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a b s t r a c t

The acid-catalyzed oxidation of kappa-carrageenan (KCAR) polysaccharide as a natural polymer by
chromic acid in aqueous perchloric acid at a constant ionic strength of 4.0 mol dm−3 have been inves-
tigated spectrophotometrically. A first-order reaction in chromic acid and a fractional-order with respect
to KCAR concentrations were revealed. A kinetic evidence for the formation of 1:2 complex between
chromic acid and KCAR is presented. The influence of hydrogen ion concentrations on the reaction rates
eywords:
atalysis
arrageenans
olysaccharides

showed that the oxidation process is acid-catalyzed. The kinetic parameters have been evaluated and a
tentative reaction mechanism consistent with the kinetic results is discussed.

© 2008 Elsevier B.V. All rights reserved.
hromic acid
xidation
inetics

. Introduction

Carrageenans are water-soluble sulfated polysaccharides of lin-
ar block copolymer structures build up of alternating 1,3 linked
-d-galactopyranosyl and 1,4-linked �-d-galactopyranosyl units.

n kappa-carrageenan (KCAR), the 1,3- and 1,4-linked units are d-
alactoe-4-sulfate and 3,6-anhydro-d-galactoe [1–4], respectively.

Although, chromic acid has been extensively used for oxidation
f inorganic [5,6] and organic compounds [7–11], a little attention
as been focused on the oxidation of macromolecules in particu-

arly polysaccharides by this oxidant. This fact may be attributed
o the complexity resulting from the existence of various species
f chromium(VI) in acidic medium as well as the existence of
arious unstable CrV and CrIV oxidation states through the reduc-
ion of chromium ion from hexavalent to trivalent state. This fact

ay not allow a mechanistic conclusion. Indeed, Hassan and co-
orkers studied the kinetics of the oxidation of poly(vinyl alcohol)

s a synthetic polymer containing secondary alcoholic groups in
cidic medium by this oxidant [12]. They reported that the oxida-
ion processes lead to the oxidation of secondary OH group to

he keto-form with kinetic evidence of 1:1 complex formation. A
on-free radical mechanism was suggested for that reaction based
n the negative result obtained for the polymerization test when
crylonitrile 5% (v/v) was added to the partially oxidized mixtures.

∗ Corresponding author. Tel.: +20 127319979; fax: +20 882312564.
E-mail address: rmhassan2002@yahoo.com (R.M. Hassan).

381-1169/$ – see front matter © 2008 Elsevier B.V. All rights reserved.
oi:10.1016/j.molcata.2008.12.005
In view of the above aspects in addition to our interest in the
oxidation of macromolecules [13–16], the present investigation of
acid-catalyzed oxidation of kappa-carrageenan polysaccharide as a
natural polymer containing both primary and secondary alcoholic
groups by chromic acid seems to be of great significant and has been
undertaken with a view at shedding some light on the influence of
the type of oxidant, structure and the functional groups of substrate
on the kinetics and mechanistics of acidic oxidation in these redox
systems.

2. Experimental

2.1. Materials

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

Kappa-carrageenan (Fluka) was used without further purifica-
tion. The measured inherent viscosity was found to be 2.25 dL g−1

for a 1% (w/w) solution in water at 70 ◦C (the reduced viscosity is
9.5 dL g−1 measured under the same conditions). The preparation
of the stock solution of KCAR was the same as described elsewhere
[14].
2.2. Kinetic measurements

The kinetic measurements were conducted under pseudo-first-
order conditions where KCAR was present in a large excess over

http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
mailto:rmhassan2002@yahoo.com
dx.doi.org/10.1016/j.molcata.2008.12.005
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Table 1
Dependence of the observed first-order rate constant (kobs) on [KCAR] in the oxi-
dation of kappa-carrageenan by chromic acid in aqueous perchloric acid: [chromic
acid] = 7.5 × 10−4, [H+] = 3.0 and I = 4.0 mol dm−3 at 30 ◦C.

