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The short chain straight fatty acid, valeric or pentanoic acid is chemically significant for its huge applications in
variety of industrial target compounds including plasticizers, lubricants, biodegradable solvents, perfumery
and pharmaceuticals. Synthesis of valeric acid has been achieved by the cerium(IV) oxidation of a straight C5
chain valeraldehyde which is a precursor of organic compounds. Ce(IV) is selected as an alternative oxidizing
agent in place of higher valent metals. The oxidation kinetics of valeraldehyde has been investigated under
pseudo-first-order conditions in acidic medium at 30 °C. Several transition metal salts: Cr(III), Mn(II), Cu(II),
Ir(III) and Ru(III) have been introduced to observe their effect on reaction rate6. Three different representative
non-functional surfactants: Cetyltrimethylammonium bromide (CTAB; cationic), Sodium dodecylsulphate
(SDS; anionic) and 3-[(3-cholamidopropyl) dimethylammonio]-1-propanesulfonate (CHAPS; zwitterionic)
catalyze the reaction significantly. Ir(III) and Ru(III) enhance the oxidation rate in the presence and absence of
surfactant. Cr(III), Mn(II) and Cu(II) interestingly inhibit the reaction rate. CMC values of the surfactants have
been determined by spectrofluorometry and conductometry. The oxidized product valeric acid has been charac-
terized by NMR and FTIR spectroscopy. Scanning Electron Microscope (SEM) and Transmission Electron Micro-
scope (TEM) experiments support the aggregation of surfactants Ru(III) in association with CTAB micellar
catalyst that exhibited a dramatic ~330 fold rate enhancement compared to the uncatalyzed reaction path.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Aldehydes are important trace constituents of the atmosphere.
They have natural and anthropogenic sources, with small primary
sources associated with vehicle exhaust and industrial activity and
large secondary sources associatedwith the oxidation of volatile organic
compounds [1,2]. Aldehyde oxidation is an important reaction for the
manufacture of organic acids, peracids and anhydrides, which find
applications as precursors for resins and pharmaceutical products [3].
Aliphatic aldehydes are extensively hydrated in aqueous solutions
and many oxidation reactions proceed via the hydrate form [4]. The
kinetics and oxidation mechanism of formaldehyde, acetaldehyde,
propionaldehyde, and benzaldehyde in different media were studied.

n-Valeraldehyde, straight C5 chain aldehyde, is used as an intermedi-
ate in the manufacture of alcohols, acids, esters, amines and other or-
ganic compounds [5,6]. n-Valeric acid (n-pentanoic acid) is the basis
of new ester-type lubricants for CFC-substitutes in refrigeration systems
which are made from the carboxylic acid with trimethylolpropane,
pentaerythritol or dipentaerythritol. Valeric acid is prepared from
butane cuts through hydroformylation to valeraldehyde with subse-
quent oxidation [7]. Industrially valeric acid is synthesized by Dow
manufacture process by using the oxo process. Butylene is reacted
with synthesis gas (carbon monoxide and hydrogen mixture) in the
presence of a catalyst, yielding valeraldehyde. Valeraldehyde is then
oxidized to valeric acid [6]. Valeric acid is mainly used as a chemical in-
termediate for the following compounds: Ester type lubricants, Flavors
and perfumes, Plasticizers, Vinyl stabilizers, Specialty chemicals.

