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ABSTRACT: Kinetic investigation on ruthenium(III) catalyzed oxidation of xylose by a solution of potassium
bromate in the presence of mercuric acetate as a scavenger for Br- ion have been carried out in the temperature
range 30° – 45 °C in both acidic and alkaline medium. First order kinetics in the lower KBrO3 concentration
range tended to zero order at higher concentration was observed in acidic medium but shows first order
dependence in alkaline medium. The order of reaction with respect to substrate is zero but the order with
respect to Ru(III) is one in both alkaline and acidic medium. Increase in [Cl -] shows negligible effect while
increase in [H+] shows negative effect in acidic medium but in alkaline medium Increase in [Cl-] shows positive
effect whereas increase in [OH-] shows negative effect. Negligible effect of mercuric acetate and ionic strength
of the medium was observed in both media. D2O have an insignificant effect on the reaction rate. A suitable
mechanism in conformity with the kinetic observations has been proposed in both alkaline and acidic medium
and intermediates have been studied for conformation.
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INTRODUCTION

Catalysis by transition metal ions, plays an
important role in understanding the mechanistic
aspects of a particular redox reaction. Ru(III) acts
as an efficient catalyst in many redox reactions,
hence the use of ruthenium(III) chloride as
homogeneous catalyst in both acidic and alkaline
media. A number of oxidants like potassium
bromate [1-2], N-bromoacetamide [3-5], N-
bromosuccinimide[6,7], Chloramine-T[8] and sodium
periodate[9-10] have been earlier used in oxidation
of various compounds. The kinetics of redox
reactions incorporating certain transition metals
ions like Osmium(VIII)[11], ruthenium(VIII)[12],
iridium(III)[13] and palladous ion as homogeneous
catalyst has been extremely investigated.
However, reactions involving[14-15] ruthenium as a
catalyst have been investigated and several
investigations have been reported to explain the
catalytic role of ruthenium(III) chloride with
potassium bromate as an oxidant both in alkaline
and acidic media[16-17] especially carbohydrates as
substatrates. In present investigation we are going

to present the comparative study of kinetics of
oxidation of various carbohydrates in both the
media. We are also going to compare the effect of
change in medium on the effect of oxidant
potassium bromate variation on the rate of
reaction, change in concentration of catalyst
ruthenium(III) chloride, substrate (D(+) Xylose)
and mercuric acetate on the rate of reaction, order
of reaction with respect to each of them, effect of
variation of H+, Cl- , acetic acid and ionic strength,
activation parameters i.e. ∆Ea, ∆G*, ∆S*, ∆H* for
various reactions, rate law for the reaction.

EXPERIMENTAL

Material: An aqueous solution of D(+)-xylose
(E.Merck), potassium bromate (BDH; AR),
NaOH,HClO4 and NaClO4 (E.Merck) were
prepared by dissolving the weighed samples in
triply distilled water. NaOH was used as a source
of OH- ion whereas HClO4 was used as a source of
H+ ion. Sodium perchlorate was used to maintain
the ionic strength of the medium. A solution of
RuCl3 (Johnson Matthey) was prepared in HCl of
known strength. Deuterium oxide (D2O) (purity
99.4%) was supplied by BARC Mumbai, India. All
other reagents were of analytical grade and stills
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employed were of Jenna glass. Reaction vessels
were painted black so as to prevent photochemical
decomposition, if any.

Kinetics: A thermostatic water bath was used
to maintain the desired temperature within ±0.1
°C. Requisite volume of reagents, including
substrate, was taken in a reaction vessel and
thermostated at 35 ± 0.1 °C for thermal
equilibrium. A measured volume of potassium
bromate solution, which was also maintained
separately at the same temperature, was rapidly
poured into the reaction vessel. The kinetics was
followed by examining desired portions of reaction
mixture for potassium bromate iodometrically
using starch as an indicator after suitable time
intervals. This procedure was followed for both the
media.