3 −3

dependency of the rate constants was found to be complicated. The
reaction order with respect to [H+] was found to be of fractional-
fourth-order 3.5 ± 0.3 (log kobs − log [H+] plot).
ig. 1. Spectral changes (200–550 nm) in the oxidation of kappa-carrageenan
y chromic acid in aqueous perchloric acid: [chromic acid] = 7.5 × 10−4,
KCAR] = 4 × 10−3, [H+] = 2.0 and I = 4.0 mol dm−3 at 20 ◦C. Scanning time
ntervals = 4 min.

hat of chromic acid concentration at a constant ionic strength
f 4.0 mol dm−3. The procedure for measurements was the same
s described elsewhere [12–16]. The course of reaction was fol-
owed by recording the decrease in absorbance of chromic acid
t its absorption maximum, 350 nm, as a function of time. It was
erified that there is no interference from other reagents at this
avelength. The absorbance measurements were made in a ther-
ostated cell compartment at the desired temperature within
0.05 ◦C on a Shimadzu UV-2101/3101 PC automatic scanning
ouble-beam spectrophotometer fitted with a wavelength program
ontroller using cells of a path length 1 cm. The spectral changes
uring the oxidation reaction are shown in Fig. 1.

. Results

.1. Stoichiometry

The stoichiometry of the overall reaction of KCAR with excess
hromic acid in 2.0 mol dm−3 HClO4 and at 4.0 mol dm−3 ionic
trength was determined spectrophotometrically. Reaction mix-
ures containing different initial concentrations of the reactants
ere equilibrated for about 48 h at room temperature. The unre-

cted chromic acid was estimated periodically until it reached a
onstant value, i.e. completion of the reaction. A stoichiometric ratio
f ([chromic acid]consumed/[KCAR]) was found to be 2.7 ± 0.1 mol.
his result indicates that the stoichiometry of the overall reaction
onforms to the following stoichiometric equation1:

(C12H17O12S)−
n + 8CrO4

2− + 40H+

= 3(C12H11O13S)−
n + 8Cr3+ + 29H2O (1)

here (C12H17O12S)−
n and (C12H11O13S)−

n represent to the kappa-
arrageenan and its corresponding keto-acid oxidation derivative,
espectively. The reaction products were identified by the spectral
ata and microanalysis as described elsewhere [17,18].

When this oxidation reaction has been carried out in nitrogen
tmosphere in order to decide whether chromic acid or dissolved
xygen is the reactive oxidizing agent at the final stage, the same
eto-acid derivative was obtained as a final product. This means

hat the keto-aldehyde derivative intermediate formed is oxidized
y chromic acid rather than by dissolved oxygen at the final stage
f oxidation.

1 In case of the hydrolysis of sulfate group ([H+] > 4.0 mol dm−3):
(C12H17O12)−n + 8CrO4

2− + 40H+ = 3(C12H10O9)n + 8Cr3+ + 29H2O + 3HSO4
− (1)′ .
10 [KCAR] (mol dm ) 3 4 5 6
105 kobs (s−1) 26 44 65 86

Experimental error ±3%.

3.2. Dependence of reaction rate on [MnO4
−] and [KCAR]

Plots of ln(At − A∝) vs. time, where At and A∝ represents the
absorbance at time t and infinity, respectively, were found to be
linear for more than two half-lives of the reaction completion.
This linearity indicates that the reaction is first-order kinetics in
chromic acid concentration. The first-order dependency was con-
firmed not only by the linearity of the pseudo-first-order plots, but
also by the independence of these rate constants on the different
initial concentrations of chromic acid ((5–10) × 10−4 mol dm−3) in
a number of steps at constant concentration of all other reagents.
The pseudo-first-order rate constants (kobs) were obtained from
the gradients of these plots. The dependence of kobs values on
the KCAR were deduced from the measurements of the observed
first-order rate constants at several [KCAR]0 and fixed chromic
acid concentration. The values of kobs were calculated by the
least-square method and are summarized in Table 1. The order
with respect to kappa-carrageenan concentration was determined
from the well-known relationship; kobs = [C]n and was found to
be of fractional-second-order (1.76 ± 0.05). Furthermore, when
the reciprocal of the observed first-order rate constants, (kobs)−1,
were plotted against the [KCAR]2−, straight lines with positive
intercepts on the (kobs)−1 axis were observed. This behaviour
obeys Michaelis–Menten kinetics for the formation of 1:2 complex
between chromic acid and KCAR reactants. A typical plot is shown
in Fig. 2.