Regarding environmental problem and pollution, clean organic
reaction processes which do not use the harmful organic solvents are
encouraged and are in great demand today. Water as a cheap and rela-
tively green solvent could be considered as an alternative reaction
media for organic processes. The use of surfactants under micellar con-
ditions represents one of the simplest methods to achieve catalysis in
water since surfactants are in most cases very economical thanks to
their extensive everyday use in detergency [8]. The contamination of
aquatic environment by toxic metals, such as hexavalent chromium,
lead, arsenic, cadmium is of great concern due to its trends to accumu-
late on vital organs of human and animals causing several health
problems [9–12]. Therefore we have selected non toxic Ce(IV) as an al-
ternating oxidizing agent in comparison to Cr(VI), Fe(VI), Pb(IV). The
role of ceriumas themost effective oxidant and catalyst inmany organic
syntheses is reflected in a number of reports in the literature. Cerium
chemistry is dominated by the +3 and+4 oxidation states. The oxida-
tive degradation of organic and inorganic compounds with cerium(IV)
are potentially interesting, as cerium(IV) is an unusually strong, one-
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electron oxidant (E° = 1.4 V in 1.0 mol dm−3 H2SO4) [13]. In sulfuric
acid and sulfate media cerium(IV) forms several sulfate complexes.
Generally transition metals in a higher oxidation state can be stabilized
by chelationwith suitable complex agent. However, our preliminary ob-
servations indicate that oxidation of someorganic compounds by Ce(IV)
in aqueous sulfuric acid is kinetically sluggish, the process can be effi-
ciently catalyzed by various metal ions at trace concentration. Different
metal ion catalysts like chromium(III), ruthenium(III), iridium(III) [14]
etc. are generally used in the oxidation by cerium(IV). Among the differ-
ent metal ions, ruthenium(III) [15] and iridium(III) [16] are highly effi-
cient [17]. Reactionmechanism of various elementary reactionsmust be
investigated to analyze the effect on selectivity. Therefore, the basic
study of catalytic reaction will prove the scientific basis for improving
catalyst selectivity and making high-efficiency catalyst. Various metal
ions such as Ag(I), Mn(II), Cu(II), Os(VIII), Hg(II), Cr(III), Ru(III), Ir(III),
etc. have been employed as catalysts in cerium(IV) oxidation of differ-
ent types of substrates. However, ruthenium(III) and iridium(III) are
highly efficient catalysts for cerium(IV) oxidations even at trace concen-
tration levels (ca. 10−6–10−7 mol dm−3) [17,18].

The present work continues our kinetic studies of micellar effects
on the metal-catalyzed oxidation of valeraldehyde. In this study,
we have experimented with a nontoxic (benign) amphiphile (3-[(3-
cholamidopropyl)dimethylammonio]-1-propanesulfonate (CHAPS)) in
bothwater andmetal-watermedia to look into their interactions to pro-
duce results that would lead to their uses in catalysis and industries.
CHAPS is a zwitterionic derivative of cholic acid having combined prop-
erties of both sulfobetaine type detergents and bile salts [19]. Once
again we have taken a more precise and detail experimental effort on
the catalyzing properties of non-toxic surfactant CHAPS in oxidation
kinetics [20].

Generally organic substrates are very often poorly soluble in water.
Micellar systems can be used to overcome the solubility problems of
the organic substrates. Self-organized assemblies such as micelles can
change the rates of chemical and enzymatic reactions. Effects ofmicelles
of surfactants on these reactions can be attributed to their electrostatic
and hydrophobic interactions with reactants [21–23]. Surfactants are
amphiphilic organic compounds, containing both hydrophobic groups
and hydrophilic groups. Thus, a surfactant molecule contains both
a water insoluble and a water soluble component [24]. We have
employed an approach to the determination of kinetic constants of
metal mediated-micelle catalyzed oxidation of valeraldehyde that al-
lows the identification of important mechanism and function of differ-
ent surfactants on the reaction rates. The different rate constants in
the presence and absence of surfactants have been determined with
the corresponding plots. SDS, CHAPS and CTAB have been found to ac-
celerate the rate process for the valeraldehyde oxidation process.

2. Experimental

2.1. Materials and reagents

Valeraldehyde (SRL, AR, Mumbai, India), cerium(IV) ammonium
sulfate (E. Merck, AR), cetyltrimethylammonium bromide (CTAB)
(SRL, AR, Mumbai, India), CHAPS (SRL, AR, Mumbai, India), H2SO4

(E. Merck, AR), SDS (Qualizen) Na2SO4 (E. Merck, AR), HCl
(E. Merck, AR), pyrene (SRL, AR, Mumbai, India), iridium(III)
chloride (SRL, AR, Mumbai, India), ruthenium(III) chloride (SRL, AR,
Mumbai, India), and all other chemicals used were of the highest purity
available commercially. The stock solution of Ce(IV) was obtained by
dissolving cerium(IV) ammonium sulfate in 1 mol dm−3 sulfuric acid
and was standardized with iron(II) ammonium sulfate solution using
ferroin as an external indicator [25,26]. Cerium(IV) solutionwas always
made up and stored in a black coatedflask to prevent photochemical re-
action. A solution of iridium(III) chloride and ruthenium(III) chloride
were prepared by dissolving the sample in a minimum amount of con-
centrated hydrochloric acid. The solution of surfactants were prepared
by using the weighing balance (Sartorius BSA224S-CW) and dissolving
calculated amount of surfactants in double distilled water through
Digital Ultrasonic Cleaner CD 4820 instrument. Surfactant substrate
mixture solution and other mixture solution containing surfactant
were centrifuged to get a complete mixing through Centrifuge-Z206A
(Hermle Labortechnik GmbH).

