
B
o

R
a

b

c

a

A
R
R
A
A

K
C
M
P
N
H
O
K
M

1

n
e
n
w
a
b
t

o
c
[
i
m
o

o
p
e

1
d

Journal of Molecular Catalysis A: Chemical 344 (2011) 93– 98

Contents lists available at ScienceDirect

Journal  of  Molecular  Catalysis A:  Chemical

j our na l ho me  p age: www.elsev ier .com/ locate /molcata

ase-catalyzed  oxidation:  Kinetics  and  mechanism  of  hexacyanoferrate  (III)
xidation  of  methyl  cellulose  polysaccharide  in  alkaline  solutions

.M.  Hassana,∗,  S.M.  Ibrahima,  I.A.  Zaafaranyb,  A.  Fawzya,b,  H.D.  Takagic

Chemistry Department, Faculty of Science, Assiut University, Assiut 71516, Egypt
Chemistry Department, Faculty of Applied Sciences, Umm Al-Qura University, Makkah Al-Mukarramah 13401, Saudi Arabia
Chemistry Department, School of Science, Research Center for Physical Inorganic Science, Nagoya 464-01, Japan

 r  t  i  c  l  e  i  n  f  o

rticle history:
eceived 21 December 2010
eceived in revised form 7 May  2011
ccepted 9 May  2011
vailable online 17 May 2011

eywords:
atalysis

a  b  s  t  r  a  c  t

The  kinetics  of  oxidation  of  methyl  cellulose  polysaccharide  as a  natural  polymer  by  alkaline  potassium
ferricyanide  at a constant  ionic  strength  of 1.0  mol  dm−3 have been  studied,  spectrophotometrically.
The  experimental  results  showed  complex  kinetics  where  the  pseudo  first-order  plots  were  found  to  be
straight  lines  up  to 60%  of reaction  completion,  and  then  deviated  from  linearity.  A first-order  dependence
in  Fe(CN)6

3− and  fractional  first-order  kinetics  with  respect  to the  methyl  cellulose  concentration  was
observed.  The  oxidation  reaction  was  found  to be base  catalyzed.  Again,  addition  of  Fe(CN)6

4− product
to  the  reaction  mixture  leads  to a remarkable  retardation  of  the  oxidation  rates.  A  kinetic  evidence  for
ethyl cellulose
olysaccharides
atural polymers
exacyanoferrate (III)
xidation
inetics

the formation  of  1:1 intermediate  complex  was revealed.  The  activation  parameters  have  been  evaluated
and a  tentative  reaction  mechanism  in  good  consistency  with the  kinetic  results  is discussed.

© 2011 Elsevier B.V. All rights reserved.
echanisms

. Introduction

Kinetics of oxidation of methyl cellulose macromolecule as a
atural polymer by alkaline permanganate have been reported
lsewhere [1].  The oxidation process was found to proceed through
on-free-radical mechanism of two distinct stages. The first stage
as relatively fast involving the formation of green manganate (VI)

nd/or blue hypomanganate (V) intermediate complexes, followed
y slow decomposition of these formed intermediates to give rise
o the oxidation product in the second stage of reaction.

Although, hexacyanoferrate (III) ion is considered as a weak
xidant with a redox potential of 0.36 V for Fe(CN)6

3−/Fe(CN)6
4−

ouple [2],  it has been widely used for oxidation of many organic
3–7] and inorganic [8–10] substrates. A survey on earlier literature
ndicates that no attention was paid to the oxidation of macro-

olecules by this oxidant. This may  be attributed to the complexity
f the reaction kinetics.

In view of the aforementioned aspects and our interesting in the

xidation of macromolecules by multi-equivalent oxidants such as
ermanganate [11,12] and chromate ion [13] as well as by one-
quivalent oxidants such as cerium (IV) ion [14], the present work

∗ Corresponding author. Tel.: +2 127319979; fax: +20 882342708.
E-mail address: rmhassan2002@yahoo.com (R.M. Hassan).

