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Hetero-aromatic N-base ligand like 1,10-phenanthroline (phen) assisted chromic acid oxidation of malic acid in aqueous sul-
furic acid media have been studied under the experimental conditions, [malic acid]T >> [Cr(VI)T] at different temperatures. Under
the kinetic conditions, HCrO4

– has been found kinetically active in the absence of phen catalyst while in the phen catalyzed
path Cr(VI)-phen complex has been suggested in the active oxidant. In the catalysed path, Cr(VI)-phen complex receives a
nucleophilic attack by the substrate to form a ternary complex which subsequently experiences a two-electron transfer redox
decomposition leading to Cr(IV)-phen complex. Then Cr(IV)-phen complex participates further in the oxidation of malic acid
and ultimately is converted into Cr(III)-phen complex. Both the paths show first-order dependence on [malic acid]T and [Cr(VI)]T.
The phen catalyzed path is first-order in [phen]T. These observations remain unaltered in the presence of externally added
surfactants. Effect of anionic surfactant sodium dodecyl sulfate (SDS) and cationic surfactant N-cetylpyridinium chloride (CPC)
on the phen-catalysed path has been studied. SDS accelerates the phen-catalysed path and CPC shows the rate retarding
effect on the path. The observes micellar effects have been explained by considering the hydrophobic and electrostatic inter-
action between the surfactants and reactants.
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1. Introduction
In chromic acid oxidation of organic substrates various

chelating agents1–29 such as oxalic acid, ethylenediammine
tetraacetic acid (EDTA), 2,2-bipyridyl (bipy) and 1,10-
phenanthroline (phen) have been employed as catalysts,
1,10-phenanthroline (phen) is quite unique20,21,30–34. It does
not get itself co-oxidized with the target reductant but it is
gradually lost due to the formation of an inert Cr(III)-phen
complex. Thus, phen is not a true catalyst and it is better
described20 as an oxidation catalyst, however, convention-
ally the reactions are described as phen-catalysed reactions.
The present paper describes the micellar effect on the title
reaction in the presence of 1,10-phenanthroline catalyst to
provide a better insight to the reaction mechanisms. It also
explores the kinetics and reaction mechanism of the title re-
action in aqueous sulfuric acid media to substantiate the pro-
posed reaction mechanism. Activation parameters have been
determined in order to rationalize the mechanistic steps. The
micellar effect on the oxidation reaction by higher valent metal

ions23,24,26,35–39 have been studied to substantiate the pro-
posed reaction mechanism. In the present investigation the
high value of enthalphy of activation, H indicates that the
phen-catalysed path is favoured mainly due to very high nega-
tive value of entropy of activation, S. The negative value
of S and the composite rate constant kcat supports the
suggested cyclic transition state.

2. Experimental
2.1. Materials and reagents

Standard stock solution of Ce(IV) in aqueous sulfuric acid
media was prepared from CeSO4.2(NH4)2SO4.2H2O (A.R.,
E. Merck), 1,10-phenanthroline (Qualigens, India), dl-malic
acid (SRL), K2Cr2O7 (BDH), sodium dodecyl sulfate, SDS
(SRL), N-cetylpyridinium chloride, CPC (SRL) and all other
chemicals used were of highest purity available commercially.
The solutions were prepared in doubly distilled water.

2.2. Procedure and kinetic measurements
Under the kinetic conditions, [S]T >> [Cr(VI)]T and [phen]T
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>> [Cr(VI)]T, the solutions of the oxidant and the reaction mix-
ture containing the required quantities of the substrate (S)
(DL-malic acid), catalyst (phen), acid and other necessary
chemicals were separately thermostated (± 0.1ºC). The re-
action was initiated by mixing the requisite amounts of the
oxidant with the reaction mixture. The rate of progress of the
reaction was followed by measuring the concentration of
Cr(VI) at different time intervals by quenching titrimetric meth-
ods as discussed earlier15. The pseudo-first order rate con-
stants (kobs) were calculated as usual. Under the experimental
conditions, possibility of decomposition of the surfactants by
Cr(VI) has been investigated and the rate of decomposition
has been found negligible. Errors associated with the differ-
ent rate constants and activation parameters were esti-
mated40.

