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ABSTRACT: The kinetics of Hg (II) co-catalysed and RuO4 catalysed oxidation of erythritol (Ery) and dulcitol
(Dul) by potassium bromate in alkaline solution exhibit zero order in potassium bromate and first-order in
both [RuO4] and [OH-]. First-order kinetics in low [substrates] tends to zero-order at their higher concentrations.
Although mercuric acetate has been used as Br- ions scavenger but variation of its concentration shows positive
effect on reaction rates. Addition of NaClO4 decreased the reaction rate, showing negative effect of ionic strength
of the medium. Mechanistic steps, supported by activation parameters and conforming to the observed kinetics,
are discussed.

Graphical Abstract

Mechanistic steps based on kinetic studies of Hg (II) co-catalysed and RuO4 catalysed oxidation of erythritol
and dulcitol by alkaline solution of potassium bromate have been reported and erythrionic acid and galactonic
acid respectively have been detected as reaction products. The following rate law derived on the basis of
reaction scheme conforms to all the kinetic observations, stoichiometry and reaction products.

− =
+

3 4 2

2

d[KBrO ] k[RuO ][Hg(II)][RCH OH][OH]
dt a b [RCH OH][Hg(II)]

Where k = 2/3 kd k1 k2, a = k-1 k-2 and b = kd k2
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INTRODUCTION

It is well known that potassium bromate is a
strong oxidant, having an oxidation potential of
1.44V in acidic medium. This readily available
reagent offers trouble free workup of the reaction
product compared to the other oxidants [1, 2].
Although potassium bromate [3] has been widely
used in the oxidation of several organic compounds
in acidic medium without catalyst and sometimes
in the presence of catalysts [4], but to date
surprisingly scant reports [5-7] are available in
alkaline medium about the activity of potassium
bromate in the presence of a catalyst. Therefore,
it needs to know the active form of potassium
bromate in alkaline medium, especially in a
catalysed reaction. Kinetics of various redox
processes have been studied in the presence of

transition metal ions, such as ruthenium [5],
iridium [6], and palladium [7] and osmium [8]
either alone or as binary mixture [9]. Osmium
tetroxide has been extensively used in alkaline
medium as catalyst [10] but due to its toxic nature
[11] it was thought worthwhile to use non-toxic
and less probed ruthenium tetroxide [12]. The
chemistry of erythritol and dulcitol is of interest
due to their importance in biological activities.
Erythritol is safe for the people with diabetes and
resistant to metabolism by oral bacteria as well
as to tooth decay because of its high digestive
tolerance and being a sweetener in low carb diet.
Dulcitol is faintly sweet alcohol and it accumulates
in urine and in eye lens in galactose cataracts of
individuals deficient in certain enzymes. In view
of importance of mechanistic chemistry of bromate
ion[13] and substrates e.g. Ery and Dul as well as
less probed ruthenium tetroxide, an attempt has
been made to uncover the reactivities of Ery and
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Dul towards bromate ions in the presence of
ruthenium tetroxide in alkaline medium through
kinetic investigation.

EXPERIMENTAL

Ery and Dul (Fluka, AG), Hg(OAc)2 (E.Merck),
RuO4 (Sigma Chemical Company) and potassium
bromate(BDH, AR) were used as supplied. All the
other reagents were of AR grade. All the solutions
were prepared in doubly distilled water. The
solution of potassium bromate was prepared by
direct weighing and was standardized
iodometrically. A stock solution of ruthenium
tetroxide was prepared by dissolving its 1gm
sample in 0.05 mol dm-3 NaOH and was stored in
black coated bottle to prevent photochemical
decomposition. The reaction vessels were also
coated black from outside. A thermostatic water
bath was used to maintain the desired
temperature within ±1 °C.

The kinetics were followed by assaying aliquots
of the reaction mixture withdrawn after suitable
time intervals for unconsumed KBrO3 by
iodometrically using starch indicator. The mixture
of NaOH, erythritol or dulcitol, RuO4 and Hg(OAc)2
solutions in a vessel was allowed to equilibrate at
desired temperature for exactly 30 minutes after
which solution of KBrO3, also maintained at same
temperature, was added to initiate the reaction. The
iodine liberated by Ru (VIII) was taken into account.

