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Under pseudo-first-order conditions, monomeric Cr(VI) was found to be kinetically active in
the absence of picolinic acid (PA), whereas in the PA-promoted path, the Cr(VI)-PA complex
undergoes nucleophilic attack by the substrate to form a ternary complex which subsequently
experiences redox decomposition, leading to glyceraldehydes and Cr(IV)-PA complex. The
uncatalyzed path shows a second-order dependence on [H*], whereas the PA-catalyzed path
shows zero-order dependence on [H*]. Both the uncatalyzed and PA-catalyzed path show a
first-order dependence on [glycerol]t and [Cr(VI)]t. The PA-catalyzed path is first order in
[PA]t. All these observations remain unaltered in the presence of externally added surfactants.
The effect of the cationic surfactant cetyl pyridinium chloride (CPC) and anionic surfactant
sodium dodecyl sulfate (SDS) on the PA-catalyzed path have been studied. CPC inhibits,
whereas SDS accelerates the reaction. Here, SDS is a catalyst for glyceraldehydes production
and at the same time reduction of carcinogenic hexavalent chromium to nontoxic trivalent
chromium. The reaction proceeds simultaneously in both aqueous and micellar phase. Micellar
effects have been explained by considering the preferential partitioning of reactants between the
micellar and aqueous phase. The Menger—Portnoy model, Piszkiewicz cooperative model, and
pseudo-phase ion exchange model have been tested to explain the observed micellar effect.

Keywords: Micellar catalysis; Oxidation; Chromium; Glycerol; Menger-Portnoy model;
Piszkiewicz cooperative model; Pseudo-phase ion exchange

1. Introduction

Application and analysis of aggregation of surfactants is a hot topic [1]. The studies on
the effect of organized assemblies on the conversion of reactant to product have
received considerable attention [2]. The effect of organized assemblies on the rate of the
reaction can be attributed [2, 3] to hydrophobic and electrostatic interaction in partition
of the reactants. Aggregation of surfactants is known as micelle; micellar systems are
well-studied for separation [4] and catalytic processes [5—7]. For catalytic processes,
micellar solutions provide alternative synthetic routes to aqueous medium. In an
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aqueous phase, the surface active agents or surfactant molecules aggregate at ambient
conditions forming micelles with hydrophobic cora and hydrophilic corona [6b].
Micellar catalysis has also received considerable attention with analogies drawn
between micellar and enzyme catalysis [8—10]. Hexavalent chromium is a strong oxidant
[11]. Here we report a method for glyceraldehydes production using micelles as
catalysts, although it is not a feasible route from an economical point of view and at the
same time the reduction of carcinogenic hexavalent chromium [11] to nontoxic trivalent
chromium occurs. The purpose of this work is investigation into catalytic mechanisms.
Picolinic acid (PA), bipyridine, and 1,10-phenanthroline are widely used as promoters
for Cr(VI) oxidation of organic substrates [3, 12-16]. Recently, we reported bipy-
promoted Cr(VI) oxidation of p-fructose [12], p-glucose [13], hexitols [14a], ethane-1,2-
diol, and propan-2-ol [14b, c] in micellar media. It has been found [15, 16] that micelles
significantly influence the kinetic and mechanistic aspects of Cr(VI) oxidation of
different organic substrates, and the observed micellar effect can substantiate the
proposed reaction mechanism. The applicability of different kinetic models, e.g.,
Menger—Portnoy model, Piszkiewicz cooperative model, and pseudo-phase ion
exchange (PIE) model, has been tested to explain the observed micellar effect.

2. Experimental

2.1. Materials and reagents

Picolinic acid (PA) (m.p. 136°C) was recrystallized from MeOH. Glycerol (AR, Merck,
India), K>Cr,O; (BDH, AR), sodium dodecyl sulfate (SDS) (AR, SRL, India), cetyl
pyridinium chloride (CPC) (AR, SRL, India), H,SO, (Merck, India), HCIO, (Merck,
India), and all other chemicals were of highest purity available commercially. Solutions
were prepared by using doubly-distilled water.

2.2. Procedure and kinetic measurements

Solutions of the oxidant and reaction mixtures containing known quantities of
substrate (S) (glycerol), catalyst (PA) {under the conditions [S]t> [Cr(VI)]r and
[PA]r> [Cr(VD)]r}, surfactant, acid, and other necessary chemicals were separately
thermostated (40.1°C). The reaction was initiated by adding the requisite amount of
the oxidant with the reaction mixture. Progress of the reaction was monitored by
following the decay of Cr(VI) at 415nm at different time intervals with the UV-Vis
spectrophotometer (UV 2401 PC, Shimadzu). Quartz cuvettes of path length 1 cm were
used. The pseudo-first-order rate constants (kops, s~ ') were calculated from the slope of
plots of In(Ay4;5) versus time (). Reproducible results giving first-order plots (correlation
coefficient r>0.998) were obtained for each reaction. A large excess (>15 fold) of
substrate was used in all kinetic runs. No interference due to other species at 415 nm
was verified. Under the experimental conditions, the possibility of decomposition of
surfactants by Cr(VI) was investigated and the rate of decomposition in this path was
found to be kinetically negligible.
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2.3. Product analysis and stoichiometry