2.3. Product analysis and stoichiometry
Under the kinetic conditions {i.e. [malic acid]T >> [Cr(VI)]T},

the oxidized reaction mixture was completely neutralized by
sodium bicarbonate and then extracted with ether. The ethe-
real layer was used for the detection of very small amounts
of acetaldehyde while the aqueous layer was used to detect
and estimate the main product, pyruvic acid. Aqueous HCl
solution of 2,4-dinitro phenyl hydrazine was used to precipi-
tate the hydrazones. The products were qualitatively checked
by m.p. of hydrazones of pyruvic acid (m.p. 218ºC) and that
of acetaldehyde (m.p. 168ºC)41. Under the experimental con-
ditions, [malic acid]T >> [Cr(VI)]T and [phen]T >> [Cr(VI)]T, the
overall stoichiometry of the reactions may be represented
as follows:

3CH2(COOH)CH(OH)CO2H + 2HCrO4
– + 8H+ 

3CH3COCO2H + 3CO2 + 2Cr(III) + 8H2O (I)
The reaction mixtures solutions were scanned (in the range
350–700 nm) at regular time intervals (cf. Figs. 1, 2 and 3)
by using the spectrophotometer (UV-Vis-NIR Scanning Spec-
trophotometer, UV-3101PC, Shimadzu) to follow the gradual
development of the reaction intermediate and product spec-
trophotometrically. The scanned spectrum (Figs. 1 and 3)
indicates the gradual disappearance of Cr(VI)-species and
appearance of Cr(III)-species with the isosbestic point at  =
525 nm. Observation of this single isosbestic point indicates
the very low concentration of the probable intermediates42

like Cr(V) and Cr(IV) under the present experimental condi-
tions. In other words, it indicates the gradual decrease of
Cr(VI) with the concomitant increase of Cr(III). The character-

istic part of electronic absorption spectrum of Cr(III)-species
lies in the range 360–600 nm43,44. The colour of the final
solutions of the uncatalysed and phen-catalysed reaction are
different due to the presence of different types of Cr(III)-spe-
cies. The colour of the final solution for the uncatalysed re-
action under the experimental condition is pale blue (max =
412 and 578 nm) and the colour of the final solution of the

Fig. 1. Scanned absorption spectra of the reaction mixture in pres-
ence of catalyst at a regular time intervals (5 min) from begin-
ning (a) to upto 45 min (j). Concentrations at the beginning of
the reaction, [Cr(VI)]T = 2.5×10–3 mol dm–3, [phen]T = 9.0×10–3

mol dm–3, [H2SO4] = 1.00 mol dm–3, [malic acid]T = 30.0×10–3

mol dm–3, T = 25ºC, isosbestic point at  = 525 nm.

Fig. 2. Scanned absorption spectra of the reaction mixture in absence
of catalyst (i.e. uncatalysed path) at a regular time intervals (5
min) from beginning (a) to upto 90 min (n). Concentrations at
the beginning of the reaction, [Cr(VI)]T = 2.5×10–3 mol dm–3,
[H2SO4] = 1.00 mol dm–3, [malic acid]T = 60.0×10–3 mol dm–3,
T = 25ºC , isosbestic point at  = 536 nm.
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The state of Cr(III)-species in the final solution has been
detected by the following UV-Visible spectra. The UV-Visible
spectra (Fig. 4) was recorded by using the spectrophotom-
eter (UV-Vis-NIR Scanning Spectrophotometer, UV-3101PC,
Shimadzu). In the uncatalyzed reaction, the species is sim-
ply Cr(III)-species, under the experimental condition is pale
blue (max = 412 and 578 nm) and the corresponding transi-
tions43,44 are: 578 nm for 4A2g(F)  4T2g(F); and 412 nm for
4A2g(F)  4T1g(F) of Cr(III)-species. On the other hand, the
colour of the final solution of the phen-catalysed reaction
under the identical condition is pale violet [max = 553 nm for
4A2g(F)  4T2g(F) of Cr(III)-phen]. The spectra of the final
solution of the uncatalysed reaction and pure chromic sul-
fate solution in aqueous sulfuric acid media are identical.
These results indicates that the final Cr(III)-species is simply
Cr(III)-species for the uncatalysed reaction while for the phen-
catalysed reaction, the final Cr(III)-species is a different spe-
cies which is a Cr(III)-phen complex. Similar results have been
noted by earlier workers31,32. It is very interesting to point
out that for the final solution of the phen-catalysed reaction,
there is a blue shift (Fig. 4) for the peak due to the transition