2.2. Kinetic measurements

Kinetic experiments were carried out spectrophotometrically
by recording the changes in the Ce(IV) absorbance at 320 nm with
a computer-controlled UV–VIS Shimadzu-1800 spectrophotometer,
equipped with thermostated compartments for 1 cm cuvettes. The
temperature of the experiments was regulated to 30.0 ± 0.1 °C with a
thermostat TCC Shimadzu. The kinetics of the oxidation of the organic
substrates by cerium(IV) were studied in the presence of a large
excess of organic substrate over the Ce(IV) species: [valeraldehydel]T ≥
10[Ce(IV)]T. The observed pseudo-first-order rate constants, kobs, were
obtained from the slopes of the linear least-squares fit of the plot
of − ln(A320) vs time (t) (Fig. 1), and were reproducible to within 3%
with good correlation coefficient values [16,20,25,26]. The kinetics
was followed up to 80% completion of the reaction and good first-
order kinetics were observed. The t1/2 values are directly calculated in
Table 1 by using the relation t1/2 = (ln2/kobs), where ln2 = 0.693,
kobs = pseudo-first-order rate constant in s−1. The kobs values were
found to be independent of the initial Ce(IV) concentration, and conse-
quently, the oxidation rates are first order with respect to the oxidizing
species. The surfactant concentrations used in all experiments were no-
tably above the critical micelle concentrations [27,28] to make sure of
the existence of micellar aggregates in the solution. The possibility of
decomposition of the surfactants SDS, CTAB and CHAPS by Ce(IV) has
been investigated and the rate of decomposition has been found negli-
gible [29].

2.3. Product analysis and stoichiometry

Ce(IV) (2.0 × 10−4 mol dm−3) was taken in distilled water (15 ml)
and H2SO4 (4.2ml). A solution of substrate (2.0 × 10−3 mol dm−3) was
added to the reactionmixture and stirred for 24h at 30–35 °C. Etherwas
added to the reactionmixture. The organic layer was extracted, washed
with water, and dried over anhydrous MgSO4. Ether was removed by
warming, and the products [4] were obtained (valeric acid from
valeraldehyde), whose boiling points were in agreementwith literature
values (yields ~85–90%). The reaction product was subjected to FTIR
(Fig. S1, Supplementary material) (Shimadzu Prestige-21) and proton
NMR analysis, and characterized as follows: Valeric acid: υ = 2958
(br, s,−OH), 2673, 1705 (s, C_O), 1411, 1211, 937, 748 cm−1.

The oxidation products were analyzed by the 1H NMRwith a Bruker
ASCEND spectrometer at a frequency of 400MHzusing CDCl3 as the sol-
vent and SiMe4 as internal standard (Fig. S2, Supplementary material)
[30].

The stoichiometry of the reaction in the case of valeraldehyde may
be given by Eq. (1):

2CeðIVÞ þ C4H9CHO þ H2SO4→2CeðIIIÞ þ C4H9COOH þ 2Hþ: ð1Þ

2.4. Test for free radicals

Acrylonitrile (monomer) was used for the identification of free rad-
icals. In a typical experiment, reaction mixture containing [Ce(IV)] =
2.0 × 10−4 mol dm−3, [valeraldehyde] = 2.0 × 10−3 mol dm−3,
[H2SO4] = 0.5 mol dm−3, and acrylonitrile (=30% v/v) at 30 °C led to
the formation of white polymeric product indicating in situ generation
of free radicals [13,25].



Fig. 1. Representative first-order plot for Ce(IV) oxidation of valeraldehyde in uncatalyzed and Ru(III) mediated CHAPS catalyzed path. [Ce(IV)]T = 2 × 10−4 mol dm−3, [H2SO4]T =
0.5 mol dm−3, μ = [H2SO4 + Na2SO4] = 2.0 mol dm−3, [valeraldehyde]T = 2 × 10−3 mol dm−3,Temp = 30 °C. (a) [Ru(III)]T = 0 mol dm−3, [CHAPS]T = 8 × 10−3 mol dm−3;
(b) [Ru(III)]T = 6 × 10−4 mol dm−3 [CHAPS]T = 10 × 10−3 mol dm−3.

Table 1
Effect of the different surfactants, Ir(III) and Ru(III) catalyst on pseudo-first order rate constant and half-life for the Ce(IV) oxidation of valeraldehyde.