The product analysis was carried out under the kinetic conditions: [S]t > [Cr(V]D)]r. In a
typical experiment, the substrate (0.25 mol), Cr(VI) (0.02 mol), and PA (0.06 mol) were
dissolved in 1.0 moldm ™ H,SO,4 (100 cm?). The reaction mixture was allowed to stand
in the dark for 24 h to ensure completion, as indicated by disappearance of the Cr(VI)
color. Then the reaction mixture was treated overnight with an excess (ca 250 cm®) of a
saturated solution of 2,4-dinitrophenyl hydrazine (DNP) in 2moldm > HCI. The
precipitated 2,4-dinitrophenyl hydrazone was filtered off, dried, and recrystallized from
EtOH. The hydrazone has a m.p. of 166-167°C, which conforms [17] to that of the
hydrazone of glyceraldehydes.

The oxidation product of glycerol, i.e., glyceraldehydes, was also estimated
gravimetrically as 2,4-dinitrophenyl hydrazone [18]. In the presence of PA, the same
stoichiometry was also maintained. The experimentally observed ratio of [Cr(VI)]y/
[glycerol]r ~0.68 (from three independent set of determinations). Thus, the overall
stoichiometry of the reaction may be represented as

3CH,(OH)CH(OH)CH,(OH) + 2HCrO; + 8H™
— 3CH,(OH)CH(OH)CHO + 2Cr(III) + 8H,0 (1)

The final fate of the Cr(IIl) species has been confirmed spectroscopically. The
UV-Vis spectra (figures 1 and 2) were recorded (UV-Vis UV-2401 PC, Shimadzu).

0.100

0.080

Abs.

400,00 500.00 600.00 700.00
nm.

Figure 1. Absorption spectra of the reaction mixture at regular time intervals (5 min, e.g., at the beginning of
the reaction, after Smin, 10 min, etc. Concentrations at the beginning of the reaction: X[Cr(VI)]T =5.0x
10~*moldm 3, [PA]r=0.01 moldm >, [H,SO,] = 0.5 moldm >, [glycerol]r =0.05mol dm >, and T=230°C.
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Figure 2. (A) Absorption spectrum of the reaction mixture (after completion of reaction):
[Cr(VD)]r =5 x 10"*mol dm >, [glycerol}t = 0.05mol dm 3, [PA]lr =0moldm > (i.e., uncatalyzed path), and
[H2SO4]=0.5moldm ™. (The spectrum of chromic sulfate is identical with this under the experimental
condition.) (B) Absorption spectrum of the reaction mixture (after completion of reaction): [Cr(VI)jr=
5% 10™*moldm~3, [glycerol}r = 0.05mol dm 3, [PA]r =0.01 moldm 3, and [H,SO,]=0.5moldm>.

The reaction solution was scanned (350-700nm) at regular intervals to follow the
gradual development of the reaction intermediate (if any) and the product. The scanned
spectra (figure 1) indicate the gradual disappearance of Cr(VI)-species and appearance
of Cr(IIl)-species with isosbestic point at A=1527nm. Observation of this single
isosbestic point indicates very low concentration of probable intermediates like Cr(V)
and Cr(IV) [19] under the present experimental conditions. In other words, it indicates
the gradual decrease in Cr(VI) with the concomitant increase in Cr(III) concentration.
The characteristic part of the electronic absorption spectrum of Cr(III)-species lies in
the range 360-600 nm [20]. The color of the final solutions of the uncatalyzed and
PA-catalyzed reactions are different due to the presence of different types of Cr(III)-
species. The color of the final solution for the uncatalyzed reaction (i.e., in absence of
PA) under the experimental condition is pale blue (A =412 and 578 nm) and the
corresponding transitions [20] are 578 nm for 4A2g(F)—> 4ng(F) and 412nm for
4A2g(F)—>4T 1o(F) of the Cr(IlI)-species. On the other hand, the color of the final
solution of the PA-catalyzed reaction under the identical condition is pale violet
(Amax=556nm for 4A2g(F)—>4T 1o(F) of Cr(Ill) species). The spectra of the final
solution of the uncatalyzed reaction and pure chromic sulfate solution in aqueous
sulfuric acid media are identical, indicating that the final Cr(III)-species is simply
Cr(IIT)-aqua species for the uncatalyzed reaction, whereas for the PA-catalyzed
reaction, the final Cr(III) species is Cr(I1I)-PA complex. Similar results have been noted
by earlier workers [21]. In the final solution of the PA-catalyzed reaction, there is a blue
shift (figure 2) of the peak due to the transition 4A2g(F) —4r 2o(F) compared to the final
solution of the uncatalyzed path. This blue shift is due to the presence of the strong
donor (i.e., heteroatomic N-donor site of PA). For the Cr(III)-PA complex [31c], the
peak due to the transition 41412,%(1'~‘)—>4T 1o(F) merges with a charge transfer band
(figure 2). For Cr(IIl)-aqua species, there is also a large charge transfer band [20] at
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Figure 3. Dependence of kopsry on [PA]r for Cr(VI) oxidation of glycerol in aqueous H,SO,.
[elycerolly =0.01 moldm™>, [Cr(VI)]l; =5 x 10~*moldm™>, [H,SO,]=0.5moldm™>, A (30°C), B (35°C),
C (40°C), D (45°C).