4A2g(F)  4T2g(F) compared to the final solution of the
uncatalysed path. This blue shift is due to the presence of
the strong field donar site i.e. heteroaromatic N-donar site of
phen. For the said Cr(III)-phen complex, the peak due to the
transition 4A2g(F)  4T1g(F) merges with a charge transfer
band (Fig. 4). It may be pointed out that for Cr(aq)3+ species,
there is also a large charge transfer band43,44 at higher en-
ergy. In fact, the band at 270 nm due to 4A2g(F)  4T1g(P)
transition appears as a shoulder on the high energy charge
transfer band43,44. The appearance of the charge transfer
band at much lower energy for the proposed Cr(III)-phen com-
plex is quite reasonable because of the favored ML charge
transfer transition. In fact, the vacant * in phen favours the
ML charge transfer band. The existence of the charge
transfer band (ML) at this lower energy for the phen-
catalysed reaction in the final solution directly supports for-
mation of Cr(III)-phen complex .

3. Results and discussion
3.1. Dependence on [Cr(VI)]T

Under the kinetic conditions, [S]T >> [Cr(VI)]T and [phen]T
>> [Cr(VI)]T, the rate of disappearance of Cr(VI) shows a first-
order dependence on [Cr(VI)]T for both the presence and
absence of phen. The first-order dependence remains unal-

phen-catalysed reaction under the identical condition is pale
violet [max = 553 nm for 4A2g(F)  4T2g(F) of Cr(III)-spe-
cies].

Fig. 3. Scanned absorption spectra of the reaction mixture in pres-
ence of catalyst at a time intervals from beginning (a) to upto
55 min (k). Concentrations at the beginning of the reaction,
[Cr(VI)]T = 2.5×10–3 mol dm–3, [phen]T = 12.0×10–3 mol dm–3,
[H2SO4] = 1.00 mol dm–3, [malic acid]T = 30.0×10–3 mol dm–
3, T = 25ºC , isosbestic point at  = 525 nm.

Fig. 4 (a) Absorption spectrum of the reaction mixture (after comple-
tion of reaction): [Cr(VI)]T = 2.5×10–3 mol dm–3, [malic acid]T =
50×10–3 mol dm–3, [phen]T = 0 mol dm–3 (i.e. uncatalysed
path), [H2SO4] = 1.0 mol dm–3, T = 25ºC (The spectrum of the
chromic sulfate is identical with this under the experimental
condition). (b) Absorption spectrum of the reaction mixture (after
completion of reaction): [Cr(VI)]T = 2.5×10–3 mol dm–3, [malic
acid]T = 50×10–3 mol dm–3, [phen]T = 8×10–3 mol dm–3,
[H2SO4] = 1.0 mol dm–3, T = 25ºC.
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tered in the presence of surfactants CPC and SDS. The
pseudo-first order rate constants (kobs) were estimated as
usual from the linear plot of log [Cr(VI)]T versus t.

3.2. Dependence on [S]T
From the plot of kobs vs [S]T (cf. Fig. 5 ), it is established

that kobs shows a first-order dependence on [S]T in the pres-
ence and absence of [phen]T, i.e.

kobs(c) = kobs(T) – kobs(u) = ks(c)[S]T (2)
kobs(u) = ks(u)[S]T (3)

The valus of ks(c) and ks(u) are given in Table 1. In the pres-
ence of surfactants, the same dependence pattern is main-
tained.

Fig. 5. Effects of [S]T on kobs(x) (x = u or T) for the Cr(VI) oxidation of
DL-malic acid in the presence of phen in aqueous H2SO4 me-
dia. [Cr(VI)]T = 2.5×10–3 mol dm–3, [H2SO4] = 1.0 mol dm–3, T
= 37ºC . [malic acid]T = (0–80)×10–3 mol dm–3. (A) : [phen]T =
6×10–3 mol dm–3, [CPC]T = 12×10–3 mol dm–3. (B) : [phen]T =
0 mol dm–3. (C) : [phen]T = 6×10–3 mol dm–3. (D) : [phen]T =
6×10–3 mol dm–3, [SDS]T = 3×10–2 mol dm–3. (E) : [phen]T =
10×10–3 mol dm–3, [SDS]T = 10×10–3 mol dm–3.