Stochiometry of Reaction

(A) In acidic medium: The stochiometric
analysis of the oxidation of xylose with potassium
bromate indicates that two moles of the oxidant
react with one mole of the substrate. The product
analysis by conventional method shows the
formation of an acid after the reaction. Thus, the
overall reaction may be represented as:

medium (fig.1 & fig.2). The insignificant effect of
an increase in substrate (xylose) concentration on
the reaction rate indicated zero order with respect
to xylose in both media. First order dependence
on Ru(III) is evident from close resemblance
between the slope values (2.56 x 10-2 s-1 at 35° for
xylose) of (-dc/dt) vs. Ru(III) plot and average k1
values (2.52 x 10-2 s-1 at 35°) in acidic medium
(Fig. 3).

Negligible effect of variation of ionic strength
of the medium and Hg(OAc)2 variation on the
reaction rate in both media are clear from kinetic
data in Table 1&2. The activation parameters of
bromate oxidation were given in Table 3.

(B) In alkaline medium: The stochiometric
analysis of the oxidation of xylose with potassium
bromate indicates that one mole of the oxidant
react with one mole of the substrate. The product
analysis by conventional method shows the
formation of an acid after the reaction. Thus, the
overall reaction may be represented as:

RESULTS AND DISCUSSIONS

The kinetics were collected at several initials
oxidant concentrations and it was observed that
first order at lower concentrations shifted to zero
order at higher concentrations in acidic medium
but shows first order dependence in alkaline

Figure 1A: Plot between Remaining [KBrO3] and time at 35
°C in Acidic Medium

Figure 1B: Plot between (-dc/dt) and [KBrO3] at 35 °C in
acidic Medium
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Figure 2A: (i) and (ii): Plot between Remaining [KBrO3] and
time at 35 °C in Alkaline Medium

Figure 2A(i)

Figure 2A(ii)

Figure 2B: Plot between (-dc/dt) and [KBrO3] at 35°C in
Alkaline Medium

Figure 3A: Plot between (-dc/dt) and [Ru(III)] at 35 °C in
Acidic Medium

Figure 3B: Plot between log(-dc/dt) and log[Ru(III)] at 35 °C
in Acidic Medium
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Table 1
Effect of Variation of Reactants on the Reaction
Rates for D(+)Xylose in Acidic Medium at 35 °C

[Substrate] [KCl] [HClO4] [Hg(OAc)2] [NaClO4] (-dc/dt)
x102 M x 103 x 103 x 103 x 103 x 107

M M M M  ML-1 s-1

0.33 1.00 1.00 1.25 - 3.66
0.40 1.00 1.00 1.25 - 3.57
0.50 1.00 1.00 1.25 - 3.63
0.66 1.00 1.00 1.25 - 3.55
1.00 1.00 1.00 1.25 - 3.73
2.00 1.00 1.00 1.25 - 3.50
1.00 0.83 1.00 1.25 - 3.67
1.00 1.00 1.00 1.25 - 3.73
1.00 1.25 1.00 1.25 - 3.71
1.00 1.67 1.00 1.25 - 3.66
1.00 2.50 1.00 1.25 - 3.71
1.00 5.00 1.00 1.25 - 3.43
1.00 1.00 0.83 1.25 - 4.10
1.00 1.00 1.00 1.25 - 3.73
1.00 1.00 1.25 1.25 - 3.23
1.00 1.00 1.67 1.25 - 3.07
1.00 1.00 2.50 1.25 - 2.91
1.00 1.00 5.00 1.25 - 2.66
1.00 1.00 1.00 0.83 - 3.70
1.00 1.00 1.00 1.00 - 3.43
1.00 1.00 1.00 1.25 - 3.73
1.00 1.00 1.00 1.67 - 3.70
1.00 1.00 1.00 2.5 - 3.80
1.00 1.00 1.00 5.00 - 3.36
1.00 1.00 1.00 1.25 0.83 3.80
1.00 1.00 1.00 1.25 1.00 3.82
1.00 1.00 1.00 1.25 1.25 3.65
1.00 1.00 1.00 1.25 1.67 3.84
1.00 1.00 1.00 1.25 2.50 3.70
1.00 1.00 1.00 1.25 5.00 3.68

[KBrO3] = 1.00 x 10-3 M,

[Ru(III)] = 48.00 x 10-6 M D(+)Xylose(acidic medium)