3.3. Dependence of reaction rate on [H+]

To clarify the influence of [H+] on the rate of reaction and to
elucidate the reaction mechanism, kinetic measurements were per-
formed in HClO4–NaClO4 solutions of different [H+] and constants
of ionic strength and temperature. An increase in acid concentra-
tion was found to accelerate the reaction rate. The hydrogen ion
Fig. 2. A reciprocal Michaelis–Menten plot for the oxidation of kappa-carrageenan
by chromic acid in aqueous perchloric acid: [chromic acid] = 7.5 × 10−4, [H+] = 2.0
and I = 4.0 mol dm−3 at 20 ◦C.
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ig. 3. Dependence of pseudo-first-order rate constant on the ionic strength in
he oxidation of kappa-carrageenan by chromic acid in aqueous perchloric acid:
chromic acid] = 7.5 × 10−4, [KCAR] = 4 × 10−3 and [H+] = 2.0 mol dm−3 at 20 ◦C.

.4. Dependence of reaction rate on ionic strength

To shed some lights on the reactive ionic species in the
ate-determining step, kinetic runs were performed at constant
H+] = 2.0 mol dm−3 as the NaClO4 concentration was increased
o 6.0 mol dm−3. The values of kobs were found to decrease
ith increasing the ionic strength. A plot of ln kobs against

0.5/(1 + I0.5) according to extended Bronsted–Debye–Hückel equa-
ion was found to be linear with negative slope (Fig. 3). However,
he present measurements, of necessity lie far outside the
ronsted–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 is qual-

tatively as expected when considering the charges involved [19].

.5. Dependence of reaction rate on temperature

In order to evaluate the kinetic parameters, kinetic runs were
erformed at various temperatures and constants of [H+] and ionic
trength. The experimental results were found to fit the Arrhenius
nd Erying equations from whose slopes and intercepts the kinetic
arameters were evaluated.

.6. Polymerization test

The possibility of formation of free-radicals was examined by
dding 10% (v/v) acrylonitrile to the partially oxidized reaction mix-
ure. After a lapse of 20 min mixing (on warming), an appreciable
hite precipitate was observed. Blank experiments from which

ither chromic acid or KCAR were excluded gave no detectable poly-
erization during this time. This result indicates that the present

xidation reaction proceeds via free-radical mechanism.
The lack of polymerization observed in chromic acid oxidation of

oly(vinyl alcohol) [12] may be attributed to the relative low reac-
ivity and the short lifetime of the radical intermediate involved
n that redox system. Therefore, the above reaction was reinvesti-
ated under the same experimental conditions of the present work;
white precipitate was obtained confirming the free-radical mech-
nism.

. Discussion
The variety of species of chromium(VI) in acid solution, the pre-
umed passage of chromium through transient unstable species
f oxidation numbers (V) and (IV), and the formation of vari-
ties of complexes of chromium(III) all combine to give systems
f considerable complexity [20]. Consequently, mechanistic inter-
Fig. 4. A plot of [H+] vs. kobs in the oxidation of kappa-carrageenan by chromic
acid in aqueous perchloric acid: [chromic acid] = 7.5 × 10−4, [KCAR] = 4 × 10−3 and
I = 4.0 mol dm−3 at 20 ◦C.

est of chromium(VI) oxidation began with the inception of chemical
kinetics as a tool for studies of mechanism. The hydrogen ion depen-
dence of the rate constant seems to be of complexity. Plots of kobs
vs. [H+]n (n = 2, 3) were fairly linear, but negative intercepts on kobs
axis were obtained which clearly have no meaning. Again, when the
values of kobs were plotted against [H+], the rate constant was found
to be decreased dramatically below [H+] < 3.0 mol dm−3 to give kobs
equals approximately zero at [H+]→0 values. A typical plot is shown
in Fig. 4.