381-1169/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.molcata.2011.05.006
has been undertaken with a view at shedding some light on the
influence of the nature of both the oxidant and the media on the
kinetics and mechanistics of the redox reactions as well as on the
nature of oxidation products. Moreover, the results obtained may
gain some information on the chemistry of these macromolecules
in aqueous solutions.

2. Experimental

2.1. Materials

All materials employed in the present work were of reagent
grade. Doubly distilled conductivity water was used in all prepa-
rations. The temperature was controlled within ±0.05 ◦C.

Methyl cellulose (MC) used in this paper is one of the (MP
Biomedicals, LLC) and was  used without further purification.

2.2. Preparation of [MC] sols

A stock solution of MC  was  prepared by stepwise addition of the

reagent powder to bidistilled water whilst rapidly stirring the solu-
tion to avoid the formation of lumps, which swell with difficulty.
The preparation and standardization of K3Fe(CN)6 (Mallinckrodt
chemical works) were the same as described earlier [2,10]. All other

dx.doi.org/10.1016/j.molcata.2011.05.006
http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
mailto:rmhassan2002@yahoo.com
dx.doi.org/10.1016/j.molcata.2011.05.006
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Fig. 1. Spectral changes (200–500 nm)  during the formation of intermediate com-
plexes in the oxidation of methyl cellulose by alkaline hexacyanoferrate (III).
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Fe(CN)6
3−] = 7 × 10−4, [MC] = 4 × 10−2, [OH−] = 0.3 and I = 1.0 mol  dm−3 at 40 ◦C

scanning time intervals = 2 min).

eagents were prepared by dissolving the requisite amount of the
eagent in bidistilled water.

The ionic strength was maintained constant at 1.0 mol  dm−3 by
dding NaClO4 as a non-complexing agent.

.3. Kinetic measurements

Preliminary experiments indicated that the oxidation reaction
s of such a rate to be measured by a conventional spectropho-
ometer.To maintain pseudo first-order conditions, a large excess of
MC] was present over that of hexacyanoferrate (III) concentration
n all kinetic measurements. The reaction was initiated by mixing
he thermostated solutions of the reactants which containing the
equired concentrations of NaOH and NaClO4 into the reaction cell.
he zero time was taken when half of Fe(CN)6

3− solution had been
dded to MC  solution into the reaction cell. The progress of the
eaction was followed by monitoring the decrease in absorbance
f Fe(CN)6

3− at the wavelength of 420 nm,  its absorption maxi-
um (whereas the other constituents of the reaction mixture do

ot absorb significantly at this wavelength), as a function of time.
he applicability of Beer’s law for Fe(CN)6

3− at 420 nm has been
erified giving ∈ = (1040 ± 20) dm3 mol−1 cm−1 in good agreement
ith the values reported elsewhere [2,10].  The absorbance mea-

urements were made in a thermostated cell compartment at the
esired temperature within ±0.05 ◦C on a Shimadzu UV-2101/3101
C automatic scanning double beam spectrophotometer fitted with

 wavelength program controller using cells of a pathlength 1 cm.
he spectral changes during the progress of the oxidation reaction
re shown in Fig. 1.

. Results

.1. Stoichiometry and product analysis

The stoichiometry of the overall reaction of MC  with slightly
xcess of Fe(CN)6

3− in 0.3 mol  dm−3 NaOH and 1.0 mol  dm−3 ionic
trength was determined at room temperature, spectrophotomet-

3−
ically. The unreacted Fe(CN)6 was estimated periodically until it
eached a constant value. The results for various ratios of the equi-
ibrated reactants indicated that 4.0 mol  of Fe(CN)6

3− consumed
.0 mol  of MC  (±0.1). This result indicates that the stoichiometry of
alysis A: Chemical 344 (2011) 93– 98

the oxidation reaction conforms to the following equation:

(C7H12O5)n + 4Fe(CN)6
3− + 4OH− = (C7H8O5)n + 4Fe(CN)6

4−

+ 4H2O (1)

where C7H12O5 and C7H8O5 represent the methyl cellulose and its
corresponding diketo derivative, respectively. The reaction prod-
uct was  identified by the IR spectra and elemental analysis as
described elsewhere [10,15,16].  The recorded IR spectra of MC and
its oxidation product showed a decay of the band at 3450 cm−1 and
disappearance of the band at 1700 cm−1 of MC  indicating the inter-
conversion of secondary hydroxyl groups (OH) to the keto (C O)
groups.

