 1s known from radistion chemical studies.

05 + e;q — O; (3)
The present work was undertaken with the objeot of chtaining
some clarifications regarding the question of electrolytic
generation of e;q in aquecus solutions, particularly in
presence of oxygen.

In oxygen ssturated solutions, hydrogen peroxide 1s
a cathodié product. Hence detection of the transient 05 ion
in presence of H2°2 was necesssry 1n these investigations.
Phosphite ions were used in these electrolytic experiments
for this purpose. They are known to be unreactive towards
HgOp, but as established by rediation chemicsl studies(7s8)
they readily react with HO, or 0; leading to a chaln reasction

in presence of oxygen, and thereby get oxidized to phosphate

lonss
05 + ®aq (H) = 02(302) (4)
K=4o -

HOZ_\_:T___—AO +H (5)
- - - 2= "

HPOZ™ + Og + Hg0 = HPOL™ + OH + oH (6)

HPog' + OH = HPOZ + OH (7)
- A . _OH, -

Hp03 + 02 = 02 + HPoa( ———i>H2P04) | (8)

HPOZ + OH = H2P0; (chain termination) (9)

2HPO3 + Hy0 = H, PO, + H PO, (10)

In thils investigation, therefore, we looked for

"cathodic oxidation" of phosphite ions, under conditions that
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the eathodic potential was nepative enourh for s sufficient
flow of current to generste measurable concentrstion of
datectable species, but not too negestive to reduce the oxidizad
products.

It may be noted that phcsphite ions mipht also be
oxidized cathodically by H astoms (in absence of oxygen) throurh
the hydrogen abstraction resction 11(7'9), followed by

reaction 10.

5% OH ) (11)

2- _ 2. Ho0
HPOZ™+ H = Hp + POZ™ ( —=—> HPO

1. EXPERIMENTAL

Electrolyses were carried out in a glass avpsratus
in whieh the cathode compartment, sbout 12 cm in helght and
2,5 em in dismeter; was separated from the snode compartment
by means of a fllter paper packing. The cathode was of
platinum foll, usually 14 cmz’ unless otherwise stated, the
ancde beling alweys s plestinum-rhodium wire. The electrode
potential with respect to a saturated celomel electrode was
megsured with s Beckman G.S. model pH/Potentimmeter. A
stsbillizged power supply "Aplab" make, O - 256 V, D.C. and 5 A
meaximum, was used for cbtsining the electrolytic current. The
anolyte wes a millimolar solution of sodium sulphate. Solutions
for electrolyses were prepared in bidistilled water by suitsble
dilution of standerd sodium phosphlte solutions, prepared {rom
Na2~PC3.5H20 (Lab Reagent, B.D.H.). Acidity and alkalinity

were measured either by titration or pH measurement, and were
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adjusted by the addition of known qusntities of standard
NaOH or HyS04e

llectrolyses were carried out in presence of one of
the following gases: oxygen, nitrogen (Indian Oxygen Ltd.)
srgon and nitrous oxide (Matheson gas products USA). For
removing oxygen from the last three gases, a train of three
traps of alkaline pyrogallol was used. The efficiency of
the purifying train was checked by an extremely sensitive
method(lg), which is based on the current induced cathodic
oxidation of As(III) in presence of Og. The gas was sllowed
to bubble through the catholyte continuously during electrolysis
for stirring also. Before being allowed in the cell, the gas
was passed through water of the same acidity or alkelinity as
that of the electrolyte.
Analysis: For the estimation of traces of phosphate in presence
of a lerge excess of phosphites, the molybdenum blue method
suitably modified wes used. We have checked that tha method
recomménded by Danielsclo) for arsenic(V) in presence of
arsenic(III), based on a preliminary extresction of the molybdenum
complex in isobutyl alcohol, 1s applicable in the case of
phosphate also, the extinction coefficlent of the molybdenum
blue bheing 1.95x10% (+ 3%) at 730 nm.
2. RESULTS AND DISCUSSION

A few typlcal results are compilsed in Table I from which
1t seems clear that phosphite ions are not oxidized in electro-

lytic runs carried out in presence of oxygen and with cathodes

prepolerized anodicslly, that is to say when there is only an
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ndsorbed layar of oxyren free {rom any possible contrinani--

of hydrogen on the slectrnde surface. We pava chicund iLhnt in
these conditions oxyren 1s reduced to hydro;en peroxide
(estimated by the method of Allen et nl(ll)), which belinr
unreactive towsrds phosphates, accumulstes in thz =olution

up to a certaln steady state .oncentration. In rlunline -l
neutral solutions the observed extent of owxidation in blzax

runs (i.e. due to spontesneous oxidstion in contact with pl=tinu~
and in absence of current) is almost negligible being very close

to the reapent blank. Tn acld solutlons, however tie spont-na2sus

J
oxldation in the blank runs 1is slightly higher, but are not
significantly different from those of the experimental runs.
In separate experiments with glksline arsenite, taken in lieu
of phosphite, we have observed formation of »rsenate near » cnthode
in presence of oxygen(lg}. Such an oxldation 1s understsndsble
gince arsenite 1s rapidly oxidized by hydrogen peroxide, provide:l
of course the cgthodic potentisl is not too negative.