Substrate [H+]
(mol dm−3)

106 × metal catalyst
(mol dm−3)

103 × micellar catalyst
(mol dm−3)

104 × kobs
(s−1)

Half life (t1/2)
(h)

Valeraldehyde 0.5 – – 1.121 ± 0.02 1.71
1.0 1.26 ± 0.03 1.527
1.5 1.6383 ± 0.05 1.175
2.0 1.683 ± 0.07 1.143
2.5 2.183 ± 0.05 0.87
0.5 Cr(III) 2 – – 0.763 ± 0.09 2.523

Mn(II) 2 0.966 ± 0.05 2.0
Cu(II) 2 0.898 ± 0.08 2.14

0.5 Ir(III) 2 – – 2.3283 ± 0.02 0.826
3 2.515 ± 0.04 0.826
4 2.8316 ± 0.06 0.68
5 3.0616 ± 0.02 0.628
6 3.425 ± 0.03 0.56

0.5 Ru(III) 2 60.3 ± 0.05 0.032
3 125.4 ± 0.03 0.0153
4 172.2 ± 0.06 0.011
5 190.3 ± 0.03 0.0101
6 203.8 ± 0.04 0.0094

0.5 – SDS 10 2.112 ± 0.03 0.91
12 2.483 ± 0.06 0.77
14 2.955 ± 0.03 0.65
16 3.125 ± 0.05 0.616
18 3.269 ± 0.03 0.588

0.5 – CTAB 1.5 1.3966 ± 0.03 1.378
2.0 1.228 ± 0.04 1.567
2.5 1.167 ± 0.07 1.65
3.0 1.071 ± 0.04 1.79
3.5 0.6916 ± 0.06 2.783

0.5 – CHAPS 10 1.225 ± 0.03 1.57
0.5 Ir(III) 2 SDS 10 3.766 ± 0.02 0.51

CTAB 1.5 2.995 ± 0.05 0.64
CHAPS 10 14.4 ± 0.06 0.133

0.5 Ru(III) 2 SDS 10 25.6 ± 0.04 0.0752
CTAB 1.5 80.8 ± 0.04 0.0238
CHAPS 10 78.7 ± 0.06 0.0244

0.5 Ir(III) 6 SDS 10 10.2 ± 0.02 0.188
CTAB 1.5 8.037 ± 0.02 0.24
CHAPS 10 55.7 ± 0.03 0.034

(Time of completion)
0.5 Ru(III) 6 SDS 10 147.2 ± 0.03 2.354 min

CTAB 1.5 365.3 ± 0.02 56.9 s.
CHAPS 10 264.8 ± 0.03 1.30 min

[Ce(IV)]T = 2 × 10−4 mol dm−3, [Valeraldehyde]T = 2 × 10−3 mol dm−3, μ = 2.0 mol dm−3, Temp = 30 °C.

Fig. 2. Spectral changes observed during the course of the uncatalyzed and metal mediated micelle catalyzed oxidation of valeraldehyde by Ce(IV) in sulfuric acid media. Experimental
conditions: [Ce(IV)]T = 2.0 × 10−4 mol dm−3, [valeraldehyde]T = 2.0 × 10−3 mol dm−3 [H2SO4]T = 0.5 mol dm−3, μ = 2.0 mol dm−3, Temp = 30 °C. (a) [catalyst] = 0 mol dm−3,
time interval = 2 min; (b) [CHAPS]T = 10.0 × 10−3 mol dm−3, time interval = 1 min; (c) [CTAB]T = 1.5 × 10−3 mol dm−3, Time interval = 1 min; (d) [SDS]T =
10.0 × 10−3 mol dm−3, time interval = 1 min; (e) [Ir(III)]T = 6.0 × 10−4 mol dm−3, [surfactant]T = 0 mol dm−3,time interval = 1 min; (f) [Ru(III)]T = 2.0 × 10−4 mol dm−3,
[surfactant]T = 0 mol dm−3, time interval = 1 min; (g) [CTAB]T = 1.5 × 10−3 mol dm−3, [Ir(III)]T = 6.0 × 10−4 mol dm−3, time interval = 15 s; (h) [CTAB]T =
1.5 × 10−3 mol dm−3, [Ru(III)]T = 6.0 × 10−4 mol dm−3, time interval = 15 s.
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Image of Fig. 1
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Image of Fig. 2
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2.5. Critical micelle concentration (CMC) measurement

