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Abstract—The kinetics and mechanism of the oxidation of D-galactose by chromium(VI) in the absence and
presence of cerium(IV) and manganese(Il) were studied spectrophotometrically in aqueous perchloric acid
media. The reaction is first order in both [D-galactose] and [H*]. The cerium(IV) inhibits the oxidation path,
whereas manganese(Il) catalyzes the reactions. The observed inhibitory role of cerium(I'V) suggests the forma-
tion of chromium(IV) as an intermediate. In the manganese(II) catalyzed path, the D-galactose—manganese(II)
complex was considered to be an active oxidant. In this path, the complex forms a ternary chromate ester with
chromium(IV) which subsequently undergoes acid catalyzed redox decomposition (one-step three-electron
transfer: Indian J. Chem., 2004, vol. 42A, p. 1060; Colloids and Surfaces, 2001, vol. 193, p. 1) in the rate deter-
mining step. On the basis of kinetic data, the mechanism of D-galactose oxidation is proposed for parent, the
manganese(Il) catalyzed and cerium(IV) — inhibited reactions. The activation parameters E, = 59 kJ AH" =

57 kJ mol™!, and AS* = -119 J K! mol™! are calculated and discussed. Reaction products are also examined.

DOI: 10.1134/S002315840901011X

INTRODUCTION

The oxidation of organic substrates by hexavalent
chromium involves both one-electron and two-electron
transfer mechanisms [1, 2], and the reaction must pro-
ceed through the formation of chromium(V) species
and hydrated chromium(IV). The intermediacy of these
oxidation states has been presented on several occa-
sions [3, 4]. Espenson et al. [5] first reported a method
for the preparation of aqueous chromium(IV) in the
absence of stabilizing ligands. This species was the
same as the proposed intermediate in the reaction of
chromium(VI) with a number of organic reductants [ 1—
4]. The reactivity of chromium(IV) in various possible
reactions, i.e., disproportionate, reduction, oxidation,
and coordination, has been discussed [3].

The kinetics of chromium(VI) oxidation by several
reducing sugars is well documented in the literature [6—
10], but the use of manganese(Il) in a similar study is
rare [11-13]. The effect of cerium(IV) on the sugars—
chromium(VI) reaction has not been reported. It has
been established that chromium(IV) is a strong oxidant
which will react rapidly with any available reducing
agent [14, 15]. Manganese(Il) and cerium(IV) play an
important role in chromium(VI) oxidations, where they
have been recognized as a frequently used tool to deter-
mine the involvement of chromium(IV) as an interme-
diate [16—18]. Doyle et al. [17] have observed the role
of cerium(IIl) and cerium(IV) in the chromium(VI)-
alcohol oxidation. The present study was undertaken to

! This article was submitted by the authors in English.
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compare the role of manganese(Il) and cerium(I'V) in
the oxidation of D-galactose by chromium(VI).

EXPERIMENTAL

Materials. D-Galactose (S.D.Fine), potassium
dichromate (99%, Merck, India), manganese(II)chlo-
ride (99%, Qualigens, India), ceric ammonium nitrate
(99%, Merck, India), and perchloric acid (Fisher, 70%
reagent) were used as received. The solution of potas-
sium dichromate was stored in a dark glass bottle. The
D-galactose solution was freshly prepared by direct
weighing of the sample. Double distilled (first time
from alkaline KMnQ,), deionized, and CO, free water
was used to prepare the stock solutions of the reactants.

Kinetic procedure. Requisite volumes of D-galac-
tose, HCIO,, and other additives (if needed) were
placed into a three-necked reaction flask fitted with a
spiral double-walled condenser, and the contents were
thermally equilibrated at the desired temperature in a
constant temperature paraffin oil bath of 0.1 K accu-
racy. The reaction was started by adding the chro-
mium(VI) solution as the last component. Progress of
the reaction was followed by measuring the absorbance
of the remaining chromium(VI) at definite time inter-
vals at 350 nm against blanks containing all the constit-
uents except chromium(VI) on a Spectronic 21D-spec-
trophotometer. The pseudo—first order conditions were
maintained by keeping the [D-galactose] > [Cr(VD)].
The values of pseudo—first order rate constants
(ks> S71) were calculated from the slopes of the plots of
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logA versus time (regression coefficient, r>0.996).
Other experimental details were the same as described
elsewhere [19, 20].

Product Identification. UV-VIS studies showed
that the spectrum of the aqueous chromium(VI) solu-
tion consists of one band (A,,, = 350 nm) and a shoul-
der at 450 nm. The color of the reaction mixture con-
taining chromium(VI), D-galactose, and HCIO,
changed from pale orange to violet blue, and the spec-
trum at the end of the reaction showed two d—d transi-
tions at 408 and 572 nm corresponding to an aqua chro-
mium(IIl) ion (the most characteristic part of chro-
mium(IIl) spectrum is the two d—d transitions
observable in the 350-600 nm regions [21, 22]). Lac-
tone and aldonic acid were identified by the FeCl,—HCl
blue test and FeCl;—phenol bright-yellow test, respec-
tively, as the other reaction products [20, 23].