Apprecigble oxldation of phosvhlite ions takes plsace,
on the other héﬁd, if the cethode undergoes s cathodic prepolari-
zstion in sbsence of oxygen, snd then brought in contesct with
oxygen (Sr. nos, 8-21)., Oxidation tskes plsce both in the
presence and in the absence of a cathodic current. Oxidation
is, however, inhibited i1f the prepolsrization be effected in
oxygen. Our interpretation is that during cathodic prepoleri-
zatlon in absence of oxygen, the platinum electrode surface is

covered gt least partiaslly with adsorbed hydrogen atoms(la).

The moment the adsorbed hydrogen atoms come in contact with
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oxy~en, the followlng react ons take place:

H + Qg = HOgy F® = -45.5 k cal/mole(14) (4)

H02 K= 4.4 o'é * H* (5)

The iilghly negative free energy of reaction 4 is evidently
responsible for the desorptlion of the radicals formed. That 1s
not surprising since Wa, the heat of hydrogen. adsorption on
platinum is reported to change from about 20 to about 4 k cal/
mole, depending upon @ , the coverage(lails). Once the peroxy
radicals come in contact with phosphite ions, then the subsequent
oxidation of the latter is understandable in terms of reactions
6-10, mentioned before. Comparison of the results of solutions
having different pH shows that the observed effect is much more
morked in the case of neutral and scid solutions than in the
case of alkaline solutions (run nos. 20 and 21). In the latter
case, since cathodic prepolarization was also done in alkaline
solutions, hydrogen atoms were either not formed, or even if
formed got destroyed becsuse of the equililL.:ium reaction 1 with
a pK of 9.6, A

If electrolysis be carried out in an inert atmosphere
of argon/nitrogen (sr. nos. 22-36), then slight oxldation is
detected only in neutrsl and acid solutions, probebly through
reaction 11 with H atoms generated cathodically in thsss media,
followed by the disproportionation reaction 10. Moreover,
concentration of phosphate formed et very negative potentials

are almost negligible (sr.nos. 28, 29 35 and 36). Under these
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conditions, beck cathodic reduction of the intermediaste P(I7)
specles becomes possibly more favourable than the ilsproportiona-~
tion resction 10, throueh which phosphate ions are formed*. In
any csse, the extent of this hydrogen abstraction renctinn is
much less than the oxidation induced by chain resction involving
parhydroxy radicsls. Since H atoms cannot exist at a pH preatar
than 9.6, oxidation does not teke place ms expected in alkaline
solutions (runs nos. 22-24),

Finelly, » few experiments were csrried out in NoO
satursted alkaline solutions, in the hope that OH radicals would
be generated cathodicelly through either the reaction 12 or

reaction 13,

Ny + e = Ny + OH + OH (12)

NyO + o o = N0~ M2 N, + on™ + on (13)
b In acid solutions P(IV) specles might exist as HzPoa
or its dimer H4P50g, the latter being known to be stsbler than

the former. Redox potentials for the reduction couple H4qPo0g .+
2H” + 28~ = 2H3P0g, snd HyP50g + 2e” = 2HoPO3~, are reported to

be +0,38 V and + 8.275 V respectively (16?. These values
correspond to free energy changes of =16.53 snd ~-12.6 k cal/

mole, compared to =30 k ¢sl/mole, estimsted for the dispropor-
tionstion reaction, HyPg05 + HoO = HgPO3 + HaPO4(14). Thus at
potentials, no more negatéve than the foregoing equllibrium
values, the disproporiionation reaction should be competing more
favoursbly, at least from energetic considerations. At potentials
further away towards negstive side, the competition would obviously
go more and more in favour of the cathodic reduction of P(IV)
species, until the disproportionation reaction leading to the
formation of phosghate ions becomes insignificant. Since the
radical HyPO4 or the radical ion HPO3”, which are supposed to
enter in %he mechanism postulated (and for which free energy

data are not available), are expected to be more energetic than

1 H4aPo0g, the foregoing quantitative values of free energies
would surely be somewhst different. Yet the quslitative

pilcture as envisaged would not perhaps be altered seriously.
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and that these oxidizing radicals would react with phosphite
ions to yield phosphate ions according to the well known exo-

energetic reaction 14

2- - - po3
HPOST + OH  + 20H = PO;” + 2Hy0 (14)