higher energy. In fact, the band at 270nm due to the 4A2g(F)—>4T 1¢(P) transition
appears as a shoulder on the high-energy charge transfer band [20a]. The appearance of
the charge transfer band at much lower energy for the proposed Cr(III)-PA complex is
quite reasonable because of the favored metal-to-ligand charge transfer (MLCT).
In fact, the vacant 7* of PA favors MLCT. The existence of the charge transfer band
(metal-to-ligand) at this lower energy for the PA-catalyzed reaction indirectly supports
the presence of the Cr(III)-PA complex in the final solution.

3. Results and discussion

3.1. Rate dependence on [Cr(VI)]

Under the experimental condition [S]t > [PA]r > [Cr(VI)]t, both in the presence and
absence of PA, the rate of disappearance of Cr(VI) shows a first-order dependence on
[Cr(VI)]. This first-order dependence is also maintained in the presence of the
surfactants CPC, SDS, and TX-100. The pseudo-first-order rate constant (k.ps) has
been evaluated from the linear plot of —log(absorbance of Cr(VI)) versus time (in min).

3.2. Rate dependence on [PA]

Plots of kousery versus [PA]r are linear with positive intercepts measuring the
contribution of relatively slower uncatalyzed path (figure 3). The pseudo-first-order
rate constant Ko directly measured in the absence of PA under the same conditions
agrees with those obtained from the intercepts of the plots of kopcr) versus [PAlr. The
observation is formulated as

kobs(T) - kobs(u) + kobs(c) - kobs(u) + kcat[PA]T (2)

Both in the presence and absence of surfactants (CPC, SDS), the above relationship is
valid. The values of k., are given in table 1. During the progress of the reaction, PA is
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Figure 4. (a) Dependence of ko) on [glycerol}r for Cr(VI) oxidation of glycerol in the absence of PA in
aqueous H,SOy4 at 30°C. [Cr(VD)]r=5x 10~ *moldm 3, [H>SO4] =0.5mol dm~3, (b) Dependence of kopsct)
on [§1ycerol]T for Cr(VI) oxidation of glycerol in presence of PA in aqueous H>SO, at 30°C. [Cr(VI)]t =5 x
10~*moldm 3, [H,SO4]=0.5moldm~>. [PA]=0.0l moldm~>. A ([CPCl}y=2 x 10> moldm; [SDS}t=
Omoldm™). B(CPCly=0moldm™> [SDS}t=0moldm™3). C ([CPClt=0moldm™3; [SDS}+=
2 x 10?moldm ™).

gradually lost due to the formation of the inert Cr(III)-PA complex. Under the
experimental conditions, [PA]r> [Cr(VI)]t, it is reasonable to assume that [PA]t
remains more or less constant.

3.3. Rate dependence on [S] 7y, i.e., [glycerol]

The pseudo-first-order rate constant shows a first-order dependence on [glycerol]t, both
in the absence (figure 4a) and presence (figure 4b) of [PA]y. Thus the relationship is

kobs(ty = ksm)[Sht = ks)[Slt + Kobsu) (3)
kobs(u) = ks(u)[S]T (4)

where kg and kg denote the corresponding PA-catalyzed and uncatalyzed path,
respectively. This dependence pattern is also maintained in the presence of surfactant
(such as SDS, CPC). The values of k) are given in table 1.

3.4. Rate dependence of [H' ]

The acid dependence of ks was studied in aqueous HCIO,4 media, both in the presence
and absence of PA. The acid concentration dependence patterns for the uncatalyzed
and catalyzed paths are different. From the experimental fit (figure 5a and b), the
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Figure 5. (a) Plot of kopsy/[H'] vs. [HCIO]r. [Cr(VD)]r=35 x 10~*moldm >, [glycerol}r =0.01 mol dm 3,
I=[HCIO,] + [NaClO,4] = 1.75 mol dm~ (30°C). (b) Dependence of kp; on [HCIO,]1 for Cr(VI) oxidation of
glycerol in the presence of (i.e., kops(T) for C and D) and absence of (i.e., kops(u) for A and B) of PA in aqueous
HCIO, at 30°C. [Cr(VD)]r=5x10"*moldm~>, [glycerol]=0.01 moldm—>, I=[HCIO4]+[NaClO4]=
1.75moldm™. A ([PA];=[SDS}t=0moldm); B ([PA]l;r=0moldm—>, [SDS}y=2x 10> moldm~?); C
([PA}+=0.02mol dm ™, [SDS}r = 0mol dm™); D ([PA]r=0.02moldm >, [SDS}r=2 x 102 mol dm~>).

observations are
Kobs(w) = knw[HTT Q)

Kobs(e) = Kobs(t) — Kobsu) = kno[H T’ (6)

A similar dependence pattern is also observed in the presence of SDS with enhanced
rate constants.