Spectra of RuO4 in different concentrations of
NaOH were taken on a UV model 26 Beckmann
spectrophotometer. Peaks for both RuVIII and RuVI

exist in the UV spectra above 1.0 × 10-2 mol dm-3

NaOH, but below this concentration there is
absorption due only to RuVIII (Fig. 1). Therefore in
order to facilitate RuVIII catalysis, all kinetic
observations were taken in the present
investigation in the alkaline range of 1.0 × 10-3 to
5.0 × 10-3 mol dm-3.

RESULTS

Stoichiometry and Product analysis

Varying [KBrO3]: [Substrate] ratios were
equilibrated at 35 °C for 72 hrs under [KBrO3]>>
[Substrate]. Estimation of residual [KBrO3]
showed that two moles of KBrO3 consumed three
moles of substrate (Ery or Dul) according to
stoichiometric Eqn. 1

+ → + +4RuO / OH / Hg (II)
2 3 23RCH OH 2KBrO 3RCOOH 2KBr 3H O

Where R = HOCH2 (CHOH) 2 and HOCH2
(CHOH) 4 in erythritol and dulcitol, respectively.
The oxidation products erythrionic acid and
galactonic acid were detected by conventional
method [14].

Effect of Oxidant Concentrations on the Rate

Initially it was observed that under [KBrO3] <<
[Substrate] conditions, the plot of unreacted
[KBrO3] against time shows that the reaction is
composed of two successive processes; an initial
slow reaction is followed by a faster reaction.
Similar observations have been reported also in
N-bromoacetamide [15] and N-bromosuccinimide
[16] oxidations. The faster reaction has been
ascribed due to oxidation by bromine, which is
formed as a result of interaction between −

3[BrO ]

and Br– (the reduction product of −
3BrO in oxidation

of Ery and Dul). This is confirmed by development
of yellow colour of bromine after the reaction had
proceeded by about 15 to 20%. The appearance of
this colouration and faster second reaction were
suppressed by the addition of mercuric acetate [17]
which acts as a scavenger for Br– ions due to
formation of the complex [HgBr4]

2-. The kinetics

Figure 1: UV Spectra of Ru (VII) Species
Peaks A, B, and C correspond to Ru (VIII) and
peak C’ corresponds to Ru (VI)
[RuO4] = 6.05 x 10-4 moldm-3

[NaOH] =5.00 x 10-3 moldm-3 (Peaks A)
[NaOH] =3.00 x 10-3 moldm-3 (Peaks B)
[NaOH] =1.00 x 10-3 moldm-3 (Peaks C)
[NaOH] =1.00 x 10-2 moldm-3 (Peaks C’)



Kinetic and Mechanistic Study of Hg(II) Co-catalysed and RuO4 Catalysed Br(V) Oxidation of Erythritol... 25

of oxidation of Ery and Dul was investigated at
several initial concentrations of all reactants
including RuO4 as catalyst, one by one keeping all
other experimental conditions constant. Initially
rates were measured at varying [KBrO 3].
Insignificant changes in the reaction rates (-dc/
dt) were observed throughout the variation of
[KBrO3]. Rates of reaction, i.e. (-dc/dt), were always
equal to a zeroth order rate constant (ks) in each
kinetic run (Table 1).

Table 1
Effect of Variation of [KBrO3] and [NaOH] on the

Rate Constant of the Reaction at 35 °C

[KBrO3]×104  [NaOH]×103 ks × 107 mol
mol dm-3 mol dm-3 dm-3 s-1

Ery Dul Ery Dul

4.00 2.00 4.00 1.16 1.30
5.00 2.00 4.00 1.19 1.36
6.67 2.00 4.00 0.98 1.19
10.00 2.00 4.00 1.05 1.22
12.50 2.00 4.00 1.18 1.23
20.00 2.00 4.00 1.03 1.32
25.00 2.00 4.00 1.2 1.28
10.00 0.08 1.00 0.38 0.30
10.00 1.00 1.34 0.49 0.41
10.00 1.66 — 0.78 —
10.00 2.80 2.80 1.51 0.87
10.00 4.00 4.00 2.10 1.23
10.00 5.00 5.00 2.62 1.58
10.00 — 6.00 — 1.85

Under the conditions of [RuO4] = 16.55×10-5mol
dm -3, [Ery or Dul] = 2.00×10 -2mol dm -3 and
[Hg(OAc)2] = 3.25×10-3mol dm-3 (Table 2).

