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During the oxidation of polygalacturonate methyl ester polysaccharide by MnO,4~ in highly basic medium,
the formation of the green polygalacturonate methyl ester (PGME-Mn("P042-) and the blue (PGME-
Mn)0,43-) intermediates were followed spectrophotometrically. In this paper, the kinetics of the decay
of the green (PGME-Mn("Y042-) intermediate, the second stage of the oxidation process, were fol-
lowed spectrophotometrically at different concentrations of NaOH and temperatures ranging from 10
to 30°C. The decay of the green intermediate (PGME-Mn(VV042) follows pseudo-first-order kinetics,

fgﬁ'g;’gs; d[PGME-Mn"D0,42-]/dt = kops [PGME-Mn(VD042- | where kops. = k,[OH~]. The reaction was found to be base
Oxidation catalyzed. The obtained linear Michaelis-Menten kinetics proves the formation of intermediates during
Polysaccharides the decay process. A reaction mechanism involving a deprotonation pre-equilibrium step followed by a
KMnO, rate determining decay of the deprotonated green intermediate (PGME-Mn(V)0,42~) is proposed. More-

over, the activation parameters were consistent with the assumed reaction mechanism. The positive salt
effect indicates the ionic character of the transient species. The decay and formation rates increase in the

UV-vis spectroscopy

following order of polysaccharides: MC-Mn(VD042~ < CMC-Mn("V042~ « PGME-Mn(VD042-.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Many plant polysaccharides have been used for the clean up of
industrial wastes (Benguella & Benaissa, 2002; Trimukhe & Varma,
2008; Varma, Deshpande, & Kennedy, 2004) and as inhibitors of
the corrosion of some metals (Khairou & El-Sayed, 2003). More-
over, natural polysaccharides are considered to be biopolymers
which are biocompatible and environmentally friendly. These nat-
ural polymers are generally non-toxic, cheap and freely available
compared to the synthetic polymers. Moreover, natural polysac-
charides are amongst the richest renewable sources of biopolymers
and have potential applications in many fields such as food, cosmet-
ics, and pharmaceutical industries (Murphy, 1997). Recently, some
studies have shown that many plants used in traditional medicine
to treat various types of diseases contain polysaccharides exhibit-
ing biological activity of different kinds. Pectins are an example of
complex polysaccharides possessing such an activity when used in
traditional medicines (Paulsen & Barsett, 2005; Ridley, O’Neill, &
Mohnen, 2001). Moreover, pectins are widely used in food indus-
try as thickening and gelling agents for the preparation of jams and
jellies (May, 1990). Pectin is the methyl ester of pectic acid and is
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composed of long chains of galacturonic acid (Whistler & Smart,
1953). Pectins are found mainly between the cells and in the pri-
mary cell wall in most plants (O’Neill, Albersheim, & Darvill, 1990;
Stephen, 1983).

In the view of the reported above and the current interest of
redox reactions of polysaccharides (El-Khatib, 2002; Khairou, 2001,
2003; Khairou & Hassan, 2000; Shaker, 2001a, 2001b; Shaker, El-
Khatib, & Makran, 2007; Shaker, El-Khatib, & Nassr, 2009), the
oxidation of polygalacturonate methyl ester (PGME) (pectin) by
permanganate has been undertaken employing a wider range and
higher concentration of OH~ (from 8 x 1073 to 2 x 10~2 moldm—3)
and PGME (from 2 x 1073 to 6 x 10-3 moldm~3) compared with
those applied in the previous publication (Khairou & Hassan, 2000).
This research project was done in an attempt to establish a more
probable mechanism and to search for the new blue coordina-
tion precursor of hypomanganato-PGME intermediate containing
Mn(V) recently established by Shaker et al. (2009). This has been
achieved by proper control of both temperature and concentration.
The first-stage kinetics of the formation of the green PGME-
manganato(VI) during the oxidation of poly galacturonate methyl
ester by permanganate in strong alkaline medium, pH > 12, has
been determined by Shaker et al. (2009).