Polymerization studies. The formation of white pre-
cipitate was detected by adding acrylonitrile (10 cm?) in
a reaction mixture containing D-galactose (2.0 X
102 mol dm™3), chromium(VI) (4.0 x 10~ mol dm™),
and HCIO, (0.69 mol dm™). This result indicates the
involvement of a free radical during the oxidation pro-
cess. Control experiments (with D-galactose or chro-
mium(VI) only) did not show any precipitate formation.

RESULTS AND DISCUSSION

Reaction in the absence of cerium(IV) and man-
ganese(Il). The reactions were studied at various
[D-galactose] keeping other variables constant, i.e.,
[Cr(VD)], [HCIO,4], and temperature. The observed
results are summarized in Table 1. The linear plot
between the observed rate constant and [D-galactose]
passes through the origin confirming first order depen-
dence in [D-galactose]. The reaction is catalyzed by
[H*] (Table 1) and proceeds with an induction period at
low [HCIO,4]. These results are depicted graphically as
the log (absorbance)-time profile in Fig. 1. The depen-
dence of k., on [HCIO,] is more than unity (Fig. 2).
The invariance of rate constants over a variation in the
initial [Cr(VD)] is indicative of first-order dependence
of the reaction in [Cr(VI)]; (Table 1). These observations
lead to rate law (1)

d[Cr(VD)];
O dr

where T denotes total concentration. In order to calcu-
late the activation parameters, the kinetic runs were car-
ried out within the 40-60°C range. The values of rate
constants are summarized in Table 1. Activation param-
eters were calculated from Arrhenius and Eyring equa-
tions and found to be E, = 59 kJ/mol, AH* = 57 kJ/mol,
and AS*=—119 J mol~' K-!. The fairly high positive value
of AH* indicates that the transition state is highly sol-
vated, and negative AS* also suggests the existence of a
compact activated state stabilized by strong hydrogen
bonding and large solvation in the electron-transfer step.

= k[D-galactose][Cr(VD)];, (1)
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Table 1. Effect of variation of [D-galactose], [HCIO,],
[Cr(VI)], and temperature on the rate of oxidation of D-ga-
lactose by chromium(VI)

[D-galactose] x|[HCIO4] X 10,|{[Cr(VI)] x 10%,|Temp.,| kobs X
102, mol dm™>| mol dm™ mol dm™ °C 104, 57!
1.0 6.9 4.0 40 2.0
2.0 6.9 4.0 40 34
3.0 6.9 4.0 40 4.6
4.0 6.9 4.0 40 8.0
5.0 6.9 4.0 40 9.2
6.0 6.9 4.0 40 114
2.0 4.6 4.0 40 1.6
2.0 6.9 4.0 40 34
2.0 9.3 4.0 40 6.1
2.0 13.9 4.0 40 15.2
2.0 16.2 4.0 40 27.7
2.0 6.9 1.0 40 3.8
2.0 6.9 2.0 40 3.6
2.0 6.9 3.0 40 3.8
2.0 6.9 4.0 40 3.7
2.0 6.9 4.0 40 34
2.0 6.9 4.0 45 5.2
2.0 6.9 4.0 50 6.9
2.0 6.9 4.0 55 10.2
2.0 6.9 4.0 60 15.3

On the basis of the above results and previous obser-
vations, the Scheme 1 mechanism can be proposed:

Galactose + Cr(VI)

!

Chromate ester

in wlill

Cr(IV) + other products Cr(III) + other products

Scheme 1.

In Scheme 1, the first step represents formation of a
chromate-ester between chromium(VI) and D-galac-
tose. In analogy to previous studies, we assume that
chromate-ester decomposes by one-step, two-electron
(Path (I), chromium(IV) formation) or one-step three-
electron (Path (II), chromium(IIl) formation) redox
mechanisms.

Reaction in presence of cerium(I'V). To confirm the
formation of chromium(IV) as an intermediate (path (I),
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Fig. 1. Plots of log (absorbance) versus time for the oxida-
tion of D-galactose (2.0 X 1072 mol dm‘3) by chromium(VI)
(4.0 x 107* mol dm™3) at 40°C as a function of [HCIO,] =
0.0 (1), 046 (2), 0.69 (3), 093 (4), 1.39 (5), and
1.62 mol dm™ (6).