Our attempts to detect phosphate ions under these conditions
were, however, not successful (sr. nos. 37,38). It can be
shown from the potentials reached during electrolysis that the
possibility of back cathodic reduction of phosphate ions formed,
if any, should be ruled out as an.explanation for the negative
results. It 1ls rather felt that OH radicals are probably
formed at the csthode but that they are reduced immediately
before reacting with P(III) species to produce the intermediate
P(IV) species (reaction 7), this reaction being the initial
step before the overall oxidation reaction 14 can proceed to
P(V) specles. Such a hypothesls is supported at least by
energetic considerstions, since the Eg of the reaction 7 can

be shown to be no more than +1,74 V, compared to +2.0 V for
the OH-OH couple. The other experiments (sr. nos. 39,40)
concerning N20, however, support the picture envissged in the
foregoing: the slight oxidation noticed in oxygen saturated
alkaline solutions with cathodically prepolarized electrodes
1s completely absent when the prepolarization is carried out
in presence of N40 in lieu of in nitrogen/argon, since Ny0
destroys e;athode or e;q the precursor of H atom. As

expected NgO 1s ineffective in acid solutions (sr.no. 13).



5. MECUANTEY FOR THR FLITMTTOLYTIC RETUCTICH CF CYXYGHYE
Thr results seem Lo establish very clearly that dovi-

the electrolytic roductlon of oxygen, HO, Tadical or 0.  inns

2
are not formed in the solution phase, providéd of course the
system be [ree from hydrogen initially, and aven if thesn
transient intermediates sre formed on the cathode surface in
an adsorbed state, they are quickly reduced to Hog' or Hylse
The results, therefore, provide a direct experimentsl evideace
in supwport of the mechanlsm generslly assumed for the cathodic
formation of hydrogen peroxlide from oxygen(17), according to
which, n02 formed as an intermediate remains adsorbed on the
2lectrode surface,. and only the stable product viz. H,0, meYy
either desorb, or be further reduced leading to the formation
of water.
4. ELFETRCLYTIC GENERATION CF HYDRATED ELTCTRON/EYDRCSCHN ATOL

The redox potential of hydrated electron is ceslculatcd
to be -2,77 v{18) yp Buropean convention. Thus, if one aius to
generagte eleetrolytically even a very low concentration of
hydrated electron, say 107 moldm™3 at a pH of 11, the cathode
should have  to be mede gs negative as =-1.7 V (vs nhe). On
the:other he1d, ome may argue that if hydrated electron be,
in fact,,tnewprecurSDr of cathodically produced hydrogen gas,
then a finlite concentration of the former must certsainly be
prnseﬁt;at mors Lositive potentials. In analogy to the picture
commonly assumed in one of the mechanisms for explsining hydrogen

over voltage through hydrogen atoms formed in a primary sten,
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one expects that hydrated electrons if formed at more positive

potentials would remain adsorbed on the electrode surface,

combination of two hydrated electrons providing the energy

for desorption of the final product viz. hydrogan molecules.
In view of the above considerations, for chemical

identification of hydrated electron (adsorbed on an electrode

surface), it 1s necessary to use a reggent which would react

with °aq

of the products. Walker(a) used NoO and measured N2 produced

exo-energetically furnishing the energy of desorption

according to reamction 12, AF° of which is pretty high being
about =118 k cal/mole ( 4F° is celculated sssuming F° N0 =
25 k cal/mole).

q > No + OH + OH™ (12)

It is therefore interesting to note that Walker could reasure
significant amount of Ngy €ven though he used a very low current
density A/ 50 #A/cm2, with a platinum electrode and with

0.25 mol dm'3 of Nazso4 solution. Under these conditions
hydrogen gas evolution 18 hardly noticeable. Of course this
experiment, as stated before(S) does not prove unequivocally

the cathedic formation of e,

aq
O athode 51V1ne No0~ which can then decompose as follows giving

since N20 ¢an readily react with

the same products:
NgO + Hy0 = Ny + OH + on (13)