In this work, the second-stage kinetics of the decomposition of
green intermediate (PGME-Mn(VD0,42-) are presented and a mech-
anism suggested according to the obtained data. Moreover, there
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Fig. 1. Repeated spectral scans of the oxidation of PGME by KMnOy4 in basic medium
(pH=>12). (A) Decomposition of (PGME-Mn("V042-) intermediate at A=610nm,
interval time=3 min, temperature=20°C. (B) Formation of metastable (PGME-
Mn(")043-) at A =700 nm, interval time = 0.5 min, temperature=10°C.

is a comparison between the data obtained in this work with that
from other publications concerning the oxidation of other polysac-
charides by alkaline KMnO,4 (El-Khatib, 2002; Hassan, 1993a,
1993b, 1993c; Hassan, E1-Gaiar, & El-Summan, 1993; Khairou,
2001, 2003; Khairou & Hassan, 2000; Shaker, 2001a, 2001b; Shaker
et al., 2007, 2009) to shed more light on this oxidation reaction.

2. Experimental
2.1. Materials and reagents

Stock solutions were prepared by dissolving the calculated
amounts of BDH Analar samples (NaOH, perchlorate salt or KMnQOyg4)
in redistilled water. Clear solution from pectin (polygalacturonate
methyl ester) solution (BDH) was prepared by stepwise addition
of the sample reagent to the deionized water with continuous and
rapidly stirring of the solution.

2.2. Kinetic measurements

The decay reaction kinetics were followed by tracing the
decrease in the absorbance at A=610nm, the absorption peak

Table 1

Fig. 2. Repeated spectral scans of the oxidation of PGME by KMnOj, in basic medium
(pH > 12). (A) Formation of (PGME-Mn(YV042-) intermediate (interval time = 3 min),
(B) decomposition of (PGME-Mn("D0,42-) intermediate (interval time =1 min).

of the green intermediate complex PGME-Mn(YD042-, as a func-
tion of time (cf. Fig. 1A). Fig. 2A shows spectra scans for the
first-stage formation kinetics of the green intermediate complex
PGME-Mn(YD0,42~ at A =610 nm. The recent second-stage kinetics
of the decay of the green (PGME-Mn(V)0,42-) intermediate were
achieved under pseudo-first-order conditions in [MnO,4~], where
[PGME]>>[MnO4~], and constant ionic strength of 0.1 moldm—3
by using inert NaClO4. The suitable amounts of the reagent solu-
tions were thermostatted at the desired temperature before mixing
together. The values of k, at various temperatures and the activa-
tion parameters have been cited in Table 1.

3. Results
3.1. Stoichiometry of the reaction and free radical formation test

As shown previously (Shaker et al., 2009), the stoichiometry of
the oxidation reaction of pectin by MnO,4~ in high alkaline medium
was found to be PGME:KMnOy4 = 1:2 and the reaction equation pre-
sented as:

2 (%(C7H1005)n) +4MnO4~ =2 (%(C7H606)n) + 4MnO,

+40H + 2H20 —+ 02

Second-order rate constant values (ky, mol~' dm?s~1) at various temperatures, the activation parameters and Arrhenius factors for the formation and decomposition of
(PGME-MnO,42-) intermediate at [OH~]=0.02 mol dm~3, [PGME] =4 x 10~ moldm—3, MnO,~ =2 x 10~4 moldm~3, I=0.1 moldm~3 and Ayax =610 nm.