Table 2
Effect of Variation of [Substrate] and [RuO4]
on the Rate Constant of the Reaction at 35 °C

[substrate]×102 [RuO4]×105 ks × 107 mol dm-3 s-1

mol dm-3 moldm-3 Ery Dul

0.50 16.55 0.25 0.33
1.00 16.55 0.54 0.62
1.50 16.55 0.76 0.94
2.00 16.55 1.02(6.40) 1.22(7.37)
2.50 16.55 1.12 1.51
3.00 16.55 1.22 1.70
4.00 16.55 1.72 1.85
5.00 16.55 2.04 2.34
2.00 8.27 0.54(6.52) 0.59(7.13)
2.00 12.41 0.74(5.96) 0.86(6.93)
2.00 20.69 1.28(6.19) 1.56(7.54)
2.00 24.83 1.60(6.44) 1.78(7.17)
2.00 33.11 2.08(6.28) 2.48(7.49)
2.00 37.25 2.32(6.23) 2.82(7.57)
2.00 41.39 2.68(6.48) 3.11(7.51)

Under the conditions of [KBrO3] = 10.00×
10 -4mol dm -3, [NaOH] =2.00 (Ery) and 4.00
(Dul) ×10-3mol dm-3 and [Hg(OAc)2]=3.25×10-3

mol dm -3. The values of first order rate
constant, (k1 × 104 s-1) are given in the bracket
(Table 3).

Table 3
Effect of Variation of [Hg (II)], Ionic Strength (I)

of the Medium and Temperature on Rate
Constant of the Reaction

Tempera- [Hg(OAc)2] (I)×103 ks × 107 mol
ture ×103 mol mol dm-3 s-1

(oC) dm-3 dm-3 Ery Dul

30 3.25 14.75 0.96 0.8

35 3.25 14.75 1.06 1.22

40 3.25 14.75 1.96 1.88

45 3.25 14.75 2.48 2.81

35 1.50 30.75 0.82 0.98

35 4.50 30.75 1.53 1.5

35 6.00 30.75 1.88 1.76

35 7.50 30.75 — 2.86

35 8.00 30.75 2.22 —

35 10.00 30.75 3.66 3.47

35 3.25 20.75 1.06 1.24

35 3.25 25.75 1.08 1.18

35 3.25 35.75 1.05 1.23

35 3.25 40.75 1.04 1.21

35 3.25 40.75 1.09 1.25

Under the conditions of [KBrO3] = 10.00×10-

4mol dm-3, [Ery or Dul] = 2.00 ×10-2mol dm-3, [RuO4]
= 16.55×10-5 mol dm-3

, [NaOH] = 2.00 (Ery) and
4.00 (Dul) × 10-3mol dm-3

Effect of NaOH and Ery and Dul Concentrations
on the Rate

On increasing [OH–] about more than six-fold,
the rate of reaction increases linearly,
exhibiting first order dependence in (Table 1).
The rate of the reaction is found to be in direct
proportionality with substrate concentration in
its low concentration range, but at higher
concentrations rate of reaction decreases
i.e. deviation in linearity between rate and
[substrate] is observed, showing first-order in
low concentration of Ery or Dul tending to zero-
order in their high concentrations, which is
also obvious from the plot of ks vs. [Ery] or [Dul]
(Fig. 2).
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Effect of RuO4 Concentrations on the Rate

The plot of zero-order rate constant (ks) versus
[RuO4] (Fig. 3) gives a straight line passing
through origin, indicating absence of uncatalysed
reaction under the present experimental
conditions. The log-log plot of ks versus [RuO4] (not
shown here) was linear with almost unit slope
(0.98 for Ery and 1.04 for Dul), showing first-order
dependence of the reaction in [RuO4]. Further, the
values of first-order rate constant i.e. k1 (k1 = ks/
[RuO4]) were almost practically constant,
confirming first-order kinetics with respect to
[RuO4] (Table 2).

Effect of Hg (II) and Added Ionic Strength (ì)
Concentrations on the Rate

Successive addition of Hg(OAc)2 increases the rate
of reaction, indicating positive effect of Hg (II).
Addition of NaClO4 decreased the reaction rate,
showing negative effect of ionic strength of the
medium (Table 3).