Therefore, the following equation was suggested in order to fit
the kinetic data of the present work (with n = 4):

kobs = a[H+]n

1 + b[H+]
(2)

where a and b are constants. On rearrangement of Eq. (2), the fol-
lowing relationship is obtained:

[H+]3

kobs
= 1

a[H+]
+ b

a
(3)

Eq. (3) requires that plots of [H+]3/kobs vs. 1/[H+] to be linear with
positive intercept on [H+]3/kobs axis as is experimentally observed.

Considering the values of protolytic and hydrolytic equilibrium
constants for chromium(VI) perchlorate in aqueous solutions [8],
one should assume that the main chromium(VI) ions are HCrO4

−

since the quantity of the dimeric form under our experimental con-
ditions is negligible small.

It is not surprising that the reaction rate increases with increas-
ing [H+] since the net reaction of transformation of oxyanion
HCrO4

− from tetrahedral form to the octahedral configuration in
the hydrated cation Cr(H2O)6

3+, in acidic solution, consumes hydro-
gen ions. In view of these interpretations and the experimental
observations of both ionic strength and hydrogen ion dependences
of the rate constants, the protonated species of the reactants may be
considered to be the more reactive species which play the main role
in the reaction kinetics. Hence, the influence of the hydrogen ion
concentration on the reaction rate acceleration can be explained
on the basis of the substrate protonation in acidic medium [16]
according to the following equilibria:

S + H+K1�SH+ (4)

+
where S and SH represent KCAR and its protonated form; while K1
is the protonation constant of KCAR.

In redox reactions involving chromium(VI) as an oxidant, two
reaction mechanisms for electron transfer may be suggested
[20,21]. The first one corresponds to successive one-electron-
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to be composite quantities of the rate constants, the protonation
constants and the formation constants, respectively.

In view of the foregoing experimental observations and the
kinetic interpretations, two possible reaction mechanisms for elec-
tron transfer may be suggested. The first one corresponds to an
I.A. Zaafarany et al. / Journal of Molecul

ransfer mechanism:

rVI + Red = CrV + Ox (5)

rV + Red = CrIV + Ox (6)

rIV + Red = CrIII + Ox (7)

The second mechanism represents to a simultaneous two-
lectron changes in a single step:

rVI + Red = CrIV + Ox (8)

rIV + CrVI = 2CrV (9)

rV + Red = CrIII + Ox (10)

herefore, chromium(VI) oxidation provide interesting prospects
o chemists studying mechanisms. Hence, the most reasonable
eaction mechanism which may be suggested, involves a fast
omplexation between the substrate and the oxidant to give C1
ntermediate which picks up another substrate molecule giving the
ntermediate C2. This intermediate (C2) decomposes in the rate-
etermining step to give free-radical substrate with subtraction of
3O+ ion as initial oxidation products:

CrO−
4 + SH+ + H+K2�C1 (11)

1 + SH+K3�C2 (12)

2 + H+ ka−→
slow

2S
• + CrIV + nH3O+ (13)

gain, obeying the substrate-dependence of the rate constant to
echaelis–Menten kinetics (Fig. 2) with the formation of 1:2 inter-
ediate complex between chromic acid and KCAR reactants may

upport this suggestion.
Then, the formed radical is fastly oxidized by either new oxidant

olecule or the CrIV formed to give rise to the reaction products as
escribed by the following equations:

rVI + S
• fast−→products + CrV (14)

rIV + S
• fast−→products + CrIII (15)

rV + CrV = CrIV + CrVI (16)

CrIV = CrIII + CrV (17)

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

ate = −d [HCrO−
4 ]

dt

= kaK1
2K2K3[H+]4[S]2

T[HCrO−
4 ]

1 + K1[H+] + K1K2[H+]2[HCrO−
4 ](1 + K1K3[H+][S])

(18)

here [S]T is the analytical total concentration of KCAR. In presence
f a large excess of the substrate over that of HCrO4

− concentration,
he rate-law expression is as defined by the following equation:

ate = −d [HCrO−
4 ]

dt
= kobs[HCrO−

4 ] (19)

omparing Eqs. (18) and (19) and rearrangement, one concludes
hat2:
1
kobs

=
(

1 + K1[H+]

kaK2
1 K2K3[H+]4

)
1

[S]2
T

+ K ′ (20)

2 K ′ = (1+K1K3[H+][S])

kaK1K3[H+]2[S]2
T

.