Temperature (°C) Ea (kfmol~')  AH* (kmol™') AS* (Jmol 'K™!) AG* (kfmol-') A(mol's™!) Reference

10 15 20 25 30
Formation (k3) 2.02 254 3.71 5.04 638 4261 40.18 -96.79 68.54 1.45 x 108 Shaker et al. (2009)
Decomposition (10%k;) 2.66 3.63 8.04 941 4741 44,98 -115.60 78.85 1.51 x 107 Present paper
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Fig. 3. kops. vs. [OH~] plot of the formation and the decomposition of
polysaccharide-Mn(VD0,42- intermediate complexes in the presence of differ-
ent [OH-] at [polysaccharide]=4 x 10-3 moldm~3, [MnO;~]=2 x 10~4 moldm~3,
1=0.1 moldm~3 and 20°C.

where (C7H1¢0g)n and (C7HgOg)n correspond to PGME and the oxi-
dation product (diketo) respectively:

The second-stage decay reaction of PGME-Mn(VV 0,42~ green inter-
mediate does not occur via free radicals just as its first-stage
formation in the oxidation of PGME by KMnO, at pH > 12 (Shaker
et al., 2009).

3.2. Effect of base concentration on the reaction rate

The decay of the intermediate (PGME-Mn(YD0,42-) was found to
be base catalyzed reaction as shown from Fig. 3.

3.3. Effect of the oxidant concentration on the reaction rate

The independence of observed rate constant values (k. ) of the
decay of the intermediate (PGME-Mn(YD042-) at 610nm on the
initial concentration of MnO4~, indicated the first-order kinetics
in [KMnOy].

3.4. Effect of [PGME] on the reaction rate
The relation between ky,s vs. [PGME] was a linear plot.

Moreover, a linear Lineweaver-Burk plot was obtained (1/vg. vs.
1/[PGME]).

3.5. Dependence of reaction rate on the ionic strength

The values of k,p,s. were found to increase with increasing ionic
strength at constant [OH~] and the relation of log kg, vs. (I)%°
is linear (cf. Figs. 4 and 5). Moreover, the activation free energy
of transfer for the reaction, 8§, AG¥, from aqueous solution into
aqueous solutions containing different concentrations of salt was
calculated (cf. Fig. 6).

3.6. Activation parameters of (PGME-Mn() 0,2~ ) intermediate
decay

The observed rate constant (ko) values increased with
increasing the temperature. The activation parameters were
obtained by least squares of Arrhenius and Eyring plots (cf.
Table 1).

4. Discussion

In the first-stage kinetics of the oxidation of polygalacturonate
methyl ester polysaccharide by MnO4~ in highly basic medium
resulted in the slow formation of the green (PGME-Mn(VD0,42-)
intermediate through the rapid formation and decomposition
of a blue hypomanganate(V) intermediate (cf. Figs. 1 and 2).
In the current work, the second-stage Kkinetics of the decay
of the green intermediate (PGME-Mn(D042~) were followed
spectrophotometrically at 610nm in pH > 12. Under the imple-
mented conditions of the studied reaction that [OH~] and
[PGME] >>[MnO,4~], the pseudo-first-order rate law is suggested
to be:

—d[PGME-Mn"D0,2"]

it = Kops [PGME-Mn("D042~] (1)

where, kqps. =ky[OH™].

As revealed from Fig. 3; the recent decomposition of the green
intermediate complex (PGME-Mn(YD0,42)is a base catalyzed reac-
tion that would confirm the deprotonation of the intermediate as
a first step in the reaction mechanism as follows:

ka
PGME-Mn)0,%~ + OH’k: (PGME-Mn™)0,4%") + H,0 (2)
A -a A~

The decomposition reaction of the green intermediate (PGME-
MnYD042-) exhibits Michaelis—-Menten kinetics (the relation
between 1/vy against 1/[PGME] gives linear plot). This suggests
that the decay reaction occurs via the formation of intermedi-
ates followed by an intramolecular electron transfer process. From
Lineweaver-Burk plot, the Michaelis—-Menten constant (Kp;) was
calculated and found to be Ky =0.31 moldm—3 where the maxi-
mum rate (Vmax) =5.40 x 1073 moldm~3 s~1. The large value of Ky
indicates the formation of an intermediate during the reaction