3.5. Test for acrylonitrile polymerization

Under the experimental conditions, in the presence of PA, acrylonitrile was added
under a N, atmosphere. On standing, polymerization starts indicating the formation of
free radical intermediates in the reaction.
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3.6. Effect of temperature

The effect of temperature on the catalytic path has been investigated in the 30—45°C
range. Activation parameters (AH”, AS”) have been evaluated and are given in table 1.

3.7. Mechanism of the reaction and rate law

Product analysis indicates that glyceraldehydes are the main oxidation product, i.e.,
oxidation of the single primary hydroxyl group occurs. It has been noted [22] that in
chromic acid oxidation of glycol containing a-hydrogen, the energetically favorable
reaction path leads to hydroxyaldehyde. Thus, the mechanism of the reaction can be
divided into two sections: (i) uncatalyzed path and (ii) catalyzed path. Uncatalyzed path
(scheme 1) for glycerol has been reported [23] earlier.

CH,OH H,C——0——Cr0,0H
‘ K | ™
cnoy  + HT + HCO, T CHOH
‘ CH,OH
CH,OH
. . M)
M + HO* _22_ H,C——O0CrO,(0H,) + H,0 (8)
CHOH
CH,OH
@)
OH HC——=0
0 (0]
e N / ky + )
HOH,C HC——CH /Cr — cnon t HCGO;+ H
)
Ng-0? \OHZ
CH,OH

2
Scheme 1. Cr(VI) oxidation of glycerol in he absence of PA.

In the cyclic transition state 2, reduction of Cr(VI) to Cr(IV) occurs [24] either
through H* or H™ transfer. In the next step, Cr(IV) is further reduced to Cr(IIl) by
different possible routes [25, 26] as discussed below.

In the above routes, S (i.e., glycerol) is a 2e-reductant and S* (i.e.,
HOCH,CH(OH)C*H(OH)) is the partially oxidized product and P (product). In the
Watanable—Westheimer mechanism [27] (i.e., Route 1) and Perez—Benito mechanism
[26] (Route 3), the organic substrate behaves as a two-equivalent reductant throughout
the reaction sequence, but in the Rocek mechanism [25] (i.e., Route 2), the organic
substrate acts as a one-electron reductant toward Cr(IV) and as a two-electron
reductant toward both Cr(VI) and Cr(V). In this mechanism Cr(IV) reacts with
HOCH,CH(OH)CH,(OH) to form Cr(III) and the free radical HOCH,
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CH(OH)C*H(OH), which initiates polymerization of acrylonitrile, and this radical
isultimately oxidized to HOCH,CH(OH)CHO by Cr(VI). The Rocek mechanism has
been widely accepted for the Cr(VI) oxidation of many organic compounds, but
Bontchev et al. [28] have supported the Watanable—Westheimer mechanism for Cr(VI)
oxidation of various organic substrates. Previously, the route involving Cr(II) (i.e., the
Perez—Benito mechanism) was dismissed because of the instability of Cr(II), but in the
recent past, it has been established [25] that this mechanism really operates for different
organic compounds including alcoholic substances. In fact, Cr(IV) is reduced to Cr(II)
through a hydride transfer (i.e., 2e transfer) mechanism from the C—H bond of the
CH,—OH moiety. The hydride ion transfer during reduction of Cr(IV) generates an
intermediate carbocation center, which is responsible for acrylonitrile polymeriza-
tion [29].

Cr(VI) 28
Route 1: Cr(Iv) ——yu 2Cr(V) —— 2Cr(l) + 2P (10)
Route2: CrlV) —> 3 Crl) + § (1)

. S
CrVI) —> e Cr(V) —— Cr(ll) +P (12)

S Cr(VI)

Route3: CrIV) ———» CrI)+P ——>» Cr(llD+Cr(V) (13)
Cr(V) S—» Cr(IIl) +P (14)

In scheme 1, the equilibrium constants K; and K, are expected to be quite low and
lead to the following rate law:

Kobsw = (2/3)Ki1 Kok [S}[HT
= ky[SI{[HT
= ks(u)[S]T = kH(u)[HJr]z (15)

Here it is important to note that the intermediate ester could not be characterized and
no kinetic evidence for its formation was available. However, such an ester formation
mechanism is well-documented [30] for substrate having —OH groups.