2.5.1. Fluorimetry
Fluorescence measurements were performed in a spectrofluorome-

ter (Hitachi) using a quartz cell of path length 1 cm at 30 ± 0.1 °C tem-
perature with excitation and emission slit width of 3.0 nm and 2.5 nm
respectively and scan speed 500 nm min−1. Pyrene was used as the
fluorescence probe. A series of surfactant solutions were prepared for
fluorescence intensities measurement following the procedure used in
spectrophotometry. The solutions were excited at 334 nm, and the
emission spectra were recorded in the range 360–450 nm. The fluores-
cence intensities of the peaks at ~372 nm (I1) and ~383 (I3) were ex-
tracted from the spectra, and the I3/I1 value vs. surfactant CHAPS
concentration was used for CMC determination. The CMC was found
around 6.3 mM from the plot of fluorescence intensity versus CHAPS
concentration (Fig. S3a, Supplementary material).

2.5.2. Conductometry
The CMC values of SDS and CTAB was obtained by using conducto-

metricmethodwith the help of awater analyzer kit (Eutech instrument,
Cyber Scan 6000 Series Meters). Conductance values were plotted
against concentration of SDS (Fig. S3b, Supplementary material) and
CTAB (Fig. 4a, Supplementary material). CMC value obtained from the
plots were 8.2mM for SDS and 1.1mM for CTAB [31,32]. The critical mi-
celle concentration (CMC) of CTAB in presence of valeraldehyde was
also determined from the break points of nearly two straight-line por-
tions of the specific conductivity versus concentration plot. The CMC
value of CTAB was found to be 1.02 mM by conductometry in presence
of valeraldehyde (2.0 × 10−3 mM) (Fig. 4b, Supplementary material).

3. Results

3.1. UV–VIS spectrophotometric study of the reaction

UV–vis spectroscopy is a well-known technique for monitoring the
completeness of reaction. Indeed, solutions of ceric salts are yellow or
deep orange-red in the presence of valeraldehyde, whereas solutions
of cerous salts are colorless. Fig. 2 shows the UV–vis spectra recorded
within certain time up to the completion of the reaction at room tem-
perature. A continuous color change of the solution with time is ob-
served as Ce4+ is converted into Ce3+ [33].

The reactionmixturewere scanned in the range 200–700nm in both
presence and absence of themetal ion [Ir(III) and Ru(III)] individually at
regular time intervals to follow the gradual development of the reaction
intermediates (if any) and the end product. The presence of Ce(IV) ion
can generate charge transfer bands which are also related to the color
mechanism, giving in this case a yellow coloration. Ce(IV) favors charge
transfer (CT) transitions from the host ligands to the rare earth ions. In
the case of cerium, 4f–5d bands of Ce3+ ions and the CT bands of Ce4+

ions appear in the same wavelength range (Fig. 2a–h), which cause
them to overlap each other [34,35]. The scanned absorption spectra of
the different set of reaction mixtures were taken for both in presence
and absence of surfactant and metal ion catalyst Ir(III)/Ru(III) (Fig. 2).
Replicate scans of the spectra during the course of the reaction showed
a decrease in the absorbance only, with no evidence of any shift in the
peaks (Fig. 2). Spectroscopic test was carried out by comparing the
electronic spectrum of the reaction mixture one minute after the start
of the reaction with that of the final product within a wavelength of
200–700 nm.

The absorbance maximum at 320 nm due to the electronic transi-
tions of the cerium(IV) complexes. The color of Ce(IV) compounds in
aqueous medium is due to the LMCT bands. The absorption spectrum
of Ce(IV) species in aqueous sulfuric acid solution differs from that of
Ce(III) species [20]. The UV–VIS spectral band of valeraldehyde-
cerium(IV) mixtures observed at 320 and 223 nm are the evidence of
complex formation between them (Fig. 3a). However, Ce(III) complexes
produced after completion of reaction have an absorption band near
250 nm (Fig. 3b). The reason for these changes is the disappearance of
the intensive yellow colored cerium(IV), which is reduced to a pale
green cerium(III). In the presence and absence of both Ir(III) and
Ru(III), the cerium(III) complexes produced after completion of reaction
in thiswork, are practically transparent in visible spectral region and ex-
hibit only less intensive absorption bands at 295, 254, 241, 223 and
212 nm respectively in UV region (Fig. 3b). In contrast, with cerium(III)
the lowest energy electronic absorption bands in the UV regions corre-
sponding to the 4fn → 4fn − 1d1 transition. The electronic spectrum of
Ce(III) consists of a single transition between 2F5/2 (ground state) and
2F7/2.

