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A notable feature of the title reaction is that one of the products, viz. Ce(III) retards while the other, viz. Te(VI)
accelerates the reaction rate. The ordor with respect to [Ce(IV)] is unity and that with respect to [Te(IV)] is fractional
in both the acid media. Variation in ionic strength has little effect on the rate of the reaction in cither medium. While
increase in [H+| is found to retard the reaction considerably in nitric acid medium, a linear increase in rate is noticed
in sulphuric acid medium. Activation parameters have also been determined. A suitable mechanism has been

proposed.

Te(IV) by Ce(IV) in perchloric acid medium!,

we could not propose a mechanism for the reac-
tion for want of some more details. An interesting
feature of this reaction is that one of the products,
viz. Ce(III) retards the reaction while the other, viz.
Te(VI) accelerates. We have now studied the kinetics
of this reaction in nitric and sulphuric acid
media also and succeeded in proposing a suitable
mechanism.

I N a recent paper on the kinetics of oxidation of

Materials and Methods

Stock solutions (0.1M) of Te(IV) (in water) and
Te(VI) (in the corresponding acid) were prepared
from LR, BDH samples of sodium tellurite and
sodium tellurate respectively and standardised®.
Stock solutions of Ce(IV) were prepared by dissolv-
ing ceric ammonium nitrate (or ceric ammonium
sulphate) of 99.9%, purity (Indian Rare Earths Ltd.)
in 2M nitric (or sulphuric) acid. Ce(1V) and acid
contents of the solutions were determined as reported
in literature®4. Stock solutions of Ce(III) in these
two acid media were prepared by reducing the Ce(IV)
solutions in the corresponding acid with H,O, and
boiling off the excess H,O,. The acid and cerium
contents of these solutions were determined by the
method described elsewhere®3.

Lithium perchlorate was prepared by neutralising
lithium carbonate (LR, BDH) with perchloric acid
(70%, E. Merck, proanalysi).

A Shimadzu UV-VIS double beam spectrophoto-
meter (140-02) with 1 cm glass cells was used for
absorbance measurements.

Stoichiometry of the reaction — Aliquots of Te(IV)
were mixed with a known excess of Ce(IV) and the
[Ht*] was adjusted to 1M with nitric (or sulphuric)
acid and the solutions were kept at room temperature
in nitric acid medium and at 60°C in sulphuric acid
medium for two days. The unreacted Ce(IV) was
estimated spectrophotometrically at 360 nm in nitric
acid medium and at 400 nm in sulphuric acid medium
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and the stoichiometry was found to correspond to the
equation : Te(IV) + 2Ce(IV) — Te(VI) + 2Ce(III).

Kinetic procedure — All kinetic runs were carried
out at a constant temperature of 35 4+ 0.1°C in
nitric acid medium and at 60 4 0.1°C in sulphuric
acid medium, unless otherwise mentioned. Requisite
amounts of all reactants except Ce(IV) were equilbra-
ted at the desired temperature. Cerium(IV) was
equilibrated separately. The reaction was initiated by
transferring the calculated amounts of Ce(IV) into
the reactants. The rates were measured keeping at
least a ten-fold excess of [Te(IV)] and [H*] over
[Ce(IV)] and following [Ce(IV)] at 360 nm in nitric
and at 400 nm in sulphuric acid medium. Log (absor-
bance) versus time plots showed that the reaction
followed pseudo-first order rate behaviour at least
upto 809, completion of the reaction in both the acid
media. The pseudo-first order rate constants were
represented by k.

Results

Pseudo-first order rate constants, k', are independent
of the ionic strength (adjusted by adding LiC10,)
in both the acid media.

It is observed that one of the reaction products,
viz. Ce(III), retards the reaction while the other, viz.
Te(VI), accelerates (Table 1).

Since the plots of log (absorbance) versus time are
linear even upto 809/ of the reaction in both the acid
media, it may be concluded that the reaction is first
order in Ce(IV). This is supported by the plots of
log (initial rate) versus log [Ce(IV)] (6.0 x 104 to
16.0 x 10~*M) which also indicated the order with
respect to Ce(IV) to be unity in both the acid media
at a constant [Te(IV)] and [H*] (8.0 x 10™3M and
2.0M in nitric acid and 1.0 x 1072M and 1.0M in
sulphuric acid medium).