3.3. Dependence on [phen]T
The effect of [phen]T on kobs has been followed in aque-

ous sulfuric acid media. The plots of kobs(T) vs [phen]T are
linear (r > 0.99) with positive intercepts measuring the con-
tribution of the relatively slower unanalyzed path (cf. Fig. 6 ).
The pseudo-first order rate constants {kobs(u)} directly mea-
sured in the absence of phen nicely agree with those ob-
tained from the intercepts of the plots of kobs(T) vs [phen]T.  T
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The observation is represented as follows:
kobs(T) = kobs(u) + kobs(c) = kobs(u) + kcat[phen]T (4)

The values of kcat with the activation parameters are given in
Table 1. During the progress of reaction, phen is lost due to
the formation of inert Cr(III)-phen complex. The nature of de-
pendence on phen remains unaltered in the presence of the
surfactants. Under the kinetic conditions, [phen]T >> [Cr(VI)]T,
during the progress of the reaction, [phen]T remains more or
less constant. The catalytic efficiency at a particular value of
[phen]T has been measured by considering the following
parameters.

keff(w) = [kobs(T) – kobs(u)]/kobs(u) (5)

3.5 Test for acrylonitrile polymerization
Under the experimental conditions, existence of free-radi-

cal was indicated by polymerization of acrylonitrile under a
nitrogen atmosphere.

3.6. Effect of surfactants
It has been noted that the anionic surfactant sodium

dodecyl sulfate (SDS) accelerates (cf. Fig. 7) the rate of the
reaction while the cationic surfactant N-cetylpyridinium chlo-
ride (CPC) retards (cf. Fig. 8) the rate of the reaction.

Fig. 6. Effect of [phen]T on kobs(T) for the Cr(VI) oxidation of DL-malic
acid in the presence of phen in aqueous H2SO4 media. [Cr(VI)]T
= 2.5×10–3 mol dm–3, H2SO4 = 1.0 mol dm–3, [phen]T = (0–
12)×10–3 mol dm–3, [malic acid]T = 30×10–3 mol dm–3. (A) For
phen-catalysed reaction: T = 27ºC. (B) For phen-catalysed
reaction: T = 37ºC. (C) For phen-catalysed reaction: T = 47ºC,
[CPC]T = 10×10–3 mol dm–3. (D) For phen-catalysed reaction:
T = 47ºC.

3.4. Dependence on [H]+

The acid dependence was followed in aqueous HClO4
media at fixed [Cr(VI)]T and [malic acid]T.

From the experimental fit, the observation fit, the obser-
vations are as given in eqs. (6) and (7)

kobs(u) = kH(u)[H+] (6)
kobs(c) = kobs(T) – kobs(u) = kH(c) [H+] (7)

For malic acid 104 kH(C)(w) ( dm3 mol–1 s–1) = 7.6±0.10 at
37ºC for [Cr(VI)]T = 2.5×10–3 mol dm–3, [S]T = 25.0×10–3 mol
dm–3, [phen]T = 8×10–3 mol dm–3, [H]T = (0.2–1.0) mol dm–3.
[HClO4]T + [HClO4]T = 1.5 mol dm–3.

Fig. 8. Effect of [CPC]T on kobs(T) for the Cr(VI) oxidation of DL-malic
acid in the presence of phen in aqueous H2SO4 media. [Cr(VI)]T
= 2.5×10–3 mol dm–3, [malic acid]T = 30×10–3 mol dm–3.
[phen]T = 6×10–3 mol dm–3, [H2SO4] = 1.0 mol dm–3, [CPC]T
= (0–20)×10–3 mol dm–2, T = 47ºC.