L.A.-M.E. Nassr / Carbohydrate Polymers 82 (2010) 880-886 883

Fig. 4. kops, vs. [Salt] plots of the formation and the decomposition of
polysaccharide-Mn"V042~ intermediate complex at [OH-]=0.02moldm™3,
[Poly]=4 x 10~3 moldm~3, [MnO4~]=2 x 10~* moldm~3 and 20°C.

progress (Awad, Shaker, Zaki, & Nassr, 2008):

ky,
A" =B~ (3)
k_p
K
B~ <P (4)
slow

The suggested mechanism can be represented schematically as
follows:

Fig. 5. logkeys vs. +/I plot of the formation and the decomposition of
polysaccharide-Mn(V042- intermediate complex at [OH~]=0.02moldm™3,
[polysaccharide] =4 x 10-3 moldm~3, [MnO4~]=2 x 10~* moldm~3 and 20°C.

The slow decay of (B~) intermediate is the rate determining step
gateway with rate constant k.

After the completion of the decomposition of PGME-Mn(VD 0,42~
ayellow colour appears, which may be an evidence of the decompo-
sition of Mn()0,43~ to Mn(V), followed by aggregation of the latter
to a sol of MnO, (Shaker, 2001a).

The molar absorptivity (¢) of the intermediate complex
(PGME-Mn(VD042-) was found to be about 1400 dm> mol~! cm™!
at the wused concentrations; [PGME]=4x 10~3moldm™3,
[MnO4~]=2x 104 moldm—3, I=0.1moldm~3 and 20°C. This
value of & is similar to the corresponding values for other
polysaccharide-Mn(VD042~  intermediates reported before:
Sodium alginate; 1300450 (Hassan, 1993a), chitin and chi-
tosan, 12504 75(Khairou, 2001), carboxymethyl cellulose, 1400
(Shaker, 2001b), methyl cellulose; 1300 & 50 (El-Khatib, 2002).

By applying the steady state approximation for the concen-
trations of the intermediates A~ and B~ and putting the total
concentration of (PGME-Mn(YD0,42-) [A]r as:

[Alr =[A]+[A7]+[B] (5)

_ —d[PGME-Mn("D04*"]
- dt

Kakykc [OH™ [PGME-Mn("D0,42" |1

Rate

" (Kop + ke)(1 + Ka[OH | + KoK, [OH ™ ]) (®)
On comparing Egs. (1) and (6):
kops, = Kakbkc[OEI’] _ 7)
(k_p + ke) (1 4+ Ka[OH™| + KaKp [OH™])
and
ky — Kakpke (8)

(k_p + k) (1 + Ka[OH™] + KaK,[OH™])

and the relation between 1/k,,sagainst 1/[OH~] is a straight line.
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Fig. 6. Plots of the change in the activation barrier (8, AG*) for the formation (Form.)
and the decomposition (Dec.) of polysaccharide-Mn(YD 0,2~ intermediate complexes
during the oxidation of polysaccharides by alkaline KMnOyj at different [Salt].

The relation between the values of ks vs. [OH™] for the for-
mation and the decomposition of some (polysaccharide-Mn0O42-)
intermediate complexes are shown in Fig. 3. It was found that,
the reactivity of the formation and the decay of (polysaccharide-
MnO42-) was largely enhanced for PGME-Mn(VDO42~ com-
pared with the corresponding values for CMC-Mn(YDQ42-
and MC-Mn("D 0,42~ intermediates (CMC = carboxymethylcellulose,
MC =methylcellulose). The reactivity increases in the follow-
ing order: MC-Mn(D0,42- < CMC-Mn(VD042~ « PGME-Mn(YD0,42-.
It appears that the nature of the terminal groups (CH,OCHs3,
CH,0CH,COOH or COOCH3) - in the main structure of the above
mentioned polysaccharides — play a crucial role in controlling
their reactivity. The reactivity order may be presumably inter-
preted as due to increasing polarity of the terminal groups
CH,0CH3 < CH,0CH;COOH < COOCH3, this in turn leads to increase
hydrophilicity and solubility, as well as, the concentration of free
polysaccharide. It may be a substituent effect on the reactivity of
the polysaccharides:

The positive salt effect obtained in Figs. 4 and 5 may sup-
port the ionic nature of the reactants in the rate determining step
as suggested in the proposed mechanism (Arnaut, Formosinho, &
Burrows, 2007). Fig. 4 shows the change in ks values with increas-
ing the concentration of added NaClO4 to the reaction medium
in both the formation and the decomposition of polysaccharide-
MnO42%~ intermediates (polysaccharide = MC, CMC or PGME). It was
found that the order of increase of the reactivity at different [Salt]
is: MC-Mn(VD042~ < CMC-Mn("D 0,42~ « PGME-Mn(VD042~ similar
to that reactivity order obtained at different [OH™ | (cf. Fig. 3).

The relation of log kops against (I)°> for the formation and the
decomposition of some (polysaccharide-Mn(YD042~) intermediate

Fig. 7. Isokinetic plots (AH* vs. AS*) for the formation and the decomposition of
some polysaccharide-Mn(V042- intermediate complexes during the oxidation of
polysaccharides by alkaline KMnOyg.

complexes is linear (cf. Fig. 5) according to the following equation:
log k = log ko + 2AZxZg(1)*> (9)

where kg is the rate constant value in the absence of added
salt and the parameter A in water at 25°C has the value
A=051mol-"2dm32 (Arnaut et al, 2007). From the slope
and the intercept of the lines in Fig. 5, the constant values in Eq.
(9) were determined: MC-MnO42~/formation (kg=1.53 x 1073
and ZpZg=0.50), CMC-MnO42~/formation (kg=1.39x10~3 and
ZaZg=0.74), PGME-MnO42~ [formation (kg=5.92x 103 and
ZaZg=1.18), CMC-MnO,42~/decomposition (kg=2.95x 10~> and
ZxZg=1.50) and PGME-MnO42-/decomposition (kg=9.89 x 10~
and ZpZp = 1.62 )

The activation free energy of transfer for the reaction, § AG*,
from aqueous solution into aqueous solution containing different
concentrations of salt is calculated from reaction rates in the appro-
priate media, using the relationship:

SmAG* — —RTn (5> (10)
ko

where kg is obtained from Eq. (9) and ks is that for the aqueous
solutions containing different [Salt]. The variation of §m AG* with
[Salt] is shown in Fig. 6. It was found that the activation free energy
of transfer decreases with increasing the added salt concentration.
Moreover, the values of §;; AG* for the decomposition reactions
of the polysaccharide-MnO42~ intermediate complexes are more
negative than those for the formation reactions.

The second-order rate constants for both formation and decom-
position reactions of the green intermediate (PGME-Mn(VD0,42-)
and the activation parameters of these reactions are listed in
Table 1. It is clear that the rate constants of the formation process
(cf. Fig. 2A) of (PGME-Mn(D0,42~) are as 63-76 folds greater than
the corresponding values of the decay process (cf. Fig. 2B) under
the same conditions (cf. Fig. 2). Moreover, the activation energy
(Es) and enthalpy of activation (AH*) values, for the formation of
(PGME-Mn(YD042-) intermediate, are less than the corresponding
activation parameters for the decomposition of this intermediate
by (a5 k] mol~1). Furthermore, the free energy of activation (AG*)
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for the formation step is greater than that of the decomposition
step (~10kJ mol~1). These presume that the final decomposition
products are more stable than the formed green intermediate
(PGME-Mn(VD042-) and support the proposed mechanism. The
negative entropy of activation (AS*) values in both formation
and decomposition of the green (PGME-Mn(VD042~) intermedi-
ate suggest that the referenced processes occur via the formation
of intermediates as reported in recent and previous publications
(Shaker et al., 2009) and are characteristic of inner-sphere electron
transfer mechanism (Freeman et al., 1981).