Fig. 5. Plots of 1/kobs vs.1/[H+]4 in the oxidation of kappa-carrageenan by chromic
acid in aqueous perchloric acid: [chromic acid] = 7.5 × 10−4, [KCAR] = 4 × 10−3 and
I = 4.0 mol dm−3 at 20 ◦C.

Eq. (20) requires that, at constant [H+], plots of (kobs)−1 against
1/[S]2

T to be linear with positive intercepts on (kobs)−1 axis.
The experimental results satisfied this requirement as shown in
Mechaelis–Menten plot (Fig. 2) indicating the formation of 1:2
intermediate complex between the substrate and the oxidant prior
to the rate-determining step. Again, plots of (kobs)−1 against 1/[H+]4

at constant [S] gave good straight lines with positive intercepts on
1/[H+]4 as shown in Fig. 5. The small intercept observed in Fig. 2
may lead us to simplify Eq. (20) to the following equation:

[S]2[H+]3

kobs
=
(

[H+]−1

k′
a

+ 1
k′′

a

)
(21)

where k′
a = k1K2

1 K2K3 and k′′
a = k1K1K2K3, respectively. According

to Eq. (22), plots of [S]2[H+]3/kobs vs. 1/[H+] gave good straight lines
with positive intercepts on [S]2[H+]3/kobs axis (Fig. 6), from whose
slopes and intercepts the values of the apparent rate constants, k′

a
and k′′

a, and the protonation constant, K1, can be evaluated. These
values were calculated by least-square method and are summarized
in Table 2.

Unfortunately, the values of the rate constants of the elementary
reaction ka could not be evaluated because of the non-availability
of the formation constants (K2 and K3) at different temperatures.
Therefore, the apparent rate constants (k′

a and k′′
a) are considered
Fig. 6. Plots of [S]2[H+]3/kobs vs. [H+]−1 in the oxidation of kappa-carrageenan
by chromic acid in aqueous perchloric acid: [chromic acid] = 7.5 × 10−4,
[KCAR] = 4 × 10−3 and I = 4.0 mol dm−3 at various temperatures.
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Scheme

Table 2
Values of the second-order rate constant (k′), the apparent rate constants (k′

a and k′′
a)

and the protonation constant (K1) in the oxidation of kappa-carrageenan by chromic
acid in aqueous perchloric acid: [chromic acid] = 7.5 × 10−4, [KCAR] = 4 × 10−3 and
I = 4.0 mol dm−3.

Constant Temperature (◦C)

10 20 30 40

102 k′ (dm3 mol−1 s−1)a 1.32 2.50 3.88 5.75

k′
a (dm18 mol−6 s−1) 0.89 0.97 1.05 1.17

k

K

E

′′
a (dm15 mol−5 s−1) 0.57 1.29 2.80 7.04

1 (dm3 mol−1) 1.57 0.75 0.38 0.17

xperimental error ±3%.
a Calculated at [H+] = 2.0 mol dm−3.
1.

outer-sphere mechanism in which the transfer of electrons occurs
prior to the protons release. It involves the formation of an outer
ion pair:

SH+ + CrVI � [SH+, CrVI] (22)

SH+ + [SH+, CrVI] � [(SH+)2, CrVI] (23)

followed by electron transfer process in the rate-determining step:

[(SH+)2, CrVI]
slow−→[(SH+)2, CrIV] (24)

[(SH+)2, CrIV]
fast−→2S

• + CrIV + n H3O+ (25)
In the second mechanism, the release of protons proceeds the
electron-transfer process which corresponds to inner-sphere type
as follows:

SH+ + CrVI � [SH+, CrVI] (22)
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H+ + [SH+, CrVI] � [(SH+)2, CrVI] (23)

(SH+)2, CrVI]
fast−→[S2, CrVI] + n H3O+ (26)

S2, CrVI]
slow−→2S

• + CrIV (27)