3.2. Reaction time curves

Reaction time curves were found to be of complexity where
plots of ln (absorbance) against time gave straight lines up to 60%,
and then it deviates from linearity. This deviation may  be attributed
to the interference of Fe(CN)6

4− product.
The pseudo first-order rate constants, kobs, were evaluated from

the slopes of the linear portions of such plots. Again, some results
were calculated from the tangents of the initial rates of reaction
to avoid such complexity (from the remaining [Fe(CN)6

3−] vs time
plots at initial stages). The results were found to be reproducible to
each other within experimental errors of about ±5%. Therefore, kobs
values were used to interpret the results throughout the present
study. These values were calculated by the method of least-squares.

3.3. Dependence of reaction rate on [Fe(CN)6
3−] and [MC]

The effect of hexacyanoferrate (III) on the reaction rates
was examined by keeping all other concentrations fixed. It was
found that the change in [Fe(CN)6

3−] (6–11 × 10−4 mol dm−3), at
[MC] = 4 × 10−2, [OH−] = 0.3, I = 1.0 mol  dm−3 at 40 ◦C has no effect
on the oxidation rate. This independency confirms that the reaction
is first-order in hexacyanoferrate (III) concentration. Again, the lin-
earity obtained from plots of the initial rates vs [Fe(CN)6

3−] may
also indicate that the reaction is first-order in [Fe(CN)6

3−].
The dependence of kobs on [MC] was  deduced from the mea-

surement of the observed first-order rate constants at various
[MC]0 and fixed of all other reagents concentration. A fractional
first-order dependence in [MC]0 was  observed (log kobs − log [MC]0
plots). Again the double reciprocal plots of kobs − [MC] were found
to be linear with positive intercepts on 1/kobs axis. This behavior
seems to obey Michaelis–Menten kinetics for the formation of 1:1
intermediate complex. A typical plot is shown in Fig. 2.

3.4. Dependence of reaction rate on [OH−]

In order to clarify the influence of [OH−] on the rate of reac-
tion and to elucidate a reaction mechanism, kinetic measurements
were conducted at various [OH−] keeping all other reagents con-
centration fixed. The values of kobs were found to increase with
increasing [OH−] up to 0.6 mol  dm−3 after that a turbidity in the
tested solution had appeared which made any spectrophotometric
measurements very difficult. Therefore, all the experimental mea-
surements were performed at [OH−] < 0.6 mol dm−3. A fractional
first-order dependence with respect to [OH−] (log kobs − log [OH−]
plots) was  observed.

3.5. Dependence of reaction rate on ionic strength
To shed some light on the reactive species in the rate
determining step, kinetic runs were performed at constant
[OH−] = 0.3 mol  dm−3 as NaClO4 concentration was increased
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Table 1
Influence of [Fe(CN)6

4−] on the observed first-order rate constant in the oxida-
tion  of methyl cellulose by alkaline hexacyanoferrate (III). [Fe(CN)6

3−] = 7 × 10−4,
[MC] = 4 × 10−2, [OH−] = 0.3 and I = 1.0 mol dm−3 at 40 ◦C.
ellulose by alkaline hexacyanoferrate (III). [Fe(CN)6
3−] = 7 × 10−4, [OH−] = 0.3 and

 = 1.0 mol  dm−3 at 40 ◦C at various [MC].

o 2.5 mol  dm−3. The values of kobs were found to increase
ith increasing the ionic strength. A plot of log kobs vs

0.5/(1 + I0.5) according to extended Brönsted–Debye–Hückel equa-
ion was found to be linear with positive slope as shown in
ig. 3. However the present measurements lie far outside the
rönsted–Debye–Hückel region covering a range over which the
ctivity coefficients of many electrolytes are known to be fairly
ependent on ionic strength. The ionic strength dependence of the
ate constants is qualitatively as expected when considering the
harges involved [17].