In regard to oxygen saturated solutions, our results

show as stated before that 0y~ (or Hoé) 1s not detectable in
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the solution phase. But that does not preclude the possibiiity
of its formation in an adsorbed state on the electrode surfsace,
Since the free energy of formation of e;q (63.9 k cal/mole(lg))
is more positive than that of 0, (13 k csl/mole), the formation
on the electrode surface of the former, in preference to the
latter, is rather improbable. Moreover, if e;q (or H) were
formed on the electrode surface, then the same would have
reacted with 05 with a free eneréy change of about ~ 50 k cal/
ior =45 k eal/mole). This energy being highly negative, 02'

(or HOp) should have been desorbed and detected by the technique
employed by us. Therefore, from our results, it would seem
aimast certain that e;q cannot form in presence of oxygen asither
in solution’'phase or on the electrode surface in an adsorbed
state,

"Cathodic oxidation™ of phosphite ions observed in
electroiyses carried out in an inert atmosphere of nitrogen/
srgon, and also the results obtalned with electrodes prepolar;zed
cathodically in the same atmosphere are readily explicable on
the basis of electrolytic formation bf H atoms in acid and
neutral solutions. Moreover, our data concerning pH effect
conform to the equilibrlum 1, and hence support albeit indirectly,
the formation of e;q in oxygen free (i.e. in nitrogen/argon)
alkaline solutions. The data are, however, inadequate to throw
light onmthe question whether it is formed in a primsry electrode
process, or subsequently from H atom. |

In view of the above, it appears that in electrolytic

processes, hydration of the primary electron (e;athode) may or



may not teke place, depending upon the nature of solutes. With
relatively more reactive solutes like oxygen, for exsmple, it
can very well react directly, bypassing the transient formation
of e;q. The negatively cyarged speclies thereby formed cguld

of course remain adsorbed on the electrode surface and undergo
further reactions with e;athode or with other aqueous species,
till favourable conditions are reached for desorption. The above
conclusion seems to be somewhat analogous to that of Hamill(lg)
according to whom dry electrons, produced in a primary event
during radiolysis of aqueous solutions, need not have to be
always hydrated before reacting with certaln solutes,
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Table T

CY¥IDATICN OF PECS: F{ITE(B) TC FPCSPHATE AT A PLATILOY CA’!‘!!C‘IE('b) PREPCLLRIZED UIDER VARICTS CCNTITICNS

Sr. pd Ireatment ziven Conditions for spontaneous/electrolytic Phosphate formed
No. to cathode oxidation = = == eeeccccemccccccnccnnnacron--
0.p,(d)
Gas®)  Cathodie Cathodic Time of Experi- Blank %
current potentizl run mentsl (e) & (f)
/A Vv, (vs SCE)
1 2 3 4 5 6 ? 8 9 10

IN OLYGEN SATURATED SOLUTIONS

1 1n a.p.(8) 0, 79 to 22 -0.07 to =0.03 2.0 h  0.012
2 1 " 0Op 78 to 40 0,06 to +0.01 2.0 h  0.007
3 7.5 n 0o 5 +0.34 to +0.17 1..0h  0.023 0.017
4 7.5 " 0p 70 to 20 #0.27 to 40.12 1.0h  0.008 0.0l
5 7.5 Electrode just 0 Spontaneous 1.0h 0.012
::;2?2 af ter 2
6 1 2.P.(8) 0, 5 +0.85 to 40.505 1.0 h  0.055 0.036
n 0, 5 +0.5 1.0h 0.053 0.038
IN OXYGEN, BUT WITH ELECTRODES CATHODICALLY PREPOLARIZED IN NITROGEN/ARGON ATMOSPHERES

8 1 c.p.(1) 0, Spontaneous 30 min 1.6 - 40.8

1 " 0o 30 40.48 to +0.55 30 min 1.47 37.5

10. 1 A.p.(8) Ny 50 40.10 to -0.27 1.0 h Gas changed



Table I contdses

}.—-x‘ ‘2 nnnnnnnn ?- - ----f-----<-.5 ---------- §- - 7 8 9 lc
11 1 Cathode after [ 3ponteneous 1.0h 1.36 34.7

exot,10 just

washed

iun continued 02 Spontaneous l.0 h ~2 51.0
131 a.2.(8) No0 5 +0.83 to +0.085 1.0h  G.C.(K)

3y continued 02 5 +0.085 to #0.57 1.0 h 1.55 39, &
14 7.5 c.p.td) 0, Spontaneous 30 min  0.51 13.0
15 7.5 " 0gy 36 to 48 +0.2 to +0.23 30 min 0.583 14.9
16 7.5 2.p. &) Ng 40 +0.53 to -0.665 1.0h  G.C.t%)