Varying |Te(IV)] from 6.0 x 10™3M to 20.0 x 10-3
M, keeping [Ce(IV)] and [H*] constant at 8.0 X 10~3M
and 2.0M in nitric acid medium and at 1.0 X 1073M
and 1.0M in sulphuric acid medium respectively, the
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TABLE 1 — EFFECT OF PRODUCTS ON THE PSEUDO-FIRST ORDER RATE CONSTANTS, Kk’

A : HNO; medium — [Ce(IV)] = 8.0 x 1074M;

[TedV)] = 8.0x107*M ; [H*] = 2.0M ;

temp. = 35 £ 0.1°C

B : H,SO, medium—[Ce(IV) = 1.0 x 1073M; [Te(IV)] = 1.0 X 10~2M; [H*] = 1.0M; temp. = 60 & 0.1°C

10°[Ce(I1D)] 10%[Te(VI)] 105k’ (sec™?) 103 [Ce(III)] 10%[Te(VI)] 108k’ (sec™?)
(M) M) (M) (M)

A A B
— — 82.3 55.0 1.0 — 57.0 425
—_ 1.0 88.0 63.5 5.0 — 38.5 27.0
—_— 5.0 94.8 77.5 10.0 — 35.0 23.0
— 10.0 97.8 82.0 15.0 — 34.0 22.0
— 15.0 98.2 82.5 1.0 10.0 91.0 65.0
100 10 445 29.5 50 10.0 78.5 48.0
10.0 5.0 70.4 40.0 10.0 10.0 75.5 43.3
10.0 10.0 76.9 44.0 15.0 10.0 75.0 43.0
10.0 15.0 77.0 44.5

TABLE 2 — EFfFECT OF VARYING [H*] ON THE PSEUDO-FIRST

ORDER RATE CONSTANTS k’

A : HNO; medium — [Ce(IV)] = 8.0 x 1074M; [Ce(II])] =
1.0 x 102 M = [Te(IV)]; [Te(VI)] =80 x 1073M;
[NO;"1=6.0 M; temp. = 35 + 0.1

B : H,SO, medium — [Ce(IV)] = 1.0 x 10“”M [Ce(IID)] =
1.0 x 10—*M = [Te(VD)]; [Te(IV)] = 1.0 x 1072M;
[HSO,~] = 1.0M; temp. = 60 - 0.1°C

Nitric acid medium Sulphuric acid medium

[H+] 105k’ [H+] 105’
(M) (sec™?) (M) (sec™)
2.0 47.1 1.0 4.6
3.0 34.4 1.5 48.4
4.0 23.0 2.0 52.0
5.0 15.3 3.0 59.6
6.0 9.8 4.0 67.5

TABLE 3 — EFFECT OF VARYING [NO;~] AND [HSO,~] ON THE
PSEUDO-FIRST ORDER RATE CONSTANTS, Kk’

HNO,; medium — [Ce(IV)] = 8.0 x 10~*M; [Ce(III)] = 1.0 x
10-2M = [Te(VD)]; [Te(IV)] = 8.0 x 10~3M; H+ =
2.0M; temp. = 35 4+ 0.1°C

H,SO, medlum —[Ce(IV)] = 1.0 x 1073M; [Ce(IID)] = 1.0 X
10-2 [Te(VI)] [Te(IV)] 1.0 x 1072M; [H*] =
1. OM temp. = 60 + 0

Nitric acid medium Sulphuric acid medium

[NaNO;] 10%’ [NH,HSO,] 10%k’
(M) (sec™™) (M) (sec™™)
2.0 75.3 1.0 44.0
2.5 70.0 1.25 28.0
3.0 65.2 1.50 19.0
3.5 55.6 2.0 11.0
4.0 50.4 2.5 6.8
5.0 40.0

plots of log k' versus log [Te(IV)] are linear indicating
fractional order dependence on [Te(IV)] in both the
acid media (0.5 in HNO,; and 0.64 in H,SO,). The
initial rates method also indicates the fractional
order dependence on [Te(IV)].

In both the acid media the [H*] was varied with
perchloric acid keeping the concentration of nitrate
or bisulphate ion constant. In nitric acid medium the
rate decreases with increase in [H*], while in sulphuric

acid medium it increases linearly with increase in [H*]
(Table 2).