Effect of Temperature on the Rate

The oxidation of Ery and Dul was studied at 30-
45 °C temperature range, keeping other

experimental conditions constant. From the linear
Arrhenius plots of log ks versus 1/ T, values of
activation parameters i.e. energy of activation
(Ea), entropy of activation (∆S#), free energy of
activation (∆G#) and Arrhenius factor (A) for the
overall reaction have been computed. These data
are summarized in Table 4.

Table 4
Rate Constants and Activation Parameters of

RuO4 Catalyzed and Hg (II) Co-catalyzed Oxidation of
Ery and Dul by KBrO3 in Alkaline Medium under the

Conditions of Table 1 at 35 °C

Parameters  Erythritol  Dulcitol

kr×10-2(mol-2dm6s-1) 1.17 2.55
A×10-15(mol-1dm3s-1) 0.36 9.12
Ea (k cal mol-1) 17.60 19.11
∆ S# (e.u) 6.02 12.46
∆G# (k cal mol-1) 15.13 14.66

Where kr is specific rate constant and A is
Arrhenius factor

Test of Free Radicals

Olefinic monomers such as acrylonitrile and
freshly prepared 10% acrylamide solution under
nitrogen atmosphere were added to the reaction
mixture to initiate polymerization if free radicals

Figure 2: Plot of [Substrate] vs. ks at 35 °C

[KBrO3]=10.00×10-4mol dm-3, [NaOH] =2.00 (Ery)
and 4.00 (Dul) ×10-3mol dm-3,

[Hg (OAc)2]=3.25×10-3mol dm-3 and [RuO4] =
16.55×10-5 mol dm-3

Figure 3: Plot of [RuO4] vs. ks at 35 °C

[KBrO3]=10.00×10-4mol dm-3, [NaOH] =2.00 (Ery)
and 4.00 (Dul) ×10-3mol dm-3,

[Hg (OAc)2]=3.25×10-3mol dm-3, [Ery or Dul] =
2.00×10-2mol dm-3
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present. The lack of polymerization indicated the
absence of free radicals in the reaction mixture.
Proper control experiments were also run.

Thus on the basis of zero-order kinetics in
[KBrO3], first-order dependence in both [RuO4]
and, first-order in lower [Substrate] tending to
zero-order at its higher concentration, positive
effect of Hg(II), a probable rate law is suggested
as eqn. (2).

−−
=

+
3 4d[KBrO ] k[Substrate][OH ][RuO ][Hg(II)]

dt a b[Substrate][Hg(II)]

(2)

DISCUSSION

Reactive Species of Potassium Bromate in
Alkaline Medium

Earlier potassium bromate has been used as an
oxidant with or without catalyst in acidic as well
as alkaline medium [12] and species has been
reported as oxidizing species in acidic and alkaline
medium. Therefore, in the present investigation
also has been used as real oxidizing species of
potassium bromate in alkaline medium.

Reactive Species of Ruthenium Tetroxide in
Alkaline Medium

In aqueous alkaline solution ruthenium tetroxide
exists in following equilibria:

+ 4 2 2 5RuO H O H RuO

+ +2 5 5 2H RuO OH HRuO H O

+ 4 5RuO OH HRuO

It is clear from the above eqilibria that
ruthenium tetroxide may catalyse the reactions
either through RuO4 as such or through species.
If RuO4 is taken as reactive species, it would
require zero effect of [OH–] on the rate of reaction,
contrary to observed first order dependence in
[OH–]. Hence possibility of involvement of RuO4
as such as catalytic species is ruled out. Therefore,
the only choice left is to assume HRuO–

5 as real
catalytic species of RuO4. It is also supported by
the fact that when HRuO–

5 is considered as reactive
species, the proposed mechanism gave the rate law
conforming to all the observed kinetics. Therefore,
here is taken as real catalytic species in alkaline
solution of RuO4.

Role of Hg (II) in the Present Investigation

It has also been reported earlier that Hg (II) can
act as catalyst [18], co-catalyst [19] and oxidant
[20]. In order to ascertain the real role of Hg (OAc)2
in addition to its action as Br– ions scavenger,
several experiments were performed with different
initial concentrations of Hg (OAc)2 with and
without the presence of KBrO3 under similar
experimental conditions. The kinetic observations
in the presence of KBrO3 showed that the reaction
rate increases with the increase in [Hg (OAc)2],
indicating its involvement either as catalyst or co-
catalyst. The reaction did not proceed under the
similar conditions with Hg(OAc)2 (a) Without RuO4
in the presence of KBrO3 and (b) Without KBrO3
in the presence of RuO4, negating its role as
catalyst and as oxidant, respectively in the present
investigation. In view of aforesaid kinetic
observations, Hg (OAc)2 acts as co-catalyst in
addition to its role as ions scavenger. Therefore,
all the experiments were carried out in the
presence of Hg (OAc) 2 to ensure and facilitate only
pure KBrO3 oxidation by eliminating parallel Br2
oxidation.