Table 2
Effect of Variation of Reactants on the Reaction
Rates for D(+)Xylose in Alkaline Medium at 35 °C

[Substrate] [KCl] [NaOH] [Hg(OAc)2] [NaClO4] (-dc/dt) x
x 102 M x 103 x 103 x 103 x 103   107 ML-1

M M M M s-1

0.33 1.00 1.00 1.25 - 2.90
0.40 1.00 1.00 1.25 - 3.00
0.50 1.00 1.00 1.25 - 3.00
0.66 1.00 1.00 1.25 - 3.05
1.00 1.00 1.00 1.25 - 3.00
2.00 1.00 1.00 1.25 - 3.15
1.00 0.83 1.00 1.25 - 2.80
1.00 1.00 1.00 1.25 - 3.00
1.00 1.25 1.00 1.25 - 3.10
1.00 1.67 1.00 1.25 - 3.15
1.00 2.50 1.00 1.25 - 3.25
1.00 5.00 1.00 1.25 - 3.40
1.00 1.00 0.83 1.25 - 3.60
1.00 1.00 1.00 1.25 - 3.00
1.00 1.00 1.25 1.25 - 2.85
1.00 1.00 1.67 1.25 - 2.70
1.00 1.00 2.50 1.25 - 2.50
1.00 1.00 5.00 1.25 - 2.20
1.00 1.00 1.00 0.83 - 2.85
1.00 1.00 1.00 1.00 - 2.57
1.00 1.00 1.00 1.25 - 3.00
1.00 1.00 1.00 1.67 - 3.07
1.00 1.00 1.00 2.5 - 3.20
1.00 1.00 1.00 5.00 - 3.00
1.00 1.00 1.00 1.25 0.83 3.08
1.00 1.00 1.00 1.25 1.00 3.10
1.00 1.00 1.00 1.25 1.25 2.98
1.00 1.00 1.00 1.25 1.67 3.04
1.00 1.00 1.00 1.25 2.50 3.00
1.00 1.00 1.00 1.25 5.00 3.15

[KBrO3] = 1.00 x 10-3 M,
[Ru(III)] = 96.00 x 10-6 M D(+)Xylose (alkaline medium)

Kinetic results obtained on varying the
concentration of chloride ions indicate negligible
effect in acidic medium but in alkaline medium it
shows positive effect. Kinetic results obtained on
varying concentrations of hydrogen ions indicate
negative effect of [H+] ion variation, which means
rate decreases with increase in [H+] in acidic
medium whereas in case of alkaline medium there
is inverse fractional order in [OH -] i.e. rate
decreases with increase in [OH-] concentration.

The negligible effect of Hg(OAc)2 indicates its
role as a scavenger for any bromide ion formed in

the reaction in both media. It thus helps to
eliminate the parallel oxidation by bromine, which
would be formed by interaction between bromide
and bromate ion. This is observed in both media.

In case of acidic medium, RuIII chloride has
been reported to give a number of possible chloro
species dependent on pH of the solution. Under
the experimental pH range in the present
investigation [RuCl2(H2O)4]

+ has been proposed
and confirmed[ 16-18] as reactive species dominant
in the pH range 1.00 to 3.00. The dissociation or
association possibility of chloride ions seems to be
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remote due to insignificant effect of chloride ions.
In acidic solution of KBrO3, rapid formation of
HBrO3 has been repoted.

On the basis of above data following reactions
are suggested in acidic medium:

1. H+ + BrO3
-  HBrO3

2.
+ ++ − − +1k

3 2 2 4 2 2 3 3k _1

1 2

HBrO [RuCl (H O) ] [RuCl (H O) (OH) HBrO ] H

C C

3. −−−− −−−−→ +Slow
2 2 3 3 2 2 3 3 2[RuCl (H O) (OH) HBrO ] [RuCl (H O) BrO ] H O

4. +−−−− + + → + +2 2 3 3 2 2 3 2[RuCl (H O) BrO ] S H [RuCl (H O) H] P HBrO

Where S = Xylose and P = Xylonic Acid

5.
+ ++ → +H

2 2 3 3 2 2 4 2[RuCl (H O) H] HBrO [RuCl (H O) ] HBrO

Considering the above slow steps and applying
steady state treatment with a reasonable
approximation, the rate law may be written in
terms of consumption of [BrO3

-] as equation:-

−−
=3

2 1

d[BrO ]
k C

dt

−

+
−

−
=

+
3 1 2 T 3

1 3 1

d[BrO ] k k [Ru(III)] [HBrO ]
dt (k [HBrO ] k [H ]) (1)

where [Ru(III)]T = [C1] + [C2]

Equation (1) represents the rate law for oxidation
of Xylose in acidic medium.

