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Kinetics of the oxidative degradation
of p-xylose in presence and absence
of cationic and anionic surfactants

Abstract The oxidative degradation
of p-xylose by cerium(IV) has been
found to be slow in acidic aqueous
solution with the evidence of autoca-
talysis. The reaction is accelerated

in the cetyltrimethylammonium
bromide (CTAB) micellar medium
but sodium dodecyl sulfate (an anionic
surfactant) has no effect. The pseudo
first-order rate constants have been
determined at different [reductant],
[oxidant], [H,SO4], temperature, and
[CTAB]. The reaction rate increased
with increasing [p-xylose] and de-
creased with increase in [H,SOy4]. The
CTAB-micelle-catalyzed kinetic re-

sults can be interpreted by the pseu-
dophase model. The kinetic param-
eters such as association constant (Ky),
micellar medium rate constant (k;,),
and activation parameters (E,, AH"
and AS") are evaluated and the reac-
tion mechanism is proposed. The
reaction rate is inhibited by electro-
lytes and the results provide an evi-
dence for the exclusion of the reactive
species from the reaction site.
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Introduction

Despite a large body of information available on the
oxidative degradation of organic substrates by cerium(I'V)
in acidic media [1-12], kinetic studies of the oxidation of
monosaccharides by cerium(IV) in the presence of micelle-
forming surfactants have been lacking [11, 12]. In this
paper, we report a study of the kinetics of the oxidation of
p-xylose by cerium(IV) in the absence and presence of
cetyltrimethylammonium bromide and sodium dodecyl
sulfate. In addition, the effect of inorganic electrolytes
(NaCl, NaNOs, and Na,SO,) has also been explained in the
presence of surfactants.

Experimental
Materials and reagents

D-Xylose (>99%, s.d. fine, India), ceric ammonium nitrate
(99%, Qualigens, India), sulfuric acid (98%, Merck, India),

cetyltrimethylammonium bromide (CTAB) (99%, BDH,
England), SDS (99%, Sigma, USA), sodium sulfate (98%,
Merck, India), sodium nitrate (99%, Merck, India), sodium
chloride (99.9%, BDH, India) and acrylonitrile (99%, s.d.
fine, India) were used as received. All the solutions were
prepared in doubl}l distilled water (specific conductivity
1.5x10° Q' em ™).

Kinetic measurements

The reaction was carried out under pseudo first-order
conditions ([p-xylose] was always in excess) in a three-
necked reaction vessel fitted with a double-surface con-
denser to prevent evaporation. Both of the reactants were
thermostated separately at the desired temperature before
mixing. After start, aliquots of the reaction mixture were
withdrawn at definite time intervals and the decay in the
absorbance of cerium(I'V) was measured spectrophotomet-
rically at 385 nm with the help of Bausch & Lomb
spectronic-20 spectrophotometer. The pseudo first-order
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Fig. 1 Plots of log(absorbance) vs time for the Ce(lV)+D -xylose
redox reaction. Reaction conditions: [Ce(IV)]=1.0x10~> mol dm>,
[H,SO4]=1.83 mol dm 3, [p- xylose] =0.0 (a), 1.0 (b), 2.0 (¢), 4.0 (d)
6.0 (e), and 8.0x1072 mol dm 2 (f), and temperature=313 K

rate constants in the absence (kys, s ') and presence of
surfactants (ky, s~') were determined from the linear
parts of the plots of log(absorbance) vs time up to the
completion of 80% reaction. Other details of the kinetic
procedure were the same as described elsewhere [13—15].

Test for free radical

Acrylonitrile (20 cm’, v/v) was added to the reaction mix-
ture containing [Ce(IV)]=1.0 x 1073 moldm > , [H,SO,]=
1.83 mol dm > and [D — xylose]=4.0 x 102 moldm > at
313 K. The appearance of a white precipitate after some time
indicates the formation of free radical.