The former mechanism seems unlikely to account for the present
nvestigation from both thermodynamic and mechanistic points of
iews since the oxidation reaction was found to proceeds via forma-
ion of an intermediate complex through free radical mechanism.
The kinetic parameters of the apparent rate constants (k′
a and

′′
a) were calculated from the temperature dependence of the rate
onstants by the method of least-squares and are summarized in
able 3. Again, the thermodynamic parameters of the protonation
onstants are summarized in Table 4. The values of the protona-
.

tion constants obtained were found to be in good agreement with
the same order of magnitude to that obtained for poly(vinyl alco-
hol) macromolecule when oxidized by chromic acid [12]. This result
may be considered as an indirect evidence to support the proposed
mechanism.

Stewart [22] and Hassan [23] reported that the entropy of activa-
tion, �S /= , is negative for oxidation reactions proceed via complex
formation of an inner-sphere nature, which the �S /= values for
outer-sphere mechanism tend to be more positive. This sugges-

tion is in good agreement with the observed negative values of
�S /= in the present investigation. The value of �S /= obtained
may confirm the compactness of the intermediates and it is
characterized to one-electron transfer mechanism of inner-sphere
nature.
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Table 3
Activation parameters of k′ , k′

a and k′′
a in the oxidation of kappa-carrageenan by chromic acid in aqueous perchloric acid: [chromic acid] = 7.5 × 10−4, [KCAR] = 4 × 10−3

I = 4.0 mol dm−3.

Rate constant Parameter

�H /= (kJ mol−1) �S /= (J mol−1 K−1) �G /= (kJ mol−1) Ea
/= (kJ mol−1) A (mol−1 s−1)

k′a 33.04 −163.29 81.69 35.85 7.95 × 104

k′
a 4.13 −230.90 72.94 6.60 0.15 × 102

k′′
a 58.77 −41.85

Experimental error ±4%.
a Calculated at [H+] = 2.0 mol dm−3.

Table 4
Thermodynamic parameters of the protonation constant (K1) in the oxidation
of kappa-carrageenan by chromic acid in aqueous perchloric acid: [chromic
acid] = 7.5 × 10−4, [KCAR] = 4 × 10−3 and I = 4.0 mol dm−3.

Parameter

�H◦ (J mol−1 K−1) �S◦
293 (J mol−1 K−1) �G◦

293 (kJ mol−1)

−
E

o
b
o
o

t
S
a
t

t
t
s
c
s
t
p
t
m
f
s
a
e
f

[

[
[
[

[

54.62 −184.03 +0.7

xperimental error ±4%.

Again, the positive �G /= may confirm the non-spontaneity
f complex formation in the rate-determining step, as suggested
y the proposed mechanism. Moreover, the protonation values
btained at various temperatures indicated that the prolytic process
f carrageenan is an exothermic process.

In view of these arguments and the experimental observa-
ions, the oxidation of KCAR by chromic acid can be illustrated by
chemes 1 and 2. Scheme 1 represents the oxidation of secondary
lcohols to the corresponding ketone, whereas Scheme 2 refers to
he oxidation of primary alcohols to carboxylic acid, respectively.

The hydrogen ion dependence of the rate constant in addition to
he high order observed in [H+] indicated a fast protonation of both
he oxidant and substrate. The smaller activation energies observed
upport that the reaction takes place between ions of different
harges or an ion and a neutral molecule. Therefore, the electro-
tatic attraction between the reactants does not need much energy
o bring them together in order to form the activated complex. The
rotonated substrate is firstly attacked by chromic acid to form
he intermediate complex (C1) which picks up another substrate

olecule to give the (C′
2 or C′′

2) intermediate complex. Then, the

ormed intermediate complex decomposes in the rate-determining
tep to give the initial oxidation products as free radical substrate
nd CrIV ion. The substrate radical is further oxidized very fast by
ither chromic acid or CrIV oxidants to give rise to the product. The
ormation of such intermediate complexes has been postulated in

[
[

71.24 59.86 6.42 × 1010

oxidation of some organic substrates containing alcoholic groups
by this oxidant [24,25].
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