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a b s t r a c t

The kinetics of oxidation of kappa-carrageenan (KCAR) as a sulfated polysaccharide by cerium(IV) in
aqueous perchlorate solutions at a constant ionic strength of 2.0 mol dm−3 have been investigated,
spectrophotometically. The results showed a first-order dependence in [CeIV] and fractional-first-order
kinetics in carrageenan concentration. A kinetic evidence for the formation of 1:1 complex has been
revealed. The hydrogen ion dependence of the reaction rate indicated that the oxidation process is acid
catalyzed. The oxidation product was identified by the spectral data and elemental analysis. The activation
eywords:
atalysis
arrageenan
erium(IV)
xidation
olysaccharides

and thermodynamic parameters have been evaluated and a relevant reaction mechanism is suggested
and discussed.

© 2010 Elsevier B.V. All rights reserved.
inetics
echanism

. Introduction

The study of electron-transfer processes in macromolecules has
dded a new criterion to the kinetic research [1]. The properties
f macromolecules that affect electron-transfer reactions are the
ocalization of the functional groups present in the macromolecular
hains. Rate studies provide more information on how the redox
rocess is affected by the hydrophilic and electrostatic attraction
etween the functional groups and the oxidants.

The kinetics of oxidation of some natural and synthetic polymers
y permanganate [2–9] and by chromic acid [10,11] has been inves-
igated and reported previously. It seen that no attempt has been

ade for the oxidation of these macromolecules by cerium(IV) as
strong oxidant.
This fact prompted us to perform the present investigation for
xidation of kappa-carrageenan (KCAR) by cerium(IV) in aqueous
erchlorate solutions with a view to shed some light on the influ-
nce of the nature of the oxidant on the reaction kinetics and the

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

381-1169/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.molcata.2010.09.009
type of products since kappa-carrageenan contains both primary
and secondary alcoholic groups.

2. Experimental

2.1. Reagents

All materials employed in the present work were of analyti-
cal grade. Doubly distilled water was used in all preparations. The
temperature was controlled within ±0.05 ◦C.

2.2. Preparation of stock solutions

Kappa-carrageenan (Fluka) was used without further purifica-
tion. A stock solution of KCAR (0.01 mol dm−3) was prepared by
stepwise addition of the reagent powder to bidistilled water whilst
vigorously stirring the solution to avoid the formation of lumpy

precipitate [9–11].

A stock solution of cerium(IV) was prepared as described else-
where [12,13]. This process was performed by precipitating the
hydroxide from cerium ammonium nitrate with NH4OH. The pre-
cipitate was allowed to settle (48 h), leached several times with

dx.doi.org/10.1016/j.molcata.2010.09.009
http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
mailto:rmhassan2002@yahoo.com
dx.doi.org/10.1016/j.molcata.2010.09.009
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ig. 1. Spectral changes (200–500 nm) in the oxidation of kappa-carrageenan
y cerium(IV) in aqueous perchlorate solutions. [Ce4+] = 2.0 × 10−4, [H+] = 1.0,
KCAR] = 2.0 × 10−3 and I = 2.0 mol dm−3 at 25 ◦C.

idistilled water, dissolved in HClO4 and filtered off. All cerium(IV)
olutions were standardized against ferrous ammonium sulfate
sing N-phenol anthranilic acid indicator [13]. The solution of
erium(IV) was stored in a dark glass bottle and used after 24 h
fter (vide infra) since the hydrolysis is negligible small or ruled
ut after 12 h of preparation [14].

.3. Kinetic measurements

The kinetic measurements were performed under pseudo-first-
rder conditions where the substrate (KCAR) was present in a large
xcess over that of cerium(IV) concentration. The reaction was
ollowed spectrophotometrically at 315 nm, the absorbance maxi-

um of CeIV, where all other species involved in the reaction have
egligible absorbance at this wavelength. The course of reaction
as monitored by recording the decrease in absorbance of CeIV as
function of time using a Shimadzu UV-2101/3101 PC automatic

canning double-beam spectrophotometer fitted with wavelength
rogram controller using cells of path length 1 cm. The spectral
hanges during the course of reaction are shown in Fig. 1.