.6. Dependence of reaction rate on [Fe(CN)6
4−]

The effect of the initially added Fe(CN)6
4− product on the rate of

eaction was also examined in the range (0.7–2) × 10−3 mol  dm−3

t constant of all other reagents concentration at 40 ◦C. The added
e(CN)6

4− was found to decrease the reaction rates, i.e. it retarded

he oxidation process (Table 1). A similar behavior has been
bserved in some redox reactions involving the formation of similar
ntermediates [18–20].

0.650.600.550.500.450.40
-6.8

-6.7

-6.6

-6.5

-6.4

ln
 k

ob
s

I0.5/(1+I 0.5)

ig. 3. Ionic strength-dependence of the rate constants in the oxidation of methyl
ellulose by alkaline hexacyanoferrate (III). [Fe(CN)6

3−] = 7 × 10−4, [MC] = 4 × 10−2

nd [OH−] = 0.3 mol  dm−3 at 40 ◦C.
104 [Fe(CN)6
4−], mol  dm−3 0.0 7.0 9.0 11 12

103 kobs, s−1 1.43 1.37 1.26 1.21 1.16

3.7. Dependence of reaction rate on temperature

In order to evaluate the kinetic parameters, kinetics runs were
performed at various temperatures. The experimental results were
found to fit the Arrhenius and Eyring equations. The kinetic param-
eters were evaluated from the slopes and intercepts of such plots
using the least squares method.

3.8. Polymerization test

Since the reaction seems to be of a non-complementary type,
the intervention of free-radicals during the course of reaction was
examined. This was  tested by adding 10% (v/v) acrylonitrile to the
partially oxidized reaction mixture. After a lapse of 30 min  mixing
(on warming) a copious precipitate was  observed. Black experi-
ments from which either MC  or [Fe(CN)6

3−] were excluded gave
no detectable polymerization. This result indicates that the oxida-
tion reaction of the present work proceeds via the intervention of
free-radical mechanism as contrary to that observed for oxidation
of MC  by alkaline permanganate [10].

4. Discussion

The experimental observations indicated that the reaction
kinetics of oxidation of methyl cellulose by alkaline hexacyanofer-
rate was of complexity. The deviation of log (absorbance) − t plots
from linearity after 60% linearity may  attributed to the intervention
of one of the oxidation products, Fe(CN)6

4−, through the formation
of an intermediate complex between the oxidant and the substrate
[21] or to a secondary salt effect [22].

The retardation effect observed in the rate constants on adding
Fe(CN)6

4− to the reaction mixture (Table 1) may  support this sug-
gestion [2,8,12,23]. Again obeying the [MC] dependence of the rate
constants to the Michaelis–Menten kinetics suggests the formation
of an intermediate complex. The formation of such intermediate is
not only confirmed by the reciprocal plots of Michaelis–Menten
kinetics but also by the increase in the initial absorbance of the
reaction mixture observed on mixing in particularly at lower tem-
perature and reactant concentration. Again, the appearance of an
isobestic point in the UV range at 284 nm may  suggest an equi-
librium state between the oxidant and the intermediates which
confirm our proposal mechanism. Furthermore, the positive slope
obtained with log kobs − I0.5/(1 + I0.5) plot refers to the fact that the

oxidation process occurs between two  similar charge ions.

In view of these interpretations and the experimental observa-
tions, the most likely reaction mechanism which may  be suggested

Table 2
The apparent rate constants (k′ and k′′) and the deprotonation constants K1 in the oxi-
dation of methyl cellulose by alkaline hexacyanoferrate (III) at various temperatures.
[Fe(CN)6

3−] = 7 × 10−4, [MC] = 4 × 10−2 and I = 1.0 mol  dm−3.