That the plot of the isokinetic relation; AH =C+BAS™ (10)
(Leffler & Grunwald, 1963) is linear (cf. Fig. 7), indicates
similarity to mechanisms of oxidation of the studied polysaccha-
rides (polygalacturonate methyl ester (pectin), sodium pectate,
methylcellulose, carboxymethylcellulose, sodium alginate and
polyvinyl alcohol) with alkaline permanganate. The constant
values are C=65.15kjmol-1, B=25.84K (for the formation of
polysaccharide-Mn(VD042-) and C=88.14k] mol~!, B=35.60K (for
the decomposition of polysaccharide-Mn(VD0,42-).

5. Conclusion

(1) It was found that, the oxidation of polysaccharides con-
taining secondary alcoholic -OH groups by MnO,4~ at high
pH (pH=>12) occurs via two stages. The first stage con-
sists of the formation of both polysaccharide-Mn(")043~
and polysaccharide-Mn(VDO42-. The unstable intermediate
complex polysaccharide-Mn(")043~ (blue colour) is formed
very fast and can be detected spectrophotometrically at
Amax. =700 nm at specific reactant concentrations and tempera-
tures (cf. Fig. 1; Shaker, 2001a). Then polysaccharide-Mn(V)043~
disproportionates slowly to the green polysaccharide-
MnYD042- intermediate complex which can be studied
kinetically at Amax.=610nm (cf. Fig. 2; El-Khatib, 2002;
Shaker, 2001b; Shaker et al, 2009). The second stage
is the decomposition of the green intermediate complex
polysaccharide-Mn(YD042~ (PGME-Mn(VV 042~ in this work)
to give Mn(Y) and keto-derivatives as final product (cf.
Figs. 1 and 2; El-Khatib, 2002; Shaker, 2001a).

(2) The rate of the decay reaction is base catalyzed and follows
Michaelis—Menten kinetics, which suggests a deprotonation
pre-equilibrium step and a decay process that progresses
through the formation of intermediates.

(3) The rate of the decay reaction obeys pseudo-first-order kinet-
ics:  d[PGME-Mn(VD042-]/dt = kops [PGME-Mn(V042-] and
kobs. =ka[OH™].

(4) The addition of a salt to the reaction medium enhances the
tested reaction reactivity. This presumes the ionic character of
the reactants in the rate determining step.

(5) The terminal groups (COOCH3, CH,OCH,COOH or CH,0OCH3) in
the main structure of the polysaccharide play an effective role
in the enhancement of the reactivity of either the formation
or the decomposition of polysaccharide-Mn(V)042~. The decay
rate increases in the following order: MC-Mn(D0,42~ < CMC-
Mn(YD0,42~ « PGME-Mn(VD042-.

(6) The values of the activation parameters Ea and AH* are larger
for the decay reaction than for formation of the intermedi-
ate. The free energy of activation AG* for the formation of the
green intermediate is greater than the corresponding value for
the decomposition, confirming the greater stability of the final
product in the oxidation of the polysaccharides.

(7) Studying the kinetics of the formation and the decay of
the complexes resulted from the interaction between natu-
ral polysaccharides and MnV) jons will give more data about
the stability of similar interactions with other metals and

will extend the applications of the polysaccharides in industry
(Benguella & Benaissa, 2002; Trimukhe & Varma, 2008; Varma
etal.,2004) and as biopolymers (Chen, Remondetto, & Subirade,
2006; Emerich & Thanos, 2007; Goldberg, Langer, & Jia, 2007;
Kulkarni, Gowthamarajan, Dhobe, Yohanan, & Suresh, 2005;
Ubbink & Kruger, 2006).
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