Some kinetic runs were carried out under second-order con-
itions where [KCAR]0 ≥ [CeIV] to check the producibility of the
seudo-first-order data. The results were found to be in good agree-
ent with each other within the experimental errors indicating the

eproducibility of the pseudo-first-order kinetic measurements.
The ionic strength of the reaction mixtures was maintained

onstant at 2.0 mol dm−3 by the addition of NaClO4 as a non-
omplexing agent.

.4. Polymerization test

The possibility of formation of free radicals was examined
y adding 10% (v/v) acrylonitrile to the partially oxidized reac-
ion mixture. After a lapse of 20 min mixing (on warming), a
eavy appreciable white precipitate was observed. Blank exper-

ments from which either CeIV or KCAR were excluded gave
o detectable polymerization. This result indicates the induced

ree-radical mechanism during the entire course of the present
xidation reaction.

. Results
.1. Nature of CeIV species

A survey on the earlier literature on the nature of cerium(IV)
pecies in perchloric acid [15] showed that CeIV exists mainly in the
orm of monomeric species Ce4+ and Ce(OH)3+ and partially in the
lysis A: Chemical 332 (2010) 138–144 139

form of dimeric species Ce–O–Ce6+ and Ce–O–CeOH3+. However,
Offiner and Skoog [16] and after Amzad and McAuely [17] showed
from the spectrophotometric studies that the hydrated form, Ce4+,
is the predominant species at [H+] ≥ 1.0 mol dm−3 up to the con-
centration of 1.5 × 10−3 mol dm−3 of [CeIV], whereas Ce(OH)3+ and
dimers are the more predominant at [H+] < 0.8 mol dm−3.

Therefore, under our experimental conditions of
[H+] > 1.0 mol dm−3, CeIV may be regarded as existing in the
form of Ce4+

aq (aquacerium(IV)).

3.2. Stoichiometry

It is important to determine the stoichiometric coefficients of
the reactants of the overall reaction owing to the complexity of
the reaction kinetics. Reaction mixtures containing different initial
concentrations of the reactants ([CeIV] = (1–4) × 10−4 mol dm−3 and
[KCAR] = 1 × 10−5 mol dm−3) in 1.0 mol dm−3 HClO4 which adja-
cent to a constant ionic strength of 2.0 mol dm−3 were equilibrated
in dark. The unreacted [CeIV] was estimated periodically until
it reached a constant value, i.e. completion of the reaction. A
stoichiometric ratio of ([CeIV]consumed/[KCAR]0) was found to be
8.0 ± 0.1 mol. This result conforms to the following stoichiometric
equation

(C12H17O12S)−
n + 8Ce4+ + H2O = (C12H11O13S)−

n + 8Ce3+ + 8H+

(1)

where (C12H17O12S)−
n and (C12H11O13S)−

n represent to the
kappa-carrageenan and its corresponding diketo-acid oxidation
derivative, respectively. The products were identified by the spec-
tral data and elemental analysis as described elsewhere [18–20].

Some experiments have been carried out in nitrogen atmo-
sphere in order to decide whether cerium ion or dissolved oxygen
is the reactive oxidizing agent at the final stage of oxidation, the
same product was obtained. This means that the dissolved oxygen
has no influence on the oxidation process.

3.3. Reaction–time curves

Plots of the first-order (ln Abs vs. time) or the second-order
forms (1/Abs vs. time) were found to be fairly linear for more than
two-half lives of the reaction completion. The rate constants cal-
culated from the gradients of these plots were found to be in good
agreement with each other confirming the reducibility of the per-
formed kinetic measurements.