In alkaline medium, [RuCl3(H2O)OH]-1 is
proposed species of ruthenium(III) which is fully
supported by the negative effect of [OH-] and
positive effect of [Cl -] as indicated by our
experimental data.

It is seen that in alkaline medium also the
oxidation of all substrates are similar in nature
therefore it may be assumed that similar
mechanism is operative in the oxidation of all the
above mentioned substrates viz. D(+) xylose.

Estimation of unconsumed KBrO3 revealed
that one mole of substrate consumed one mole of
bromate

S + HBrO3 + OH-  P + BrO2
- + H2O

S = D(+) xylose          P = Xylonic acid

Now on the basis of above results following
mechanism can be given for the oxidation of
D(+)xylose in alkaline medium :

−

− −+ +1

1

k 1
2 2 3 3 2 2k

1 2

[RuCl (H O) OH] Cl [RuCl (H O)(OH)] 2H O

C C

−

− −+2

2

k1
3 2 3 2k

2 3

[RuCl (H O)OH] [RuCl (H O) OH

C C

− −+ →
3

slow 1
3 2 3 3 2 3k[RuCl (H O) BrO [RuCl (H O)............BrO ]

Intermediate

Where S = xylose         P = xylonic acid.

Now on the basis of above reaction steps the
rate of oxidation of substrates [D(+) xylose] by
potassium bromate in alkaline medium may be
expressed as the rate of decreasing concentration
of potassium bromate as given below:-

−
−−

=3
3 3 2 3

d[BrO ]
k [RuCl (H O)] [BrO ]

dt
or

−
−−

=3
3 3 3

d[BrO ]
k [C ][BrO ]

dt

− − −

− − − −

−
=

+ +
3 1 2 3 T 3

1 1 2

d[BrO ] K K k [Ru(III)] [Cl ][BrO ]
dt [OH ] K [Cl ][OH ] K K [Cl ]

where K1 = (k1/k-1)
K2 = (k2/k-2)

Thus rate law (2) derived fully explains first
order dependence on the reaction on potassium
bromate, first order dependence on Ru(III) chloride
and zero order dependence of substrates viz. D(+)
xylose. The rate law (2) also shows inverse
fractional order dependence on [OH-] and positive
effect of potassium chloride.

CONCLUSION

The experimental results as shown reveals that
the rate doubles when the concentration of the
catalyst [Ru(III)] was doubled in both media. The
rate law is in conformity with all kinetic
observations and the proposed mechanistic steps
are supported by negligible effect of ionic strength
which also explains the involvement of a dipole in
the rate determining step. From this investigation
it is concluded that HBrO3 and [RuCl2(H2O)4]

+ are
the reactive species of KBrO3 and Ruthenium(III)
chloride in acidic medium respectively. But in
alkaline medium the reactive species are
[RuCl3(H2O)OH] -1 is proposed species of
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ruthenium(III). It has also been observed that in
acidic medium two mole of oxidant was used per
substrate molecule and in alkaline medium one
molecule of oxidant was used per substrate
molecule.
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Table 3
Activation Parameters for Bromate Oxidation of D(+)Xylose in Acidic and Alkaline Medium.

Substrate Temperature Ea H* S* G* Log A krmol-2

coefficient kJ mol-1 kJ mol-1 JK mol-1 kJ mol-1 lit-2 sec-1

D(+) xyloseAcidic medium. 1.98 54.77 70.08 -15.53 74.86 9.60 2.24

D(+) xylose Alkaline medium. 1.99 55.73 72.78 -17.29 78.11 9.22 0.64