Critical micelle concentration (cmc¢) measurement

The critical micelle concentration values of CTAB were
determined conductimetrically using a bridge type CM 82
T (Elico Pvt., Hyderabad, India). The values of cmc in

Table 1 Dependence of kyps and kl,,([CTAB]
on [Ce(IV)] ([p-xylose]=4.0x10 > mol dm >

=50.0x102 mol dm™)
, [H>S0,]=1.83 mol dm >,

T=313 K)

10° [Ce(IV)]  10%kgps  10%ky 10° [Ce(IV)]  10%kps  10%k,
(mol dm™)  (s7h (s7)  (moldm™) (s (s
0.6 1.9 30 12 13 25
0.8 1.9 20 13 13 2.3
0.9 1.8 28 14 12 2.1
1.0 1.7 25 16 1.1 22
1.1 1.4 26 18 1.1 22

6.0
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Fig. 2 Effect of [p-xylose] on the rate constants in absence (03) and
presence (o) of CTAB. Reactlon conditions: [Ce(lV) 1.0x10 ~ mol
dm, [H,S04]=1.83 mol dm >, [CTAB]=50.0x10"" mol dm >, and
temperature=313 K

dlfferent solvents, i.e., water, water+Ce(IV) (—1 0x10~> mol
dm?), water+p- xylose (=4.0x10 "2 mol dm ) and water+
Ce(IV)+p-xylose at 313 K (obtained from the break point
of nearly two straight line portions of the specific
conduct1v1ty Vs [CTAB] plots), are 10.15, 10.0, 10.0 and
8.3x10° mol dm >, respectively.

Product identification

In a typical set containing a known excess of [D-xylose]
over [Ce(IV)] in the presence of H,SO,, after the kinetic
experiment was over, hydroxylamine solution was added to
a part of the reaction mixture. Subsequent additions of
FeCl; and HCI to this mixture gave a blue coloration
indicating the presence of lactone in the reaction mixture
[16]. Additionally, FeCls solution that had been colored
violet with phenol when added to the reaction mixture gave

Table 2 Dependence of kyps and ky([CTAB=50.0x 102 mol dm )

on [pxylose] ([Ce(IV)=1.0x10 ° mol dm , [H,SO,=1.83 mol dm ,
7313 K)

10? [p-xylose] 1.0 2.0 3.0 40 50 6.0 7.0 8.0 9.0
(mol dm )

10%0ps (571 04 07 12 1.7 19 24 2.8 32 35
10°K" (mol ™' dm’s™") 4.0 3.5 4.0 42 3.8 40 40 4.0 39

104, (s™1) 07 13 22 25 3.0 37 43 54 58
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Table 3 Dependence of kyps and k ([CTAB =50.0x10"> mol dm )

Table4 Dependence of ks and kg,([CTAB] =50.0x10"2 mol dm>)

on [HZSO4] and [SO4*] ([Ce(IV)]= 10x10 ,[D-xylose] = 4.0x10™ Zmol  on temperature ([Ce(IV)]=1. OxlO mol dm™, [H,S04]=1.83 mol
dm 3, T= 313K) dm, [D-xylose]= 4.0 x 102 mol dm™>)
[H,S04] 10%00s — 10%,, 10* [SOTT  10%ps Temperature (K) 303 308 313 318 323
(mol dm™>) (s (s71) (mol dm™3) (s 10%0ps (51 0.5 0.9 1.7 30 5.6
. 10%y (s71) 0.8 1.4 2.5 41 75
0.73 2.0 Turbnd%ty 0.0 L7 Parameters EJ/KJ AH'KI  ASYTK!
1.10 2.1 Turbidity 1.0 1.7 -1 -1 -1
o mol mol mol
1.47 1.8 Turbidity 2.0 1.8 Aqueous 99 9% ~10
1.83 1.7 2.5 4.0 1.8 Micellar 93 90 —27
2.20 1.3 2.5 5.0 1.9
2.57 1.1 2.4 10.0 2.1
2.94 1.1 23 products. Thus, the second-stage oxidation is not a true path of
3.30 0.9 2.1 the oxidation of [p-xylose] by cerium(IV): it may be a mixture
3.67 0.8 2.0 of the reactions of Ce(IV)+D-xylose and Ce(IV)+oxidation

a bright yellow coloration [17] indicating the presence of
aldonic acid. Seemingly, hydrolysis of lactone (formed in
the rate-determining step) to aldonic acid takes place in
neutral medium. At higher pH, the proportion of lactone is
reduced because of the formation of aldonic acid anions
that displace the equilibrium away from the lactones [18].