3.4. Dependence of reaction rate on [CeIV] and [KCAR]

The order with respect to cerium ion was confirmed not only
by the linearity of the plots of pseudo-first-order rate constants
(r ≥ 0.99) but also by the independence of the observed rate con-
stants, kobs, on the different initial concentration of cerium(IV) in
the range (1–6) × 10−4 mol dm−3 in a number of steps at constant
concentration of all other reagents. The average value of kobs at
[CeIV] = 2 × 10−4, [KCAR] = 4 × 10−3, [H+] = 1.0, and I = 2.0 mol dm−3

was found to be 8.33 × 10−4 s−1 at 25 ◦C.
The dependence of kobs values on KCAR were deduced from the

measurements of the observed-first-order rate constants at sev-
eral ratios of [KCAR] and fixed concentration of cerium ion. The
order was found to be of fractional-first-order using the relation-
ship (log kobs = n log[KCAR]). Again, when the reciprocal of the rate

constants, 1/kobs, were plotted against the reciprocal of 1/[KCAR],
straight lines with positive intercepts on the 1/kobs axis were
obtained. This behavior obeys the Michaelis–Menten kinetics for
the formation of 1:1 intermediate complex. A typical plot is shown
in Fig. 2.
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ig. 2. Plot of 1/kobs vs. 1/[H+]2 in the oxidation of kappa-carrageenan by
erium(IV) in aqueous perchlorate solutions. [Ce4+] = 2.0 × 10−4, [KCAR] = 2.0 × 10−3

nd I = 2.0 mol dm−3 at 25 ◦C.

Furthermore, at relatively high concentrations of KCAR
>10−2 mol dm−3), a decrease in the oxidation rate with increas-
ng [KCAR] was observed. This fact may be explained by either the
ormation of more than one complex and at least one of these com-
lexes appears to resist the oxidation process or the increase in the
iscosity as a result of the increase of the substrate concentration.
hus in turn will lead to slow down the particles motion and, hence,
decrease in the reaction rate should be observed. Therefore, all the
resent experiments were performed at [KCAR] < 10−2 mol dm−3.

.5. Dependence of reaction rate on [H+]

In order to clarify the influence of [H+] on the rate of reac-
ion and to elucidate a reaction mechanism, kinetic measurements
ere performed in HClO4–NaClO4 solutions with different [H+]

nd constant ionic strength and temperature. An increase in acid
oncentration was found to accelerate the rates of the present oxi-
ation reaction. The reaction order with respect to [H+] was found
o be of fractional-second-order (calculated from log ks − log [H+]
lots).

.6. Dependence of reaction rate on ionic strength

To shed some lights on the reactive species in the rate-
etermining step, the effect of ionic strength on the reaction
ate was examined. Kinetic runs were performed at constant
H+] = 1.0 mol dm−3 as the NaClO4 concentration was increased
o 2.5 mol dm−3. The values of kobs were found to increase
ith increasing the ionic strength. This result indicated the cat-

lytic salt effect and showed a good linearity of the extended
ronsted–Debye–Hückel relationship (ln kobs vs. I0.5/(1 + I0.5) plot)
s shown in Fig. 3 (r = 0.99). However, the present measurements, of
ecessity lie far outside the Bronsted–Debye–Hückel region, cover-

ng a range over which the activity coefficients of many electrolytes
re known to be fairly dependent on ionic strength [21] The ionic
trength dependence is qualitatively as expected when considering
he charges involved [22].

. Discussion

It has been reported [23–25] that the addition of a polyvalent
etal ion electrolyte to an anionic polyelectrotyte such as alginate

olysaccharide in either powder or sol forms lead to sol–gel trans-

ormation with formation of insoluble cross-linked metal alginate
omplexes in either granule or gel forms, respectively, depending
n the method of preparation [26]. Here, a kind of salt bridge via
n egg-carton like structure is formed between the interdiffused
olyvalent metal cation and the carboxylate and hydroxyl func-
Fig. 3. Plot of 1/kobs vs. 1/[KCAR] in the oxidation of kappa-carrageenan by
cerium(IV) in aqueous perchlorate solutions. [Ce4+] = 2.0 × 10−4, [H+] = 1.0 and
I = 2.0 mol dm−3 at 25 ◦C.

tional groups of alginate macromolecular chains [27–29] through
partially ionic and partially coordinate bonds, respectively. There-
fore, the failure in gelation occurs through the addition of CeIV

electrolyte to a sol of KCAR polysaccharide as an anionic polyelec-
trolyte is of interesting. Hence, it may conclude that the presence of
carboxylate functional groups in the macromolecular chains of algi-
nate polyelectrolyte is an essential factor for sol–gel transformation
phenomenon.