3.1.1. Spectral evidence for metal–substrate complex formation
The experimental results indicate that formation of a complex be-

tween valeraldehyde with iridium(III) and ruthenium(III). The spectral
evidence for the formation of a complex between the substrate and cat-
alyst was obtained from UV–Vis spectra of valeraldehyde-iridium(III)
and valeraldehyde–ruthenium(III) mixtures. The experimental result
suggest that valeraldehyde combines with the active species of the cat-
alyst to form a complex, which then reacts in a slow step with 1 mol of
cerium(IV) to give the product cerium(III). The spectral evidence for a
complex between substrate and catalyst is obtained from UV–VIS
spectra (Fig. 4) of only Ir(III) and Ru(III) solutions followed by
valeraldehyde-metal catalyst mixtures in which there were changes in
the band was observed. The spectra obtained for the metal–substrate
mixture were different and significant new peak appeared at 295 nm.

The band observed for free Ir(III) solution at 488 nm, 433 nm and
229 nm respectively and Ru(III) solution in the region of 455 nm,
357 nm and 257 nm respectively (Fig. 4) which remain almost identical
with the band appeared after completion of the reaction for both Ir(III)
and Ru(III) mediated reactions. It is quite significant that after comple-
tion of Ir(III) and Ru(III)-metal mediated reactions the metals bring
back to its previous oxidation state. From which anyone can definitely
conclude that both of these metal act as catalyst in the oxidation
process.

3.2. Dependence on [H2SO4]

The reactionwas carried out at various initial concentration of sulfu-
ric acid at a fixed valeraldehyde concentration as in Table 1. It was ob-
served that the rate of oxidation reaction increased with increasing
sulfuric acid concentration. The plots of kobs versus [H+] (Fig. 5) for
the oxidation of valeraldehyde are found to be linear in nature with
good correlation coefficient of 0.96917. This indicates that the reaction
order with respect to [H+] is first. Since the rate increases with increas-
ing hydrogen ion concentration (Table 1), Ce4+ should bemore reactive
species in the formof sulfato–Ce(IV) complexes [25]. On the basis of rate
acceleration effects of H2SO4, the Ce(SO4)2+ has been considered to be
the reactive form in most of the reactions of cerium(IV) [20].

The kinetics of the oxidation of valeraldehyde by cerium(IV) in the
absence and presence of surfactants was investigated under varying
conditions of [metal catalyst], [H2SO4].

3.3. Dependence on Ir(III)

Plots of kobs versus [IrCl3] gave straight lines passing through the or-
igin for valeraldehyde, indicating that the reaction follows first-order ki-
netics with respect to iridium(III) chloride concentrations [16]. Addition
of traces of Ir(III) significantly enhances the rate. Pseudo-first order rate
constant kobs vs. [Ir(III)] yielded good linear plot (Fig. 6a and Table 1).
Rate values increase proportionately with increasing [Ir(III)] and in
that case reaction follows first order kineticswith respect to iridium(III)
chloride concentrations. Recently, similar behavior has been reported in
the oxidation of some aromatic aldehydes by Ce(IV) in the presence of
iridium(III) chloride [34,36].



Fig. 3. Absorption spectra of Ce(IV) solutions along with Ce(IV)-valeraldehydemixtures and Ce(III) solution produced after completion of the uncatalyzed andmetal catalyzed reaction at
30 °C. [Ce(IV)]T = 2 × 10−4 mol dm−3, [H2SO4]T = 0.5 mol dm−3, μ = 2.0 mol dm−3, (a) [valeraldehyde]T = 2.0 × 10−3 mol dm−3; [Ce(IV)]T = 2 × 10−4 mol dm−3,
(b) [valeraldehyde]T= 2.0 × 10−3 mol dm−3; (uncatalyzed)→ [metal catalyst]T= 0mol dm−3, (Ir(III)-catalyzed)→ [Ir(III)]T = 6.0 × 10−4 mol dm−3, (Ru(III)-catalyzed)→ [Ru(III)]T =
6.0 × 10−4 mol dm−3.
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3.4. Dependence on Ru(III)