Fig. 7. Effect of [SDS]T on kobs(T) for the Cr(VI) oxidation of DL-malic
acid in the presence of phen in aqueous H2SO4 media. [Cr(VI)]T
= 2.5×10–3 mol dm–3, [malic acid]T = 20×10–3 mol dm–3.
[phen]T = 6×10–3 mol dm–3, [H2SO4] = 1.0 mol dm–3, [SDS]T =
(0–10)×10–2 mol dm–2, T = 37ºC.
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3.7. Reaction mechanism and interpretation
The mechanism of the reaction can be divided in two

parts as (i) the uncatalysed path (Scheme 1 and Scheme 2)
and (ii) the catalysed path (Scheme 3).

Scheme 1. Cleavage of C-C bond by Cr(IV).

Scheme 2. Cr(VI) oxidation of malic acid in absence of catalyst.

We have already established the uncatalysed path for
the malic acid17 as that shown in Scheme 1 and Scheme 2
and with the rate law:

kobs(u) =(2/3)k1K1[S]T[H+] = ks(u)[S]T = kH(u)[H+] (13)

For the heteroaromatic-N base ligand 1,10-phenanthroline
(phen) catalysed path, the reaction in Scheme 3 can explain
the experimental findings and lead to the following rate law:

kobs(c) = (2/3)k2K3K4[S]T[phen]T[H+] (18)

Under the reaction conditions, the first-order dependence on
[phen]T is strictly maintained throughout the range of [phen]T
used. The Cr(VI)-species typically labile and undergoes com-
plexation at the first step with the chelating agent (L) to pro-
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duce chelating complex (C1), which is to be the kinetically
active oxidant31,32. As Cr(III) (t2g

3) is an inert species, it is
reasonable to consider that the heteroaromatic nitrogen base
(i.e. phen) does not bind to the Cr(III) centre after its forma-
tion from the reduction of Cr(VI). The Cr(III)-phen complex
has been characterized spectroscopically31,32. Thus, it is rea-
sonable to conclude that the equilibrium constant for the re-
action leading to Cr(VI)-phen complex (C1) is low. In the next
step, Cr(VI)-phen complex reacts with the substrate to form a
ternary complex (C2) which experiences a redox decompo-
sition at a rate limiting step giving rise to the organic product
and Cr(IV)-phen complex. The high value of enthalphy of ac-

tivation, H (Table 1) indicates that the phen-catalysed path
is favoured mainly due to very high negative value of en-
tropy of activation, S (Table 1). The negative value of S
and the composite rate constant kcat supports the suggested
cyclic transition state. The Cr(IV) generated may subsequently
participated in the faster reactions in different possible ways
outlined below to be reduced to Cr(III).

Path I: Cr(IV)+ Cr(VI)  2Cr(V)
2Cr(V) + 2S 2Cr(III) + Products

Path II: Cr(IV) + S  Cr(III)+ S•

Cr(VI) + S•  Cr(V) + Products

Scheme 3. Chromic acid oxidation of malic acid in presence of 1,10-phenanthroline catalyst.

JICS-13
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Cr(V) + S  Cr(III) + Products
Path III: Cr(IV) + S  Cr(II) + Products

Cr(II) + Cr(VI)  Cr(III) + Cr(V)
Cr(V) + S  Products + Cr(III)

In the above mentioned possible paths, S denotes the 2e-
reductant and S• stands for the partially oxidized substrate.
In both the Watanabe-Westheimer mechanism46 (i.e. Path
I) and the Perez-Benito mechanism47,48 (i.e. Path III), the
title organic substrates acts in all steps as a 2e-reductant,
while it may act both as a 2e-reductant and 1e-reductant in
the Rocek mechanism49 (i.e. Path II ). Previously, the Rocek
mechanism was accepted widely in explaining the Cr(VI) oxi-
dation of different organic substrates and Perez-Benito
mechanism was discarded because of the instability of Cr(II).
But it has been established47,48 that for the oxidation of dif-
ferent 2e-organic reductants, Cr(II) is produced from Cr(IV)
through hydride ion transfer. Thus the carbo-cationic centre
generated is responsible for acrylonitrile polymerization50. It
may be noted that in Rocek mechanism, the free radical (S•)
is responsible for the acrylonitrile polymerization. This mecha-
nism was also supported by Haight et al.51. For the reaction
pathway, radical mediated acrylonitrile polymerization form
under the condition in following ways52.

tion and neutral substrate by hydrophobic attraction in the
micellar interphase. Thus SDS allows the reaction to pro-
ceed in both aqueous and micellar interphases. After a cer-
tain concentration of [SDS]T. The rate retardation is probably
due to the dilution of the reactants in the micellar phase. An
increase in [SDS]T increases the micellar solubilisation of
the reactants but at the same time an increase in [SDS]T
increases the concentration of the micellar counter ions (i.e.
Na+) which may displace H+ and Ox2+ and (C1) out of micel-
lar surface.