On the other hand, when a reaction mixture of cerium(IV) and
KCAR in acidic solution was followed spectrophotometrically, a
continuous decrease in the absorbance of CeIV was observed at its
absorption maximum without formation of any precipitate dur-
ing the entire course of reaction. Since, cerium(IV) is known to
be a strong oxidant for most of organic and inorganic substrates
[12–17,29–34], the observed decrease in absorbance of cerium(IV)
may be interpreted by the oxidation of KCAR macromolecule by
the oxidant or the formation of a soluble gel form between the two
reactants. Detection of CeIII as a reduced form of CeIV during the
progress of the reaction (on using reference cells containing CeIV

of the same concentration of the reaction mixture) may lead us to
exclude the suggestion of a soluble gel formation. Again, the posi-
tive polymerization observed on the addition of acrylonitrile to the
partially oxidized reaction mixture may confirm the occurrence of
an oxidation–reduction reaction.

The increase in the rate constant with increasing the hydro-
gen ion concentration at constant ionic strength may indicate the
protonation of the reactants species. Under our experimental con-
ditions of [H+] ≥ 1.0 mol dm−3, the hydrolysis of CeIV is negligible
small [14–17] and, hence, KCAR tends to protonate according the
following equilibrium

S+H+ K
�SH+ (2)

where S and SH+ represent kappa-carrageenan and its protonated
form and K is the protonation constant of kappa-carrageenan.

In view of the foregoing aspects and the experimental obser-
vations, the most reasonable reaction mechanism which may
be suggested involves a fast complexation between the reactive
species of reactants to give an intermediate complex (C) prior to
the rate-determining step

Ce4+ + SH+K1�C (3)
where K1 is the formation constant of the intermediate complex C.
This step is followed by the decomposition of the intermediate in
the rate-determining step to give rise to the substrate radical (C•)
as initial oxidation product and Ce3+ as the reduced form of Ce4+,
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Table 1
Activation parameters of the apparent rate constants in the oxidation of kappa-carrageenan by cerium(IV) in aqueous perchlorate solutions. [Ce4+] = 2.0 × 10−4,
[KCAR] = 2 × 10−3 and I = 2.0 mol dm−3.

Rate constant Parameter

�S /= J mol−1 K−1 �H /= kJ mol−1 �G /= kJ mol−1 Ea
/= kJ mol−1 10−4 A mol−1 s−1

71.55 56.21 1.27 × 1010

73.92 102.41 1.61 × 1017
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Table 2
Values of the protonation constant at different temperatures and its thermody-
namic parameters in the oxidation of kappa-carrageenan by cerium(IV) in aqueous
perchlorate solutions. [Ce4+] = 2.0 × 10−4, [KCAR] = 2 × 10−3 and I = 2.0 mol dm−3.

Temp. ( ◦C)

25 30 35 40

Value 2.58 1.93 1.42 1.06

Parameter

�Ho kJ mol−1 �So
298 J mol−1 K−1 �Go

298 kJ mol−1

Value −74.12 −246.79 −0.58
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k′ −59.80 53.73
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xperimental error ± 4%.

espectively

+ H+ k−→
slow

Ce3++C• (4)

The substrate radical formed is rapidly oxidized by the oxidant
o give rise to the final product.

The change of the rate constant with the change in the hydrogen
on and substrate concentrations can be expressed by the following
elationship

ate = −d[CeIV]
dt

= kKK1[H+]2[S][CeIV]
1 + K[H+] + KK1[H+][CeIV]

(5)

here [S]T represents the analytical total concentration of KCAR
ubstrate, [S]T = [S] + [SH+]+ [C].