The fact that under the experimental conditions in the absence
of Ru(III) ions the reaction practically does take place at a moderate
rate [37] supported by an independent experiment. Addition of
traces of Ru(III) enhances the rate significantly (Fig. 6b and
Table 1). The concentration of ruthenium(III) chloride was varied
from (2.0–6.0) × 10−6 mol dm−3. The rate increases with increasing
of ruthenium(III) chloride. On plotting the kobs values versus
[Ru(III)], rate values increase proportionately with increasing
[Ru(III)] and yields a almost linear plot (Fig. 6b). The experimental rate
constant value increased with Ru(III) concentration both in presence
and absence of surfactants SDS, CTAB and CHAPS. The rate data for the
Ru(III) mediated path in presence of SDS, CTAB and CHAPS surfactant at
constant concentration have been calculated at 6.0 × 10−6 mol dm−3

concentration of Ru(III). The kinetic data for the higher concentration of
Ru(III) (6.0 × 10−6 mol dm−3) have been calculated and found that
Fig. 4. Absorption spectrum of only Ir(III) and Ru(III) solutions (without substrate and ox-
idant) in aqueous medium and absorption spectrum of reaction mixtures with Ir(III) and
Ru(III) solution (without oxidant): [Ir(III)]T = 6.0 × 10−4 mol dm−3, [Ru(III)]T =
6.0 × 10−4 mol dm−3; [valeraldehyde]T = 2.0 × 10−3 mol dm−3, [Ir(III)]T =
2 × 10−6 mol dm−3; [valeraldehyde]T = 2.0 × 10−3 mol dm−3, [Ru(III)]T =
6.0 × 10−4 mol dm−3, temp = 30 °C.
Ru(III) assist the oxidation reaction to undergo complete about just
1–2 min (Table 1).
3.5. Dependence on surfactant concentration

In our study of micellar rate effects, CTAB is found to increase.
Attraction and repulsion, respectively, between the positively
charged Ce(IV) species and the head groups of three types of surfac-
tant micelles seemingly play important role in the present case. The
rate of conversion increased with an increase in the surfactant concen-
tration higher than CMC, and leveled off after the surfactant concentra-
tion reached 2CMC. Therefore, at high CTAB concentration, the rate of
reaction increase gradually but it will be slowed down at 3.5 mM and
the conversion of valeraldehyde did not change significantly [38].
Cetyltrimethylammonium bromide (CTAB, a representative cationic
surfactant) is found to accelerate valeraldehyde oxidation path. Plots
of kobs(T) versus [CTAB]T (cf. Fig. 7a, Table 1) shows a slight increase
and finally it tends to level off at higher concentration of CTAB. With
the increase of SDS concentration the rate constant increased even
after reaching CMC (Fig. 7b, Table 1).
Fig. 5. Dependence of kobs on [H+] for the Ce(IV) oxidation of valeraldehyde at 30 °C.
[Ce(VI)]T = 2 × 10−4 mol dm−3, [valeraldehyde]T = 2 × 10−3 mol dm−3.

Image of Fig. 3
Image of Fig. 4
Image of Fig. 5


Fig. 6. Dependence of kobs(T) on [metal catalyst] for the Cr(VI) oxidation valeraldehyde in the absence of surfactant in aqueous H2SO4 media at 30 °C. [Ce(VI)]T = 2 × 10−4 mol dm−3,
[valeraldehyde]T = 2 × 10−3 mol dm−3, [H2SO4]T = 0.5 mol dm−3, μ = 2.0 mol dm−3, temp = 30 °C. (a) for Ir(III) mediated; (b) for Ru(III) mediated.
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3.6. High resolution transmission electron microscope (HRTEM) images of
micelles