Reaction Mechanism and Derivation of Rate
Law

Considering the reactive species of RuO 4
and KBrO3 in alkaline medium and other
kinetic observations presented in tables 1 and
2, the following reaction steps are suggested
for the oxidation of Ery and Dul (having
similar oxidation kinetics) by alkaline solution
of KBrO3 in the presence of RuO4 as catalyst and
Hg (OAc) 2 as co-catalyst and ions scavenger in
the

Scheme 1.

−+ 1K
4 5RuO OH HRuO (i)

− ++ 2

2

k 2
2 2k

Hg(II) RCH OH [RCH O Hg]
|
H

(ii)

− + − ++ → − − +kd2
52 2 3 2slow

1 2

[RCH O Hg] HRuO [RCH O Hg ORuO ] H O
|
H

(C ) (C )

(iii)
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Where R stands for HOCH2 (CHOH) 2 and HOCH2
(CHOH) 4 in Ery and Dul, respectively. Considering
stoichiometric data of eqn. (1), we have

− + + − −+ − − → + + +2
3 2 3 5Fast2BrO 3[RCH O Hg ORuO ] 3RCOOH 3Hg 3HRuO 2Br

(iv)

Scheme 1

Considering the above mechanistic steps (i-iv)
in scheme 1, the rate of the reaction can be written
in terms of loss of [KBrO3] with time as eqn (3)

−−
= =3 d

1 5

d[KBrO ] 2k
Rate [C ][HRuO ]

dt 3
(3)

On applying steady state treatment to [C1]
with the help of steps (ii and iii), we have

−

=
+

2 2
1

2 d 5

k [Hg (II)] [RCH OH]
[C ]

k k [HRuO ] (4)

Further, on applying steady state
approximation to 5HRuO  with the help of steps
(i and iii), we have

−

−

=
+

1 4
5

1 d 1

k [RuO ][OH]
[HRuO ]

k k [C ] (5)

Where K1 = k1/k-1

On substituting the values [C1] and [] from eqn.
(4) and (5) respectively in eqn. (3) and further, on

assuming the inequality k-2 >> kd
−
5[HRuO ]  as kd is

small and rate determining step constant, we have
final rate law as eqn (6)

− =
+

3 4 2

2

d[KBrO ] k[RuO ][Hg (II)] [RCH OH][OH]
dt a b [RCH OH][Hg (II)]

(6)

Where k = 2/3 kd k1 k2, a = k-1 k-2 and b = kd k2

The rate law (6) is similar to eqn. (2) which is
consistent with all the observed kinetic results in
respect of [KBrO3], [Ery] and [Dul], [RuO4], [Hg
(II)] and, reaction stoichiometry and products
identification. Absence of [KBrO3] on the right
hand side of rate law (6) clearly indicates zero-
order dependence of reactions in [KBrO 3],
necessitating and prompting its involvement in
fast step (IV) after slow and rate determining step
(iii). It is also concluded from the present
investigation that real catalytic species of
ruthenium tetroxide is and not RuO4 as such in
alkaline medium.

It is well known fact that the solvation in
general increases with the charge on the ion.
When reaction takes place between two
oppositely charged ions, their union will result
in lowering of the net charge and due to this some
frozen solvent molecules will be released and as
a result there will be increase in entropy. The
observed positive entropy of activation in the
present study fully supports the proposed
reaction mechanism.

CONCLUSIONS

The conclusions drawn from the observed kinetic
data and from the spectral information collected
for the Ru (VIII)-Catalysed oxidation of Ery and
Dul by potassium bromate in alkaline medium are
as follows:

1. BrO3
– and HRuO5

– have been found as the
reactive species of potassium bromate and
RuO4 in alkaline medium, respectively.

2. The existence of the reactive species HRuO5
-

of RuO4 finds support from spectral evidence
(Fig. 1).

3. Hg (II) acts as co-catalyst as well as Br- ion
scavenger.
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