Scheme 1), a series of kinetic runs were performed at dif-
ferent [Ce(IV)] where [Cr(VI)] = 4.0 x 10~* mol dm™,
[HCIO,] = 0.69 mol dm™, [D-galactose] = 2.0 X
102mol dm™, and temperature = 40°C. The

Table 2. Effect of variation of [Ceyy] and [Mny] on the rate
of oxidation of D-galactose (= 2.0 X 1072 mol dm>) by chro-
mium(VI) (= 4.0 x 10 mol dm™>) in the presence of HCIO,
(= 0.69 mol dm™3) at 40°C

[Ce(IV)] X 10%, | koo X 10%, | [Mn(ID)] x 102, | kgpe X 104,
mol dm™> 57! mol dm™> 57!
0.0 3.4 0.0 3.4
0.4 3.2 0.5 3.6
0.8 3.0 1.0 3.6
1.2 2.6 1.5 3.7
1.6 2.1 2.0 3.8
2.0 1.7 25 4.0
3.0 1.3 3.0 4.1
4.0 1.1 4.0 4.3

kope X 104, 571

241

12

1 1 1 1
0 4 8 12 16
[HC1O,4] x 10, mol/l

Fig. 2. Dependence of k., on [HCIO4]. Reaction condi-

tions: [D-galactose] = 2.0 x 1072 mol dm™, [Cr(VI)] =
4.0 x 10~* mol dm3, temperature = 40°C.

cerium(IV) concentration was varied in the range 0.4 X
10 to 4.0 x 10 mol dm=. A variation in cerium(IV)
decreased the rate constants (Table 2, Fig. 3). The plots of
log (absorbance) versus time (Fig. 4, curve 2) was linear
in the absence of cerium(IV). Surprisingly, as the
cerium(IV) added from 0.4 x 10~ to 0.8 x 10~ mol dm,
deviations from the linearity in the plots of log (absor-
bance) versus time were observed (Fig. 4, curves 3, 4).
Interestingly, at higher cerium(IV) concentrations
(Z[Cr(VI)]), the decrease in absorbance of the reaction
mixture is very slow. The decrease in k., of chro-
mium(VI) reduction on addition of cerium(IV) has
been attributed to the removal of chromium(IV) which
is in conformity with the reduction Cr(VI) — Cr(IV).

From the above observations, the Scheme 2 mecha-
nism can be proposed in the presence of cerium(IV).

H,CrO, === + HCrO; + H*, (D
0
0 I
WOH + Ho—ﬁr—OH
o)
A H B
0 (I1)
Ke | 0 O—Cr—OH + H0,
b0

chromate ester
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[Mn(ID)] x 102, mol/l
1 2 3

1 2 3
[Ce(IV)] x 10*, mol/l

Fig. 3. Dependence of k., on [Ce(IV)] and [Mn(II)]. Reac-
tion conditions: [Cr(VI)] = 4.0 x 10~ mol dm™, [HCIO,] =

0.69 mol dm’3, [D-galactose] = 2.0 X 102 mol dm’3, tem-
perature = 40°C.

chromate ester + H* —* » Cr(IV) + t& . (IID
O

lactone
The overall reaction rate is given by Eq. (2).

kK. K,[H'T'[Cr(VD)],[ D-galactose]
[H']+K,

\%4

2

and

3 kKesKa[H+]2[D—galactose]

kobs - +
[H']+K,

3)

According to Eq. (3), the plot of k., versus [D-
galactose] should be linear with zero intercept; this was
found to be so (Fig. 5).

In Scheme 2, the inhibitory effect occurs due to the
competition existing between D-galactose and
cerium(IV) to react with chromium(IV). The D-galac-
tose—chromium(I'V) reaction involves the cleavage of a
C-H bond in the D-galactose molecule by transfer a
hydrogen atom. On the other hand, the chromium(IV)—
cerium(IV) (one-electron transfer) reaction does not
involve the bond cleavage. Therefore, chromium(IV)
reduction by cerium(IV) is faster than the D-galactose.
Chromium(IV) and (V) are strong oxidants (the redox
potentials of the couples Cr(VD)/Cr(IV) and
Cr(VD/Cr(V) are 0.95 and < 1.0 (also less than
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Fig. 4. Plots of log (absorbance) versus time. Reaction con-
ditions: (/) Ce(IV) + D-galactose; (2) Cr(VI) + D-galactose;
(3-6) Ce(1V) + Cr(VI) + D-galactose. Reaction conditions:
[Cr(VD] = 4.0 x 10~ mol dm™>, [D-galactose] = 2 X
1072 mol dm’3, [HCIO4] = 0.69 mol dm’3, temperature =
40°C, [Ce(IV)] =4.0 (1), 0(2), 0.4 (3), 0.8 (4),4.0 (5), and
6.0 x 107 (6).