Results and discussion
Reaction in the absence of surfactants

The plots of log(absorbance) vs time for the oxidation of p-
xylose by cerium(IV) deviate from linearity as shown in
Fig. 1: this suggests the involvement of two reaction paths,
i.e., the initial slow stage followed by a relatively faster
step [19, 20]. The time at which the deviation commenced
was found to decrease with increase in [p-xylose] (Fig. 1).
The pseudo first-order rate constants (k) were calculated
from the slopes of the initial parts (first stage) of the linear
plots. An interesting feature of this reaction is the auto-
catalysis, due to the catalytic role of one of the oxidation

intermediate(s).

The pseudo first-order rate constants (k.,s) were cal-
culated at various [Ce(IV)] but at constant [p-xylose],
[H,SO4], and temperature. The results are recorded in
Table 1. This indicates first-order dependence on [Ce(IV)].
The reaction was of first-order with respect to [D-xylose]
(the plot of ks vs [D-xylose] was linear passing through
the origin, Fl% 2). This was further confirmed by the
constancy of £, the second-order rate constant (Table 2).
The reaction Was inhibited by H,SO,4 (Table 3). The rate

constant increased with increase in [SO?] (Table 3) which
indicates involvement of Ce(IV)-sulfato species as the re-
active species.

The ko at different temperatures were also obtained and
the activation parameters [energy of activation (£,), enthalpy
of activation (AH") and entropy of activation (AS")] were
determined from the Arrhenius (Fig. 3) and Eyring equations.
The values of E,, AH" and AS" are recorded in Table 4
along with kops.

It has been confirmed that two forms of p-xylose, i.e.,
pyranoid and furanoid, are present in aqueous solutions
[21]. Out of these, only the pyranoid form is claimed to be
involved in the oxidation reactions [22]. As far as the
conformation is concerned, the anomeric —OH in o- and f3-

20k 420
» -3.0F —-3.0
.g >
= x
o o
S o} H-e0 =
-5.0 ) ] ] 1 L 1 -5.0
31 3.2 33 31 3.2 33
103/7 (k™" 103/7 (k1)

Fig. 3 Arrhemus glots for the Ce(IV)+D- xylose redox reaction in absence (o; and presence (@) of CTAB Reaction conditions: [Ce(IV)]=

1.0x107> mol dm~ [H,SO4]=1.83 mol dm™

, [D-xylose]=4. 0x1072 mol dm™

, and [CTAB]=50.0x10"* mol dm™>
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OH —= H

OH

B- D-xylopyranose o- D-xylopyranose

Scheme 1 Anomeric —OH in «- and 3-xylose at axial and equatorial
positions, respectively

xylose are present in axial and equatorial positions,
respectively (Scheme 1).

It has also been established [23] that 3-isomer should be
more reactive than the o-isomer. On the other hand, dif-
ferent types of cerium(IV)-sulfato complexes such as
CeSO;", Ce(S0O4),, Ce(SO,),HSO;, , CeH;(SO,), , and
Ce(SO4)§7 , all present in sulfuric acid, have been proposed
as the reactive species during the oxidation of organic
substrates in this medium. To confirm the participation of
different species, the effect of SO ion was studied. The
observed increase in ks with increase in [SO%‘] (Table 3)

Scheme 2 Probable mechanism
for the low acidity region

A

(0]

Ce(SOy4), + HSO4

H

indicates a sulfato complex of cerium(I'V) to be the reactive
species. Hardwick and Robertson [24] has observed that ca.
93% of cerium(IV) is present as Ce(SO4)§7 in 1 N H,SO,
and this species has been considered as the reactive species
[6, 11, 12]. As addition of H,SO4 has produced a
decreasing effect on kg, the inhibition may be explained
as due to the removal of the reactive species either by
shifting equilibrium (reaction (1)) to the left-hand side or
by protonation of the reactive species. Based on the
observations recorded above, a probable mechanism may
be proposed for the low-acidity region, that is, [H,SO,4]=
1.83 mol dm* (Scheme 2).