For the PA-catalyzed path, scheme 2 can explain all the experimental findings. In this
path, the formation of the Cr(III)-PA complex characterized spetroscopically indicates
complexation of PA with the higher oxidation states of chromium (which are labile).
Due to the inertness of Cr(III) (t%g), the ligand does not enter into the inner
coordination sphere of Cr(III) produced after the reduction of Cr(VI). Based on this
argument, it is reasonable to consider that the Cr(VI)-PA complex (4) formed in the
pre-equilibrium step (equation (17)) is an active oxidant [31]. Under the experimental
conditions, the first-order dependence on [PA]r is strictly maintained throughout the
range of [PA]r used, but it is worth mentioning that the increase in rate with increasing
concentration of [PA]t restricts within a certain range of [PA]t. Hence, it is reasonable
to conclude that the equilibrium constant (K3) for the reaction leading to cyclic Cr(VI)-
PA complex (4) is very low. This is why, there is no kinetic evidence in favor of the
formation of 4. There is also no spectroscopic evidence for the suggested complex, i.e.,
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+ HY
\(+> (16)
COOH COOH
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CH,OH

Scheme 2. PA catalyzed Cr(VI) oxidation of glycerol.

the spectrum of chromic acid does not change on addition of PA. The absence of
spectroscopic evidence under the experimental conditions is due to the very low value of
equilibrium constant for the formation of the complex. However, the absence of kinetic
and spectroscopic evidence does not necessarily rule out the formation of the suggested
complex.

In the next step, the Cr(VI)-PA complex reacts with the substrate to form ternary
complex (5) which undergoes a redox decomposition (through hydrogen ion or hydride
ion) transfer [24] in a rate-limiting step, giving rise to the organic product and the
Cr(IV)-PA complex which may participate in subsequent faster steps as mentioned for
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the uncatalyzed path. Scheme 2 leads to the following rate equation under steady-state
conditions of the suggested ternary complex (5).

kobste) = (2/3)(Ka Kskoks[PAL S H'F /{ (k—2[H'] + k3) (H*] + K.)} - (20)

Neglecting K, (=0.025moldm™ at 25°C) [32] compared to [HT]=0.25-
1.75moldm—, and considering k_,[H™]>> ks, equation (20) reduces to equation (21),
which explains the zero-order dependence on hydrogen ions. Here, it is interesting to
note that the proposed ternary complex (5) remains in a reversible equilibrium, i.e., the
k_» path (acid catalyzed) is much faster than the k_; path (acid-independent). Such an
observation has been noted in earlier investigations with substrates such as methanol
[31a], formic acid [31b], maleic acid [31c], lactic acid [31d], malic acid [31d], L-sorbose
[31e], and hexitols [31f].

Kobse) = (2/3)(Ka K3kaks[PAr[SIr[H 1) /k_2[H"] = keal[PAlr = kso[Sr @n

Equation (21) conforms to the experimentally observed rate equation. The catalytic
efficiency (kegr) defined by kepr= {kobs(T) — Kobsu)} /Kobsw) at [PA]r=10.06 mol dm~3 is of
the order of 6-8 (cf table 1). The catalytic efficiency of PA probably arises from
enhancement of the reduction potential of the Cr(VI)/Cr(IV) and Cr(VI)/Cr(III)
couples through the stabilization of Cr(VI) and Cr(III), respectively, in the presence of
PA. The entropy of activation AS™ for kg, is highly negative, in agreement with the
proposed cyclic transition state.

The reactions are inhibited by CPC and catalyzed by SDS (figures 6 and 7; table 1).
The rate constants under different conditions are given in table 1. To represent the rate
constant in the presence of surfactants, the subscripts CPC and SDS have been used,
while for the values in the absence of surfactants, the subscript w is used.

3.8. Effect of surfactants

Figures 6 and 7 show that the cationic surfactant CPC retards the rate of the reaction,
while the anionic surfactant SDS accelerates the rate of the reaction.

3.8.1. Effect of CPC. CPC, a representative cationic surfactant, retards both the
uncatalyzed and catalyzed paths. The plot of k. versus [CPClt (figure 6) shows a
continuous decrease, and finally tends to level off at higher concentrations of CPC. This
observation is similar to that observed by Bunton and Cerichelli [33] in the oxidation of
ferrocene by Fe(IIl) salts in the presence of cationic cetyl trimethyl ammonium
bromide. Similar observations have also been noted by Panigrahi and Sahu [34] in the
oxidation of acetophenone by Ce(IV) and by Sarada and Reddy [35] in the oxalic acid
catalyzed oxidation of aromatic azo compounds by Cr(VI) in the presence of SDS. The
neutral triol is likely preferably partitioned in the micellar phase and the kinetically
active H,CrOy species [36] may remain concentrated in the stern layer of the micellar
phase [37]. This leads to generation of the Cr(VI)-triol ester (1) in the micellar
interphase. Thus, in the uncatalyzed path, the neutral Cr(VI)-substrate ester (1) formed
(equation (7)) is partitioned in the micellar pseudo-phase of the surfactant, but the
cationic surfactant repelling H™ needed for the reaction (equation (8)) retards the
reaction. In the PA-catalyzed path, CPC restricts the positively charged Cr(VI)-PA
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Figure 6. (a) Dependence of [CPCly on kyps) for Cr(VI) oxidation of glycerol in aqueous H>SO, at 30°C.
[Cr(VD)]r=5 x 10 *moldm™>, [glycerol}y =0.05moldm ™, [H,SO4]=0.5moldm™>. (b) Dependence of
[CPClt on kyps() for Cr(VI) oxidation of glycerol in aqueous H>SO4 at 30°C. [Cr(VI)]r=5 x 10~*moldm 3,
[glycerol]r =0.05mol dm ™2, [H,SO,] =0.5moldm >, [PA];=0.075mol dm>.