2Naw
+ + OxM

2+  2NaM
+ + Oxw

2+ (19)

Naw
+ + HM

+  NaM
+ + Hw

+ (20)

The above equilibria lead to decrease the value of [HM]+ and
[OXM]2+ (C1) to inhibit the rate process. These two effects
are opposite in nature to determine the rate of the reaction.
In the phen-catalysed path, these two effects roughly nullify
each other at higher concentration to attain the rate satura-
tion.

3.8. Effect of SDS
Sodium dodecyl sulfate (SDS), a representative anionic

surfactant is found to accelerate the phen-catalysed path.
The plot of kobs(T) vs [SDS]T shows a rate accelerating effect
with the increase of [SDS]T (cf. Fig. 7) and attains a limiting
value followed by a slight rate retardation. The nature of the
plot arises due to the preferential partitioning of the posi-
tively charged Cr(VI)-phen complex by electrostatic attrac-

Scheme 4. Partitioning of the reactive species between the aqueous
and micellar phases.

3.9. Effect of CPC
N-Cetylpyridinium chloride (CPC), a representative cat-

ionic surfactant is found to retard the phen-catalysed path.
The plot of kobs(T) vs [CPC]T (cf. Fig. 8) shows a continuous
decrease that tends to level off at higher concentration of
CPC. Bunton and Cerichelli noted a similar observation in
the oxidation of ferrocene by Fe(III) salts in the presence of
cationic surfactant cetyl trimethyl ammonium bromide
[CTAB]53. Similar micellar effects have been noted in the oxi-
dation of acetophenone by Ce(IV)54 and oxalic acid catalysed
oxidation of aromatic azo compounds by chromic acid8.

In the phen-catalysed path, Cr(VI)-phen complex (C1), a
cationic complex, has been argued as the active oxidant.
The active oxidant (C1) is electro statically repelled by the
cationic micellar head groups of CPC. In the presence of
CPC, the reaction is mainly restricted in aqueous phase where
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concentration of the neutral substrate is depleted. This ex-
plains the rate retarding effect of CPC for the phen-catalysed
path.

In the phen-catalysed path, CPC restricts the positively
charged Cr(VI)-catalyst complex (C1) (cf. eq. Scheme 3), the
active oxidant, in the aqueous phase and thus the accumu-
lated neutral substrate in the micellar phase (stern layer)
cannot participate in the reaction. Hence in the catalysed
path, the reaction is mainly restricted in the aqueous phase
in which the concentration of the substrate is depleted due
to its partitioning in the stern layer of the micelle, partitioning
of the reactants between the aqueous and micellar phase is
shown in Scheme 4 in which Dn represents the micellised
surfactants where ‘n’ is the aggregation number.

Conclusions
In the hetero aromatic N-base ligand 1,10-phenanthroline

assisted chromic acid oxidation of DL-malic acid in aqueous
micellar media Cr(VI)-phen complex has been found to act
as the active oxidant. Cr(VI)-phen complex receives a nu-
cleophilic attack by the substrate to form a ternary complex
which subsequently experiences a two-electron transfer re-
dox decomposition leading to the organic products, pyruvic
acid. The scanned spectrum in catalysed path indicates the
gradual disappearance of Cr(VI)-species and appearance of
Cr(III)-species with the isosbestic point at  = 525 nm. Ob-
servation of this single isosbestic point indicates the very
low concentration of the probable intermediates like Cr(V)
and Cr(IV) under the present experimental conditions. In other
words, it indicates the gradual decrease of Cr(VI) with the
concomitant increase of Cr(III). The reactions have been car-
ried out in aqueous micellar media. The anionic surfactant
SDS accelerates the rate while the cationic surfactant CPC
shows the rate retarding effect.
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