Constants Temp, ◦C

35 ◦C 45 ◦C

k′ , dm9 mol−3 s−1 0.16 0.23
102 k′′ , dm6 mol−2 s−1 2.90 7.10
K1, dm3 mol−1 5.56 3.16

Experimental errors ±3%.
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Table 3
The kinetic parameters of the second-order rate constant (kn), apparent rate constant (k′ and k′′) and the deprotonation constant (K1) in the oxidation of methyl cellulose by
alkaline hexacyanoferrate (III).

Constants Parameters

�H /= , kJ mol−1 �S /= , J mol−1 K−1 �G /=
298, kJ mol−1 Ea

/= , kJ mol−1 A, mol−1 s−1

k 25.12 −178.80 78.40 27.76 8.24 × 103

k′′ 70.45 −46.16 84.21 73.04 6.85 × 104

kn
a 62.55 −72.93 84.28 65.23 2.81 × 107

Constants Parameters

�H◦ , kJ mol−1 �S◦
313, J mol−1 K−1 �G◦

313, kJ mol−1

27.83 −35.99
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. Fe  (CN)6

3- + H2O

n

O
OHO

CH2OCH 3

O  Fe (CN)5

4 -

CN-
K1 −44.70 −
xperimental errors ±4%.
a Second-order rate constant measured at [OH−] = 0.3 mol  dm−3.

nvolves a fast deprotonation of the substrate by the alkali to form
he more reactive alkoxide:

 + OH-K1� S-

alkoxide
+ H2O (2)

ollowed by the formation of an intermediate complex (C1)
etween the oxidant (Ox) and the formed alkoxide (S−):

− + Ox
K2�C1 (3)

Then, the formed complex (C1) is slowly decomposed in the rate
etermining step to give rise to the initial oxidation products as the
ubstrate radical (S) and Fe(CN)6

4− reductant (Red).

1
k−→S• + Red (4)

The change of the rate constant with the change in the hydroxide
on and substrate concentrations can be expressed by the following
ate-law equation:

ate = −d[Fe(CN)6
3−]

dt
= kK1K2[OH−][S]T [Ox]

1 + K1[OH−] + K1K2[OH−][Ox]
(5)

here [S]T denotes the analytical concentration of the substrate.
hen the substrate is present in a large excess over that of the

Ox] (pseudo first order conditions) and rearrangement, Eq. (5) can
e rewritten in the form:( )

1

kobs
= 1

kK1K2[OH−]
+ 1

kK2

1
[S]

+ K ′, (6)

here K ′ = [Ox]/k[S].

642
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ig. 4. Plots of [S]/kobs against [OH−]−1 in the oxidation of methyl cellu-
ose by alkaline hexacyanoferrate (III). [Fe(CN)6

3−] = 7 × 10−4, [MC] = 4 × 10−2 and
 = 1.0 mol  dm−3 at various of both temperatures and [OH−].
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Scheme 1. Mechanism of oxidation of methyl cellulose by alkaline hexacyanofer-
rate (III).
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According to Eq. (6),  at constant [OH−] plots of 1/kobs against
/[S] should be linear with positive intercept or 1/kobs axis as
as experimentally observed (Fig. 2). Again, plots of 1/kobs against

/[OH−] at constant [S] should be linear with positive intercepts
n 1/kobs axis. The experimental results satisfied this requirement.
he small intercept observed in Fig. 2 may  lead us to simplify Eqs.
6) to (7):

[S]T

kobs
= 1

kn
= [OH−]

kK1K2
+ 1

kK2
(7)

According to Eq. (7),  plots of [S−]/kobs against [OH−] were found
o be linear with positive intercepts on [S]/kobs from whose slopes
nd intercepts, the apparent rate constants (kK1K2 and kK2) and
he deprotonation constant K1 can be evaluated. These values were
alculated by the method of least-squares and are summarized in
able 2.