8
7 A B
6
= 54
$ 4
2, ]
2 ]
A
T .‘,__o—-f——"*_—’__-.
0 ; - - -
0 2 4 6 8 10

102[SDS}; (mol dm?)

Figure 7. Dependence of [SDS]t on kopsx) (Where x=u or T) for Cr(VI) oxidation of glycerol in aqueous
H,S0; at 30°C. [Cr(VD)]r =5 x 10~*moldm ~?, [glycerol]y =0.01 moldm >, [H,SO,] = 0.5 mol dm ™. Kopy(u)
for A (in absence of PA) and kpst) for B (in presence of PA), where [PA]r=0.01mol dm~3.
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complex (equation (17)) in the aqueous phase, and thus the accumulated neutral
substrate in the micellar phase cannot participate in the reaction; consequently, the
reaction rate is retarded. Thus in both the uncatalyzed and PA-catalyzed path the
reaction is mainly restricted to the aqueous phase, where the reactant concentrations
decrease due to their favorable partitioning in the micellar phase.

To intercept the observed kinetic data, the applicability of the pseudo-phase kinetic
model proposed by Menger and Portnoy [9] may be considered. This model considers
the partitioning of one reactant between the aqueous and micellar phase and leads to
rate equation (22),

kobs = (kw + km Kg[Dy])/(1 + Kp[Dy]) (22)

where k,, and k,, are first-order rate constants in the aqueous and micellar phases,
respectively, and include the concentration of the other reactant in these pseudo phases.
Ky gives the measure of the binding constant of the reactant (which is partitioned) with
the micelles. [D,] is the concentration of the micelles and is related to the stoichiometric
concentration of the surfactant ([D]r), critical micellar concentration (cmc) and the
aggregation number (N), i.e., [D,] = ([D]r — cmc)/N. Equation (22) leads to

1/(ky — kobs) = 1/(ky — k) + (N/Kp){1/([Dly — cme) }{1/(kyw — km)} (23)
and
(kw — kobs)/(kobs — km) = P = (Kp/N)[D]y — (K/N)(cmc) (24)

Equations (23) and (24) require the cmc value which is not available exactly under the
present kinetic conditions. However, by taking the literature value [38] of cmc
(=10.9 x 10~*mol dm~>) under comparable conditions at 30°C, the plot of 1/(ky — kobs)
versus 1/([D]r —cmc) (figure 8) is linear at a fixed concentration of the other reactants.
This leads to kp, 20 for both kops) and kopse)- Taking ky, 20, equation (22) takes the
form

l/kobs = 1/kw + (KB/N){([D]T - Cmc)/kw} (25)

The linearity of the plot of 1/kyps versus ([D]y —cme) (figure 9) has been verified,
indicating that the reaction occurs predominantly in the aqueous phase. The k,, value
obtained from the intercept is comparable with the experimentally observed value. The
binding constant parameter (i.e., Kg//N) obtained from this plot conforms to the value
obtained using equation (23). The magnitude of the binding constant (Kg/N) indicates
depletion of the reactant concentration in the aqueous phase, causing a lowering of the
rate with increasing surfactant concentration. In fact the reaction is strongly acid
catalyzed, but H' ions are not available in the cationic micellar phase produced by CPC
owing to electrostatic repulsion. Consequently, the reaction cannot proceed in the
micellar phase even when the Cr(VI)-substrate ester (which needs H™ for redox
decomposition, cf equation 8) is absorbed in the micellar pseudo-phase.

The rate data in the presence of surfactants were subjected to the Piszkiewicz model
[39] analogous to the Hill model applied to enzyme-catalyzed reactions. The Pisziewicz
model relates co-operativity between the neutral species and surfactant to aggregate to
form the reactive micelles and its contribution to the rate is given by

log[(kobs — kw)/(km — kobs)] = log P = nlog[D]; — log Kp (26)
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Figure 8. (a) Applicability of the Menger—Portnoy model (i.e., plot of (ky, — kobs(u))_l vs. ([CPCJt —cmce) ™)
to explain the micellar effect on kqpsw) for Cr(VI) oxidation of glycerol in the presence of CPC in aqueous

H,SO, at 30°C (taking cmc=10.9x 10~*moldm™>) [Cr(VI)lr=5x 10"*moldm™—3, [glycerol];=
0.05moldm™3, [H>SO4=0.5moldm™>. (b) Applicability of the Menger—Portnoy model (i.e., plot of