Increase in [NOj] in nitric acid medium and increase
in [HSOY] in sulphuric acid medium retard the reac-
tion (Table 3). Further, in sulphuric acid medium the
rate has an inverse second order dependence on
[HSOL].

The reaction obeys Arrhenius temperature depen-
dence in the temperature range 303-318°K in nitric
acid medium and in the temperature range 313-333°K
in sulphuric acid medium. The activation para-
meters Eq, ANHI, AStand A Gt are found to be
74.5 kJ mol™®, 72.0 kJ mol™, —50.2 JKt mol™* and
87.5 kJ mol™ in nitric acid medium and 108.8 kJ
mol™, 105.9 kJ mol™, 27.2 JK™* mol™ and 97.1 kJ
mol™ in sulphuric acid medium respectively.

Discussion

The nature of cerium (IV) species varies from one
acid medium to another and is dependent upon the
concentration of acid and of Ce(IV). In perchloric
acid medium the reactive species is CeOH?®+ as discus-
sed in our earlier publication®. The possible species of
cerium(IV) in nitric acid medium are Ce*+, CeOH3+
Ce (NO,)4—*(Ce—O—Ce)%* etc. At low nitric acid
and cerium (IV) concentrations, the latter mainly
exists® as Ce*t and CeOH3* and if [Ce(IV)] is high,
part of the hydrolysed species may be polymerised
to give dimers and trimers?. On the other hand, when
the nitric acid concentration is very high, the con-
centrations of the hydrolysed and polymerised species
decrease and those of the nitrato-complexes increases.
Literature reports indicate that dimers and trimers do
not exist under the present experimental conditions?.
In view of the observed retardation with increase
in [H*] and [NOj3] (Tables 2 and 3) the reactive
species in nitric acid medium also may be regarded
as CeOH3®* as in perchloric acid medium. Such a
species has also been assumed to be the reactive one
in the oxidations of acetone®, isopropyl alcohol®.
substituted mandelic acids't, 3-bromopropionic acid!2
and thallium (I)!® by Ce(IV) in nitric acid medium.

In sulphuric acid medium, Ce(IV) exists in the form
of sulphatocomplexes only. Moore and Anderson'4
have shown that in 0.01 M sulphuric acid, the complex
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CeSO2?+ predominates while in more concentrated
acid solutions complexes like Ce(SO,), and Ce(SO,)2~

may exist. Spectrophotometric studies of Hardwick
and Robertson?® also indicate the formation of simi-
lar sulphato-complexes. Although the higher sul-
phato-complexes of Ce(IV) are the predominant
species under the present experimental conditions
(1MH,S0O,) thelinear increase in rate with increase in
[H*] (Table 2) and the inverse second order depen-
dence of rate on [HSOY] (Table 3) indicate CeSO2+

to be the reactive species. Such a species has also
been assumed to be the reactive one in the oxidation
of antimony(III)*¢, benzilic acid'’, manganese(IV)
catalysed oxidation of thallium(I)'®, mercury(I)!® and
hydroxylamine?® by cerium(IV) in sulphuric acid
medium.

As has already been discussed in our earlir commu-
nication!, Te(IV) exists as TeO(OH)* or Te(OH)}
under the present experimental conditions.

Mechanism — When Ce(IV) is mixed with Te(IV)
or Te(VI) in perchloric acid medium, an increase in
the absorbance of Ce(IV) is noticed. Spectrophoto-
metric study revealed the existence of 1 : 1 complexes
of Ce(IV) with both the tellurium species'. Though
no spectrophotometric evidence has been obtained
in nitric and sulphuric acid media, the plots of 1/k’
versus 1/[Te(IV)] and 1/k’ versus 1/[Te(VI)] are linear
with an intercept on the rate axis in all the three acid
media, thus providing kinetic evidence for the exis-
tence of 1 : 1 complexes of Ce(IV) with Te(IV) and
Te(VD).

In order to explainthe experimental observations
in these three acid media, the following probable
mechanisms (Schemes 1 to 3) may be considered.

Since, the kinetic pattern observed in the three acid
media isalmost similar and since, CeOH3+ does not
exist in sulphuric acid medium, the mechanism shown
in Scheme 1 has been ruled out.