In Scheme 2, reaction (1) represents the conversion of
the neutral Ce(IV) species into the anionic species in the
presence of H,SO,4. The second step is the complex
formation between the reactive species of cerium(I'V) and
[3-p-xylopyranose. The redox decomposition of this com-
plex C1 in the subsequent rate-determining step gives rise
to a free radical and Ce(Ill) (reaction (3)). The lactone will

Kai o Ces0fy + H'

B

0 —> Ce(S0y);

- K
OH + Ce(SO4); —L =~ oH

B- D-xylopyranose C1

Cl —»

0
27
Radical + Ce(SO4); 1At %

O + H + Ce(ll)

Radical
H

+ Ce(III)

.
o
Lactone

H,0/0H~

_~——

H H
0 OH
_ +H)0
H' C\/O
) e

Aldonic acid anion

alkaline NH,OH

FeCly + HCI

Blue colour

FeCl; + Phenol

Yellow colour
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104 CSurfactant] (moldm™3)

Fig. 4 Effect of [surfactant] (CTAB (e) and SDS gO)) on rate
constant (ky,). Reaction conditions: [Ce(IV)]=1,0x10" mol dm >,
[H,S0,4]=1.83 mol dm >, [p-xylose]=4.0x10> mol dm >, and
temperature=313 K

be the oxidation product of p-xylose in accordance with
reaction (4). The reactivity of lactone towards the oxidant is
higher in comparison to the corresponding monosaccha-
rides. This was the main reason for the complex kinetic
behavior of the reaction (vide supra).

According to Scheme 2, the overall reaction rate is given

by Eq. (1):

k1K1 [D — xylose]
(/K [150, ] + 1)

(M

kobsl -

Eq. (1) is reduced to Eq. (2) because the equilibrium
in reaction (1) lies well to right due to which
1 >> [H'] /K, [HSO; ],
kobst = k1 Ke1[D — xylose] 2)

Eq. (2) may well explain the observed first-order
dependence on [p-xylose].

Reaction in the presence of surfactants

The influence of both anionic (SDS) and cationic (CTAB)
micelles on the reaction rate was studied. The effect of
adding different amounts of SDS to a solution containing
constant [Ce(IV)]=1.0 x 10°> mol dm®, [H,SO,4]=1.83 mol
dm™ and [D — xylose]=4.0 x 10> moldm® was seen at
313 K (Fig. 4). The observation of anionic SDS micelles
producing no effect on the reaction rate is understandable in
view of the electrostatic repulsion between the anionic head
group of SDS micelles and the negatively charged reactive
species of cerium(IV).

Rate constant increase with increase in [CTAB] (Table 5,
Fig. 4) indicates incorporation/association of the reactants
into or on the surface of the CTAB micelles. The negatively
charged reactive species of cerium(IV) may form ion pairs
with the positively charged CTAB micelles resulting in an
increase in the effective concentration of cerium(IV) within
a small volume. It has also been established that micelles
can cause change of mechanism of reactions. Therefore, to
confirm the mechanism in micellar medium, several kinetic
experiments were also performed at constant [CTAB]
(=50.0x10"* mol dm ) with varying [Ce(IV)] (Table 1),
[p-xylose] (Table 2, Fig. 2), [H,SO4] (Table 3), and tem-
perature (Table 4). The results indicate that the dependence
on each variable in the presence of CTAB micelles is the
same as in aqueous medium. Thus, the reaction proceeds
through the same mechanism in aqueous as well as in
CTAB medium. A lower value of activation energy
(Table 4) clearly suggests the catalytic behavior of CTAB
micelles by providing a new reaction path.

Several models have been proposed to explain the ca-
talysis of rate in the presence of micelles [25-29]. The
variation of rate constant with surfactant is treated on the
assumption that the substrate (Ce(IV)) is distributed be-
tween the aqueous and micellar pseudophases as given in
Scheme 3 (where (Ce(IV)),, is the micellized cerium(IV),
[Dy|=[surfactant];—cmc, k&, and k,, are first-order rate
constants in aqueous and micellar pseudophases, respec-
tively, and K is micelle-cerium(IV) binding constant).