(ky — kobs(c))" vs. ([CPClt — cme) ') to explain the micellar effect on kobsquy for Cr(VI) oxidation of glycerol
in the Fresence of CPC in aqueous H,SO, at 30°C (taking cmc=10.9 x 10~*moldm ™) [Cr(VI)];=
5% 10™*moldm ™, [glycerol}r = 0.05mol dm >, [H,SO,4] =0.5mol dm >, [PA}r =0.075 mol dm .

where Kp, is the dissociation constant of micellized surfactant back to its components
and #n is the index of co-operativity. The advantage of equation (26) is that it does not
require knowledge of the cmc of the surfactant used. This helps a larger number of data
to come under the purview of analysis. Although equation (26) was originally developed
for micelle-catalyzed reactions showing a maximum rate followed by inhibition, the
model has been applied for different work [34, 35, 40] to explain the miceller effect in
which the reaction is inhibited or catalyzed by the micelle over the whole range as
observed in the present system. By using equation (26), i.e., the plot of log P versus
log[D]t, parameters n, log[D]so (where log[D]sy represents the concentration of
surfactant required for half-maximum catalysis or inhibition) and log Kp have been
determined (table 2). The calculated log[D]s, values conform well with the experimen-
tally observed values. The values of n=1-2, far less than the aggregation number
(20-100) of the surfactant molecules [40] leading to micelles, indicate the existence of
catalytically productive submicellar aggregates. The non-integral values of n indicate
the existence of multiple equilibria in the formation of catalytically active submicellar
aggregates. When the interaction (measured by —log Kp) is fairly high, it is appropriate
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Figure 9. (a) The plot of 1/kgpsw) vs. ([CPClr —cmc) to explain the micellar effect on ks for Cr(VI)
oxidation of glycerol in the presence of CPC in aqueous H,SO, at 30°C (taking cmc = 10.9 x 10~ *moldm ™)
[Cr(VD)]r =5 x 10~*mol dm >, [glycerol]r =0.05mol dm 3, [H,SO,] = 0.5mol dm~>. (b) The plot of 1/Kops(w)
vs. ([CPCJt — cmc) to explain the micellar effect on kqps) for Cr(VI) oxidation of glycerol in the presence of
CPC in aqueous H,SO, at 30°C (taking cmc=10.9 x 10~*moldm™) [Cr(VD)]r=5 x 10~*moldm~>,
[glycerol]r =0.05mol dm ™, [H,SO4] =0.5mol dm >, [PA]r=0.075mol dm~>.

Table 2. Miceller effect on kinetic parameters (30°C) for Cr(VI) oxidation of glycerol

in presence and absence of PA.

Effect of CPC

Effect of SDS

Parameters PA absent® PA present® PA absent® PA present®
log(Kg/N) 2.60° 2.79

2.63¢ 2.78

2.62° 2.76
—logKp 2,67 2.96 2.79 2.35
n 1.05 1.12 1.85 1.4
—log[D]sp (calculated) 2.54 2.64 1.50 1.67
—log[D]so (found) 2.50 2.60 1.45 1.69

“In the absence of PA, ie., Kkopsu): [Cr(VD)}r=5 x 10"*moldm ™3, [S]y=0.05moldm >,

LH2s04] =0.5moldm™>.

For PA-catalyzed path, ie., Fkopsey [Cr(VD]r=5x10"*moldm™,

[H>S04]=0.5moldm™>, [PA]=0.075 mol dm>.

“Using equation (23).
dUsing equation (24).
“Using equation (25).
"Using equation (26).

[S]+=0.05mol dm™3,

fIn the absence of PA, ie. Kopsy [Cr(VDlr=5x10"*moldm™>, [S}y=0.01moldm™,

[H>SO4]=0.5mol dm ™.

"For PA-catalyzed path, i.c., Kobs(e): [Cr(VD)}r=5 x 10" *moldm 3,

[H,804]=0.5mol dm ™, [PA]=0.01 moldm >

[Sl+=0.01 moldm >,
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to consider n as representing the average stoichiometry of the detergent-reactant
aggregates. The simultaneous applicability of the different kinetic models (i.e., Menger—
Portnoy model [9] and Piszkiewicz model [39]) based on different mathematical
assumptions is not surprising. In fact, both of these models lead to similar final
equations (24) and (26).

3.8.2. Effect of SDS. With SDS, a representative anionic surfactant that catalyzes
both the uncatalyzed and PA-catalyzed paths, the rate acceleration arises from
preferential partitioning of the positively charged Cr(VI)-PA complex (by electrostatic
attraction) and neutral substrates in the micellar surface. Thus, SDS allows the reaction
to proceed in both the aqueous and micellar interphase. In the absence of PA, binding
of H,CrOy4 (kinetically active species [36]) and substrate to the SDS micelles has been
suggested by different workers [37]. However, simultaneous partitioning of the neutral
Cr(VI)-substrate ester (equation (7)) into the micellar phase cannot be ruled out.
However, simultaneous partitioning of H,CrO, and substrate is equivalent to
partitioning of Cr(VI)-substrate ester. Hence, it leads to higher local concentrations
of both reactants at the micelle-water interphase compared with their stoichiometric
concentrations. The H ions needed for the reaction are also preferably attached to the
micellar phase. Thus, SDS allows the reaction in both phases with a preferential rate
enhancement in the micellar phase. The observed catalysis can be explained by
considering the PIE model [41], which considers the micellar and aqueous phase as two
distinct phases, and in the present system the title redox reaction occurs in both phases.
The reaction is acid catalyzed and the corresponding exchange equilibrium between H™
and Na™ at the micellar surface is given as