Under pseudo-first-order condition in the presence of a large
xcess of substrate over that of [CeIV]

ate = kobs[CeIV] (6)

Comparing Eqs. (5) and (6) and rearrangement, one concludes
hat

1
kobs

=
(

1 + K[H+]

kKK1[H+]2

)
1

[S]T
+ K ′ (7)

According to Eq. (7), plots of 1/kobs against 1/[S] at constant [H+]
hould be linear (r > 0.99) with positive intercepts on 1/kobs axis.
he experimental results satisfied this requirement as shown in
ig. 2. Again, a plot of 1/kobs against 1/[H+]2 at constant [S] should
ive a straight line with a positive intercept on 1/kobs axis as was
xperimentally observed in Fig. 4. The small intercepts observed in
ig. 2 may lead us to simplify Eqs. (7)–(8) which is considered as the

IV
uitable rate-law expression of oxidation of KCAR by Ce oxidant

[H+][S]T

kobs
=

(
1

k′[H+]
+ 1

k′′

)
(8)
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ig. 4. Plot of ln kobs vs. I0.5/(1 + I0.5) in the oxidation of kappa-carrageenan by
erium(IV) in aqueous perchlorate solutions. [Ce4+] = 2.0 × 10−4, [H+] = 1.0 and
KCAR] = 2 × 10−3 mol dm−3 at 25 ◦C.
Fig. 5. Plots of [S][H+]/kobs vs. [H+]−1 in the oxidation of kappa-carrageenan by
cerium(IV) in aqueous perchlorate solutions. [Ce4+] = 2.0 × 10−4, [KCAR] = 2 × 10−3

and I = 2.0 mol dm−3.

where k′ and k′′ are1 the apparent rate constants and are equal to
kKK1 and kK1, respectively.

According to Eq. (8), plots of the left hand side against 1/[H+]
gave good straight lines (r > 0.99) from whose slopes and inter-
cepts, the apparent rate constants and the equilibrium constant
can be calculated. Typical plots are shown in Fig. 5. These values
were calculated by the least-squares method.

Unfortunately, the values of the rate constants of the elementary
reaction k1 could not be calculated because of the non-availability
of the protonation and formation constants K and K1 values, respec-
tively. However, some attempts have been made to compute these
constants from the experimental data, the results obtained were
not encouraged. Therefore, the values of the apparent rate con-
stants, ka

′ and ka
′′ are considered to be composite quantities of

the rate constant, formation constant and the protonation constant,
respectively.
The activation parameters of k′ and k′′ (Table 1) along with ther-
modynamic parameters of K (Table 2) were determined from the
temperature-dependence of the reaction rate constants by using
the least-square method from the Eyring and Arrhenius equations.

1 K ′ = [CeIV]
[H+][S]T

.
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Table 3
The activation parameters of the second-order rate constants in the oxidation of kappa-carrageenan by various oxidants.

Oxidant Parameter Conditions Reference

�S /= J mol−1 K−1 �H /= kJ mol−1 �G /= kJ mol−1 Ea
/= kJ mol−1 10−4 A mol−1 s−1 [H+] mol dm−3 I mol dm−3

42
05
11

A
o
c

g
m
p

S

MnO4
− −208.31 17.07 79.15 19.

CrO4
2− −167.93 31.59 81.63 34.

Ce4+ +26.67 82.26 74.68 85.

gain, the activation parameters of the second-order rate constants
f the present work along with that reported for oxidation of kappa-
arrageenan by other various oxidants are listed in Table 3.

Two reaction mechanisms for electron-transfer may be sug-

ested. The first one is corresponding to an outer-sphere
echanism which proceeds by formation of an outer ion

air,

H+ + Ce4+ � [SH+,Ce4+] (9)

O
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-
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Scheme 1. Mechanism of oxidation of kappa-carrageena
2.08 × 102 1.0 2.0 9
7.13 × 106 2.0 4.0 11
3.68 × 1014 1.0 2.0 This work

Then, it followed by an electron-transfer process from the sub-
strate to the oxidant prior to the proton releasing

[SH+, Ce4+]
r.d.s−→[SH•, Ce3+] (10)
[SH•, Ce3+]
fast
� [S•, Ce3+] + H+ (11)

where SH• and S• are the free-radical substrates. The second mech-
anism which may be considered involves the release of protons