Cr(VD)/Cr(IV), respectively, at 25°C). The reaction of
chromium(V) and chromium(IV) with the substrate
will be fast as compared to the decomposition of chro-
mate-ester. Thus, we may safely conclude that, after
addition of cerium(IV) in a reaction mixture containing
chromium(VI) and organic substrate, a series of reac-
tions may take place which complicate the oxidation
path of D-galactose.

Reaction in presence of manganese(II). Manga-
nese(Il) has been used as an analytical tool to determine
the involvement of chromium(IV), if formed in the rate-

Cr(IV)
sl% \ '\+C\e(IV)
fast
Radical + Cr(III) Cr(V) +  Ce(Il)
i+B lCe(lV) lCr(l\/)

lactone + Cr(V)

l+A

Cr(III) + lactone

Cr(VI) + Ce(Ill) Cr(III) + Ce(IV)

Scheme 2.
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determining step [3, 16]. Therefore, to substantiate the
formation of chromium(IV) during the reduction of
chromium(VI) by D-galactose, the effect of manga-
nese(Il) was investigated at fixed concentrations of
other variables. It is seen that k., increases with
increase in [Mn"] (Table 2, Fig. 3). The observed posi-

+
f
E%/OH + Mn(II) S B-D-galactopyranose—Mn(II) B s

H
B-D-galactopyranose

D+ H2Cr04<£él Cr(VI)-D-galactopyranose-Mn(II) ,

E + H* .~ Cr(IlI) + Mn(III) + other products,
2Mn(III) 2~ Mn(II) + Mn(IV),

fast

Mn(IV) + D-galactose

tive catalytic effect rules out the possibility of forma-
tion of chromium(IV) (path(i)) in the rate-determining
step (in presence of manganese(Il), the oxidation rate
by chromium(VI) would decrease by half). The follow-
ing mechanism is, therefore, proposed in the presence
of manganese(Il) (Scheme 3).

Iv)
D
V)
E
(VD
(VII)
Mn(I) + other products [24]. (VIID)

Scheme 3.

The catalytic effect of manganese(Il) is considered
as due to the formation of an active Mn(I1)-D-galactose
complex [11-13, 18]. The equilibrium between [B-D-
galactopyranose and manganese(Il) is fast. In the pres-
ence of chromium(VI), the equilibrium shifts towards
the right-hand side because the complex (D) is con-
verted to a ternary chromate-ester complex (E)
(Cr(VI)-D-galactose-Mn(Il)). As the reaction pro-
ceeds, the complex E decomposes by a one-step, three-
electron oxidation-reduction mechanism directly to
chromium(III). One of the electrons transferred is

kObS X 104, S_l

12

10

1 1 1 1 1 1
1 2 3 4 5 6
[D-galactose] X 102, mol dm™

Fig. 5. Plots of k,, versus [D-galactose]. Reaction condi-
tions: [Cr(VI)] = 4.0 x 107 mol dm™, [HCIO,] =
0.69 mol dm‘3, temperature = 40°C.

donated by the manganese atom and the other two by
the D-galactose. In this situation, Mn(Il) is not a true
catalyst; it acts as a coreductant. The probability of the
direct reaction between chromium(VI) and manga-
nese(Il) without the participation of D-galactose can be
excluded. The reaction product of Eq. (VI) is manga-
nese(Ill). Therefore, it would also participate in the
reaction as an autocatalyst. In the presence of a large
amount of D-galactose, the manganese(Ill) immedi-
ately gets converted into the stable products (Eqs. (VII)
and (VIID)). In the presence of manganese(Il), the same
kinetic experiments were also performed at 480 nm
(characteristic of manganese(III) [25]) but failed to
detect any build up of manganese(IIl) during the course
of the redox reaction.

From the Scheme 3 mechanism, the following rate
equation was derived conforming to the observed cata-
lytic behavior with respect to [manganese(1l)].

kK [H+]2[D—galactose] [Mn(II)]
[H']+K, '

k.. =

obs

“)

Equation (4) clearly accounts for the first-order
dependence on [D-galactose-Mn(II)]. The inhibitory
and catalytic effect of cerium(IV) and manganese(II),
respectively, on the oxidation of D-galactose by chro-
mium(VI) was observed. The D-galactose-Mn!' com-
plex formed in situ, is considered to be the active spe-
cies of reductant. The observed catalytic effect rules out
the possibility of chromium(IV) formation in the rate-
determining step. The inhibition effect is due to the cap-
ture of chromium(IV) by cerium(IV). Thus, we may
conclude that cerium(IV) is involved after the rate-
determining step in the chromium(VI) oxidation of
D-galactose. It is suggested that organic reductants that

KINETICS AND CATALYSIS  Vol. 50
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are not able to form a complex with added trapping
agents act as two equivalent reducing agents.

10.

11.
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