Hy, + Nay; Hy; + Nay; (27)

The ion-exchange equilibrium constant (Kt!) is defined as
Koy = [H ][Nay ]/ [H5 ][Nayi] (28)

(Here, the subscripts M and W denote the micellar phase and aqueous phase,
respectively).

The concentrations are expressed in terms of the total solution volume and it is
further assumed that the activity coefficient ratios yy(Na™)/ym(H™') and pyw(Na™)/
yw(H™) are both equal to unity. Considering the competition only between Na™ and
H™, the overall micellar binding parameter is given by (29).

B = my + mny = [Hyp]/[Dy] + [Naygl/1Dy] = [Hyg] + [Nag;])/[Dn] (29)

Thus, B gives the fraction of micellar head groups neutralized. Here [D,] gives the
micellized surfactant concentration, i.e., [D,] =[SDS]t — cmc. The various concentra-
tion terms are expressed as

[Hy] = mH[Dn]
[H
[Na
[Na

[ ] = [H Ty — mu[Dy]
— [Nay;] = [Na*]; — (B — mn)[Ds]
— [Nay] = (8 — mu)[Dx]

wl
]
]

+
\\
+
M
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The ion exchange equilibrium can be expressed as
Kl = my{[Na*]1=(8 — mi)[Dal} /(B = mu)([H* |y—=mu[Dy]) (30)
On rearrangement equation (30) yields
(mu)* (Key = 1)[Da] = mu{ KGH Jr + [Na™lp + BDal(KL, — 1)} + KGAH T = 0
(3D

Thus [Hyf;] (=mu[D,]) can be calculated using equation (31). The positively charged
Cr(VI)-PA complex (4 in scheme 2) is the active oxidant (Ox ") in the PA-catalyzed path
and it may also participate in a similar exchange equilibrium (32).

Oxyy + Nay; Oxy; + Nay; (32)

The magnitude of [Ox;,] can also be calculated by using the analogous equation (31)
involving Kgf‘, as in the case of [Hy;] (equation (28)). For H" ions, K1l is close to unity
[37b, 42]. This indicates that there is no specific interaction of H* or Na™ with the
micellar surface and consequently these ions are statistically distributed between the

aqueous and micellar phase, if Kl — 1, then equation (31) leads to (33).
[Hyi] = ((H ] BIDn])/ (H Tr + [Na]y) (33)

The value of g was in the range 0.6-0.85 from conductivity measurements [37b, 42]. It
is evident that [Hy,] increases with increase in [D,]. Similarly, it is reasonable to assume
that [Oxy,] increases with increase in [D,] or [D]r. The change in polarity of the medium
(specifically in the inter-micellar zone in which the reactants are positioned) with the
addition of surfactant may also influence the observed micellar effect [37b]. From the
plot of ks versus [SDS]r (figure 7), it is evident that the rate initially increases but tends
to level off at higher [SDS]r. In fact, an increase in [SDS]y increases the micellar
solubilization of the reactant but at the same time an increase in [SDS]t increases the
micellar counter-ion (i.e., Na™), which may displace H" and Ox™ from the micellar
surface to drive the equilibria (27) and (32) to the left. This reduces [Hy;] and [Oxy,] to
inhibit the rate process in the micellar phase. Owing to these opposing factors (i.e.,
dilution of all reactants over micelles at higher [SDS]t), ko initially increases with
increase in [SDS]r, but attains a limiting value at higher [SDS]t. The above micellar
effect on k,ps has been explained by applying the Piszkiewicz model (plot of logP vs.
log[SDS]r), and the values of n, —logKp, —log[D]so have been evaluated and are given
in table 2.

4. Conclusion

Oxidations of glycerol by Cr(VI) in the presence of PA (promoter) in aqueous micellar
media have been investigated under the condition [glycerol]t > [Cr(VI)]t. Under the
kinetic conditions, monomeric Cr(VI) has been found to be kinetically active. Cr(VI)-
substrate ester experiences a redox decomposition through 2e transfer at the rate-
determining step. The reaction shows both first-order dependence on [glycerol]r and
[Cr(VD]r, and second-order dependence on [H']. In the presence of some non-
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functional surfactants, the orders remain unchanged. CPC retards the rate, while SDS
shows rate acceleration. SDS can be used as catalyst for the production of
glyceraldehydes from glycerol. In addition, glycerol can be used to reduce carcinogenic
hexavalent chromium to nontoxic trivalent chromium. SDS and PA accelerate the
reaction.
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