+ n H3O
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+ Red
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geenan
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n by cerium(IV) in aqueous perchlorate solutions.
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ig. 6. Exener Isokinetic plot, �H /= vs. �S /= , for oxidation of kappa-carrageenan
y various oxidants.

rior to the transfer of electrons and represents to an inner-sphere
ype as follows

H+ + Ce4+ � [SH+, Ce4+] (12)

SH+, Ce4+] � [S, Ce4+] + H+ (13)

S,Ce4+]
r.d.s−→[S•, Ce3+] (14)

Although, the rate-law expression provides no information on
lectron transfer, whether it is of inner- or outer-sphere nature,
ome information may be expected by examining the magnitude
f the elementary rate constants and the activation parameters
30–36].

Unfortunately, no data are available about the formation
onstants in order to evaluate the rate constants of the princi-
al elementary reaction. Indeed, the thermodynamic parameters
bserved for a series of common reactions may be considered as
ood evidence to support a certain reaction mechanism [37–40].
t has been suggested that �S# values tend to be more positive
or an outer-sphere type, whereas the reactions of inner-sphere-
ature tend to possess negative values for entropy of activation
37–40]. The entropy of activation obtained in the present work

ay suggest the presence of both inner- and outer-sphere mecha-
isms. Although, the outer-sphere mechanism is the more probable

rom the thermodynamic ground, the inner-sphere one can not be
xcluded from the kinetic points of view.

Leffler and Grunwold [41] have pointed out that many reac-
ions show an isokinetic linear relationship �H /= = ˛ + ˇ �S /= . As
s shown in Fig. 6, a plot of �H /= against �S /= for the second-
rder rate constants (k′) of the redox reactions involving various
xidants with the same substrate is fairly linear with ˛ = 75 kJ mol−1

nd ˇ = 2.72 K (r ≥ 0.99). This linearity indicates that the kinetics
f oxidations of these macromolecules may follow similar reac-
ion mechanisms of one electron inner-sphere nature. The ˇ value
btained is significant and reflects the high reactivity of these
acromolecule substrates. Again, plots of �H /= vs. �S /= for the

pparent rate constants (k1
′ or k1

′′) were also linear in these oxida-
ion reactions which confirming our suggested mechanism.

In view of the foregoing experimental observations and the
inetic interpretations, a suitable reaction mechanism for the oxi-
ation of KCAR by cerium(IV) may be suggested as shown in

cheme 1.
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+H+ K
�SH+ (A.1)

[

[
[
[
[
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K = [SH+]
[S][H+]

, [SH+] = K[S][H+]

Ce4+ + SH+K1�C (A.2)

K1 = [C]
[CeIV][SH+]

, [C] = KK1[S][H+][CeIV]

C + H+ k−→
slow

Ce3+ + C• (A.3)

Rate = −d[CeIV]
dt

= k[C][H+] = kKK1[S][H+]2[CeIV] (i)

Since,

[S]T = [S] + [SH+] + [C]

[S]T = [S] + K[S][H+] + KK1[S][H+][CeIV]

[S]T = [S](1+ K[H+] + KK1[H+][CeIV])

[S] = [S]T

[S](1 + K[H+] + KK1[H+][CeIV])
(ii)

Substituting Eq. (ii) into Eq. (i), gives

Rate = −d[CeIV]
dt

= kKK1[H+]2[S]T[CeIV]
1 + K[H+] + KK1[H+][CeIV]

(A.4)

Under pseudo-first-order conditions in the presence of a large
excess of KCAR over that of cerium(IV) concentration

Rate = kobs[CeIV] (A.5)

Comparing Eqs. (5) and (4) and rearrangement, the following
relationship is obtained

1
kobs

=
(

1 + K[H+]

kKK1[H+]2

)
1

[S]T
+ [CeIV]

k1[S]T[H+]
(A.6)

Michaelis–Menten plot (Fig. 2) leads to simplify Eq. (6) to

[H+][S]T

kobs
= 1

kKK1[H+]
+ K[H+]

kKK1[H+]
(A.7)
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