According to Scheme 3, the rate law may be expressed
as

A3)

_ kyAhmK[Dy)
kd)— 1+K,[Dy]

Table 5 Effect of [CTAB] on the pseudo first-order rate constant for the oxidation of [p-xylose] (=4.0x10"2 mol dm™) by cerium(IV)

(=1.0x10"* mol dm?) in H,SO, (=1.83 mol dm) at 313 K

10* [CTAB] (mol dm>) 0 10 20 30
10y, (s71) 1.7? 1.9 2.1 22
104y (s™1) 1.8 2.1 23
ey —kycal +0.05 0.00  —0.05

ky

40 50 75 100 125 150
2.5 2.5 2.8 2.8 3.0 3.1
2.5 2.6 2.8 2.9 3.0 3.0
0.00 —0.04 0.00 —0.04 0.00 +0.03

Taken as ky, [25-29]
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(Ce(IV))y + Dy —R5 = (Ce(IV))
Ky K
products

Scheme 3 Distribution of cerium (IV) in aqueous and micellar
pseudophases

which, on rearrangement, gives Eq. (4)

1 1 1
(b —ky)  Cbw — k) | (o — hon)Ko[D)
According to Eq. (4), the plot of 1 / (kw — k\u) vs 1/[Dy]
should be linear. In our study, the plot is linear (Fig. 5),
suggesting validity of this model. The values of K and £,
(calculated from the slope and intercept) were found to be
257 mol ' dm® and 3.4x107* 57!, respectively. From the
values of K, ky, and [D,], ky cal was obtained using Eq. (3)
and this was in good agreement with the observed &, .

“4)

Probable reaction site

Micellar pseudophases has different properties (varying
degree of water activity, the microenvironment, hydro-
phobicity and polarity of the micellar pseudophase).
Therefore, the exact reaction site for a micelle-mediated
reaction cannot be proposed. Only the localization of the
reactant(s) can be considered. Though hydrophobicity of b-
xylose is diminished (due to the presence of four hydrophilic

L0}
e
3
X
|
3 20k ®
x
\f\
1
o
T
0.0 1 L
0.0 4.0 8.0

10~%/CbnJ (mol dm=3 )

Fig. 5 Plot of 1 /(ky — ky) vs 1/[D,] for the Ce(IV)+p-xylose redox

reaction in CTAB. Reaction conditions were the same as in Fig. 4

H 0
%0%
0
Ho ? H S
Br~ H20 H »
20 o
H20 &= CH3
ﬁ/c 3 ;~H3C"‘N<CH3

Fig. 6 Probable reaction site for the oxidation of p-xylose by
cerium(IV) in the presence of CTAB

—OH groups), its incorporation into the micellar pseudo-
phase cannot be ruled out because the Stern layer is water-
rich. The positive catalytic effect of CTAB micelles indicates
that the anionic species of cerium(IV) may get associated
into the Stern layer through electrostatic interaction with the
positive head group of the CTAB micelles. (Ce(SO4)§7
may form an ion pair with -N"(CHjs);). Thus, we assume
that the catalytic behavior of CTAB micelles is caused by the
inclusion of the reactants into the Stern layer. As the reaction
proceeds through the formation of a complex (Scheme 2,
reaction (2)), the associated Ce(SO4)§_ forms an interme-
diate with the anomeric —OH of p-xylose. The micelles thus

2.5

L -1
10 kv (s™)

15

1. 1 {
0 00 10.0 20.0

102C satt J(mol dm=3)

Fig. 7 Effect of inorganic electrolytes [Na,SO,4 (®), NaNO; (v),
and NaCl (a)] on rate constant (k). Reaction conditions were the
same as in Fig. 4 with [CTAB]=50.0x10"* mol dm™
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help in bringing the reactants together which may now orient
in a manner suitable for complex formation (see Fig. 6,
which shows the probable reaction site to be the Stern and
Gouy—Chapman layers’ junctural region).

Salt effect

A series of kinetic runs were carried out to see the role of
inorganic electrolytes (Na,SO,4, NaNOs, and NaCl) in the
CTAB-catalyzed oxidation of p-xylose by cerium(IV). It

was observed that the added salts inhibit the rate of reaction
(Fig. 7). Each anion is an inhibitor and the inhibitory power
increases in the order: SO >NO; >Cl™. As the concen-
tration of these electrolytes increases, the concentration of
cerium(IV) at the reaction site (Fig. 6) decreases due to the
salting out nature of these salts (the counterions of the
added salts compete with Ce(SO4)§7 for the CTAB head
group region). Our kinetic salt effect thus suggests that
some additional factors than changes in micellar size and
shape will be involved in the present system.
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