An alternative reaction mechanism may  also be suggested. It
nvolves a fast complexation between the reactants prior to rate
etermining step:

x + S + OH−K3�C1 (8)

ollowed by releasing the water molecules to give a more reactive
ntermediate (C2) prior to the electron transfer process:

1
K4�C2 + H2O (9)

Then, the formed complex (C2) is slowly decomposed in the rate
etermining step to give the substrate radical and reductant as the

nitial oxidation products:

2
k−→S• + Red (10)

In a similar manner to that followed in the former mechanism,
he change of the rate constant with the change in the [OH−] and
ubstrate concentrations leads to the following relationship:

1
kobs

=
(

[OH−]−1

kK3K4
+ [Ox]

kK4

)
1

[S]T
+ K ′ (11)

Plots of either 1/kobs against 1/[S] at constant alkali concentra-
ion or 1/kobs against 1/[OH−] at constant substrate were found to
e linear with positive intercepts on 1/kobs axes as required by Eq.
11). The small intercept observed in Fig. 2, may  also lead us to
implify Eqs. (11) to (12):

[S]T

kobs
= 1

kn
= [OH−]

k′ + [Ox]
k′′ (12)

here k′ and k′′ are the apparent rate constants and equal to
K3K4 and kK4, respectively. Plots of [S]/kobs against 1/[OH−] gave
ood straight lines with positive intercepts (Fig. 4) from whose
lopes and intercepts the apparent rate constants (k′ and k′′)
nd the formation constant (K3) can be evaluated. The values of
he formation constants obtained were found to be very small
∼10−3 dm6 mol−2 dm6) and, hence, cannot be considered as the
ormation constants for this redox reaction. Therefore, this later

echanism is excluded and, hence, the former mechanism is con-
idered as the sole mechanism for the cited reaction.

Unfortunately, the values of the rate constant of the elementary
eaction (k) could not be calculated because of the non-availability
f the formation constants (K2). Therefore, the apparent rate
onstants are considered to be composite quantities of the rate

onstants, deprotonation constants and the formation constants,
espectively.

The activation and thermodynamic parameters of the appar-
nt rate constants (k′ and k′′) and the deprotonation constant (K1),

[

alysis A: Chemical 344 (2011) 93– 98 97

respectively, were calculated from the dependence of those con-
stants on temperature using Arrhenius and Eyring equations by the
least squares method. These values are summarized in Table 3.

It is well known that redox reactions involving Fe(CN)6
3− as an

inert oxidant are proceeding by a variety of reaction mechanistics.
Some of these reactions proceed by either inner or outer sphere
mechanisms for the electron transfer processes. Other reactions
occur by both outer- and inner-sphere mechanisms or free-radical
mechanism. However, the present rate laws provide no information
on whether electron transfer of inner- or outer sphere nature, some
information may  be expected by examining the magnitude of the
rate constants of the elementary reactions.

Again, it has been reported previously [24–27] that the entropy
of activation tends to be more negative for reactions of inner-sphere
nature, whereas the reactions of positive �S /= values proceed via
outer-sphere mechanism. In view of the large negative entropy of
activation obtained (Table 3), the inner-sphere mechanism is the
more probable and acceptable one.

Moreover, the formation of intermediate complex in which one
cyanide ion from the inert Fe(CN)6

3− may  act as a bridging lig-
and suggests that one-electron transfer of inner-sphere nature
is the more plausible mechanism for oxidation of methyl cellu-
lose by alkaline hexacyanoferrate (III). This suggested mechanism
can be illustrated by Scheme 1. The decrease of the magnitude of
deprotonation constants (K1) with temperature indicates that the
deprotonation process is an exothermic process. The large posi-
tive value of �G /= is indicative to the enhanced formation of the
intermediate with increasing temperature as well as to the non-
spontaneity of the complex formation in the rate determining step
as represented by the proposed mechanism. Again, the lower acti-
vation energy obtained indicated the lower energy barrier required
for the formation of the activated complex in the transition state.

Although the behavior of the ionic strength dependence of the
rate constant (Fig. 3) is as expected for the charges involved. The
ionic pairing between K+ and Fe(CN)6

3− [2,28,29] may be sug-
gested to affect the magnitude of the slope obtained from the ionic
strength–rate constants plot.

Addition of [K+] ions was  found to has no influence on the
rate constants and, hence, the possibility of existing an ion-pairing
mechanism was excluded.
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