Zun continued with

high current 0o 280 to 73 -0.665 to +0.18 1.0 h 0.53 13.5
17 7.5 .p.(8) N, 40 +0.47 to -0.66 1.0 h  Current gtgpped

and G.C.(K

Run continued 0o Spontaneous 1.0 h 0.98 25.0
18 7.5 a.p.(8) Ny 5 #0.31 to =0.2  1..0h  C.5.1) gna g.c.t®)

Aun continued 0o Spontaneous 1.0 h ~n 2 51.0
13 7.5 a.p.(8) No 5 #0.27 to -0.49  1.0h  ¢.5.¢1) gnd g.c,

Run continued 0o Spontaneous 1.0 h 1.95 49,7
20 11 a.p. %) No 98 to 35 +0.04 to -0.7 1.0n c.s.tY) ang g.c.®

Run conti-ed 0g Spontaneous 1.0 n 0.055 1.4
21 11 a.p.t8) Ny, 35 to 33 #0.125 to -0.775 1.0 h  6.c. )

Adun continued 02 39 +0.05 to +0,13 1.0 h 0.062 1.6



Table I contd...

27

29

30
31
32

33

34

75

7.5

7.5
7.5
7.5

A

(1]
Ny

IN OALYGEN FizZ SOLUTIONS

]
95 to 29
40

5

5
100 to 93
650 to §

10 to 1.5

5
40 to 10

+0.3 to +0.03
+0.065 to -0.75
+0.29 to =0.65
+0.7 to =-0.17

+0.22 to -0.,215

+0.16 to -0,245
+0.37 to =-0.74
+0. 13 tO -0. 75

+0.26 to +0.02

+0.77 to +0.04
+0.3 to +0.155

+0.28 to +0.15

+0.65 to +0.15

1.0
1.0
1.0
1.0

1.0
1.0
1.0

1.0 h

1.0
1.0

1.0

1.0

0.012
0.017
Close

0.053

C.07

0,068
0.015
0.012

0.113

0.06

0.108
0.133

0.112

to reagent blenk

0.02§(m) 0.8
0.029

0.01 f§{m) 1.5
0.008}

1.5
0.012

0.0128(m) Neglifi-
0.0085 ble

0.065 1.2
0.032 O.&

0.0650(m) 1l.1
0.06310

0.063§(m) 1.7
0.066 §

0.068 1.1
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contd...

FAT LR,

1 »—':2. [ ..:.-3 —

as 1 A.;{,?G.).

36 1 "

a7 1 n

38 [{]

39 11 "

| Run continued
40 11 1.p.<8)

Bun continued

5 _ 8 "7 8~ 8 - 10
40 #Q.68 to -0.245 1.0 h  0.038 0.0334(m)
B - LT u;q;s PR
45 to 22 -0.22 to -0.265 1h 0.009
0.2 45 210 » 00
5 40.22 to +0.015 1.0 h  0.023 0.021
85 to 30 +Q.1 to -0.135 30 min  C.S.‘Pgng g.c. (k)
$pontaneoua 1.0 h 0.008
61 to 32 40.19 to =0.16 1.0 h  G.C.'H®
32 to 30 -0.16 to +0.125 1.0h  0.017




a)

b)
c)
d}

e)

£)

g)

3

k)
1)

m)

Initial phosphits ion concentration: 103 noldm'ag volume
of electrolyte: 16 cm3.

Cathode sizey 14 cm2.
Gas flow rate: about 3 bubbles/s.

0.D. measured at 7307 nm and in a cell ofsl cm path length.
Molybdenam blue colour developed in 5 cm* sample diluted
to 25 cmY.

0.D. of 0.0L = 2.55 x 100 moldm™3 of phosphate ions in the
sample.

Blank inciudes the amount sSpontaneously oxidized in contact
with platinum, and also the reagent blank, i.e., the amount
of phosphate ions present in the original solution.

The_ reagent_blank determined in a number of experiments with
10~3 moldm=3 phosphite solutions lie between 0.008 to 0.018
in terms of 0.D. which corresponds to 0.25 - 0.5% of phosphate
ions.

Anodic prepolarization was carried out by making the platinum
electrode sn anode for 10 min in 1:4 nitric acid and passing

a current of 0.2A. The electrode was then thoroughly washed
in double distilled water to remove even traces of nitric acid,
and finally used for regular electrolysis.

Cathodic prepolarization was carried out by making the platinum
electrode the cathode for 10 min in a current of about 0.2A

in a sulphuric acld solution of pH A1, under conditions of
coplous hydrogen gas evolution.

Same as (1) except that the cathodiec prgpolarization was carried
out in 2 neutral solution of 0.1 moldm~ N32804-

Gas changed (G.C.)
Current stopped (C.S.)

Blank runs carried out before and after electrolytic run,