The assumption that Ce(IlI) forms complexes with
Te(IV) or Te(VI) (Schemes 2 and 3 respectively)

ky
= Ce(Ill) + OH

CeOH?3+

OH -+ Te(IV) fi» OH™ + Te(V)
Ce(IV) + Te(IV) 2 Ce(IV) Te(IV) (Complex A)
A —Iii Ce (IIT) + Te(V)
Ce(IV) + Te(V) :—*5 Ce(II1) 4 Te(VI)
Ce(1V) + Te(VI) f‘—ZCe(IV) Te(VI) (Complex B)
Ce(III) + Te(VI) ‘f-gCe(III) Te(VI) (Complex C)
Scheme 1
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K.
Ce(IV) + Te(IV) #ICe(IV) Te(VI) (Complex A)
K,
Ce(IV) 4 Te(VI) 1——‘2 Ce(IV) Te(VI) (Complex B)
k1
A —— Ce(IIT) 4~ Te(V)
kq
——  Ce(III) + Te(V) 4+ Te(VI)
fast
Ce(IV) + Te(V) —— Ce(III) + Te(VI)
K
Ce(IIl) + Te(IV) ‘——3 Ce(III) Te(1V) (Complex C)

B < Te(IV)

Scheme 2

K
Ce(IV) + Te(IV) = Ce(IV) Te(IV) (Complex A)

Ce(IV) + Te(VI) ‘£2Ce(IV) Te(VI) (Complex B)
A i Ce(IIT) - Te(V)
B + Te(IV) k—2> Ce(III) + Te(V) + Te(VI)
Ce(IV) + Te(V)ﬂis-i Ce(II) + Te(VI)

K.
Ce(I11) 4 Te(VD) :—f Ce(III) Te(VI) (Complex C)

Scheme 3

appears reasonable in view of the fact that Ce(III) is
known to form complexes like CeC1032+ even with

perchlorate ion?¥2% In the Fe(IIl) catalysed oxida-
tion of As(IIl) by Ce(IV), Miller and Grosse?3
also attributed theinhibition by Ce(III) to the forma-
tion of a Ce(IlI)-Fe(IIl) complex. Further, in per-
chloric acid medium, under the conditions [Ce(IIT)] >
[Te(IV)] == [Te(VI)] > [Ce(IV)] the plot of 1/k’
versus [Ce(III)] is linear with an intercept on the rate
axis thus furnishing evidence for the formation of
a complex of Ce(III) with the reactive species.

The main difference between Schmes 2 and 3 is
that, in the former, inhibition by Ce(III) is attributed
to the formation of Ce(III)-Te(IV) complex, whereas,
in the latter, it is ascribed to the formation of Ce(III)-
Te(VI) complex. Both the Schemes explain all the
experimental observations equally well. But during
a study of Os(VIID)** and Ru(IIl) unpublished work
catalysed oxidation of Te(IV) by Ce(IV) in sulphuric
acid medium we have noticed that there is neither
inhibition by Ce(III) nor acceleration by Te(VI).
Had the inhibitory effect of Ce(III) been due to the
formation of Ce(IlI)-Te(IV) complex as assumed
in Scheme 2, such an inhibition should have been
noticed in the catalysed reactions also. In view of
these facts Scheme 3 appears to be more probable.
Based on this, the following rate law may be derived :
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[Ce(IV)]s = [Ce(IV)]e + [Ale + [Ble
_ Ky[Ce(IV); [Te(IV)]
el dals = 1+ Kl[Te(IV)tt+ Kz[Te(tVI)]e
_ — K[Ce(IV)]: [Te(VD)le
o 1 + KL[TC(IV)]t + Kz[Te(Vl)]e
[Te(VD]
1+ K,[Ce(IID];

(+ tce(mD) > [Tev) > [cerv)
Rate = k;[Ale + ks [Be [Te(IV)]:
Substituting the values of [Ale, [B]e and [Te(VD)]e
k. Ky [Ce(IV)]; [Te(IV)]:
(0 + Ks [Ce(ITD)))
(1-+ K[ Ce(IID)]) + koK [Ce(IV)].[Te(IV) L[ Te(VD]
(I + Ky[Te(IV)]o) + Ka[Te(VD)]e

It may be seen that the above rate equation neatly
explains all the experimental observations.

[B]e

[Te(VD)]e =

Rate =
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