The HR-TEM investigation was done on JEOL JEM 2100 microscope
operating at 20 KV acceleration voltage using lacey carbon coated Cu
grid of 300 mess size. Samples were prepared by placing sample mix-
ture drops directly on the copper grids using amicropipette. The surfac-
tants present in the aqueous solution were allowed to settle. TEM
pictures (Fig. 8) are presented which illustrate the multiple morphol-
ogies of the aggregates made from the surfactants. Also, themicrograph
suggests a relatively narrow size distribution of the cylindrical micelle
diameters, but a widely variable length. Transmission electron micro-
graphs of CHAPS micelles are mainly observed spherical large
unilamellar vesicles (Fig. 8a). In the corresponding TEM image, globular
and near globular type particles of varied sizes were observed. The TEM
display looked like disintegrated/disaggregated isolated bodies. In the
corresponding TEM images of CTAB, loosely arranged ensembles of
small to large globular and near globular particles forming spherical en-
tities were observed (Fig. 8b). At [SDS] N CMCe, broken rock-type mate-
rials of large size appeared in the TEM picture (Fig. 8c). With the
addition of reactants (valeraldehyde), the morphology changes at
some extentmay bedue to the accumulation valeraldehyde at the aque-
ousmicellar surface. Cylindrical vesicleswere converted to the spherical
micelles in presence of valeraldehyde as depicted in the images (Fig. 8d
and f). The effect of concentration is extremely important since possible
aggregates are initially typically spherical micelles, but as soon as the
concentration increases also ellipsoidal micelles, rods, hexagonal liquid
crystal phase (LC, hexagonal arrangement of long cylinders), lamellar LC
phase and, eventually, reverse phases are possible [8].
Fig. 7. Influence of the surfactants on the kobs for the Ce(IV) oxidation of valeraldehyde in
2 × 10−3 mol dm−3, [H2SO4]T = 0.5 mol dm−3, μ= 2.0 mol dm−3. (a) For CTAB; (b) for SDS.
4. Discussion

4.1. Reaction mechanism of uncatalyzed path

The presence of electron-releasing groups (R = C4H9) accelerated
the oxidation process by increasing the electron availability at the
oxygen of the aldehydic carbonyl group. This facilitated the attack of
the electrophile [Ce(SO4)2+] [4]. This mechanism involves the initial
complex formation between the organic substrate and the reactive
cerium(IV) species. Subsequently, the intermediate complex decom-
poses in the rate-determining electron-transfer step, yielding a free car-
bon radical and the cerium(III) species. The final reaction products are
obtained by the subsequent fast oxidation of the organic radical. This
type of mechanism has been proposed previously [17,34,39] the oxida-
tion of a variety of organic substrates by cerium(IV) in sulfuric acidic
media. The kinetics of the forgoing reactions were studied and showed
that substrates and oxidant interact in an equilibrium step to forman in-
termediate complex which is assumed to disproportionate forming a
free radical and reduced Ce(IV). On the basis of above statement and
observed first order dependence on [oxidant] as well as [substrate] a
probable mechanism is proposed for the oxidation of valeraldehyde
such complex formation between the oxidant and substrate was ob-
served in earlier studies [20,34,40,41]. Thus a mechanism consistent
with the above kinetics is proposed (Scheme 1).

4.2. Mechanism of Ir(III)-catalyzed path

It is known that IrCl3 in hydrochloric acid gives IrCl63− species. It has
also been reported that iridium(III) and iridium(I) ions are the stable
aqueous H2SO4 media at 30 °C. [Ce(VI)]T = 2 × 10−4 mol dm−3, [valeraldehyde]T =

Image of Fig. 6
Image of Fig. 7
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species of iridium. Further, the aquation of [IrCl6]3− gives [IrCl5(H2O)]2−,
[IrCl4(H2O)2]− and [IrCl3(H2O)3]. Considering our experimental results,
IrCl63− is likely to be the reactive species of iridium(III) chloride in the
present study, which has also been considered previously [42]. The
possibility of association of valeraldehyde and Ce(IV) (C1) leading to
certain interaction between valeraldehyde and Ce(IV) in the first equilib-
rium step (Scheme 2), was detected by UV–vis absorption spectra of
valeraldehyde-Ce(IV) mixture solutions. Spectral evidence suggesting
that 1:1 type complex formation between valeraldehyde and Ir(III) in
the second equilibrium step. The second equilibrium probably involves
the outer-sphere association (C1) of the valeraldehyde and Ir(III) catalyst
followed by the electron transfer leading to the complex (C2) which may
be (valeraldehyde)·Ir(III), subsequently electron transfer occurs within
the complex to give Ir(III) and the free radical which is rapidly oxidized
by Ce(IV) at a fast step. [16].

4.3. Mechanism of Ru(III)-catalyzed path

A variety of ruthenium complexes are found to be active catalysts for
the oxidation of various organic compounds, using terminal oxidants
such as Ce(IV), hydrogen peroxide, O2, or periodate [43]. The proposed
mechanism involves the formation of a 1:1 complex between Ru(III)
(a) CTAB

(b) CHAPS

(c) SDS m

Fig. 8. (a) to (c): Different views of TEM images showingmicelles formed by CTAB, CHAPS and S
1.5 × 10−3 mol dm−3, [SDS] = 10 × 10−3 mol dm−3. (d) to (f) Different views of TEM images o
micelles in aqueous medium at 30 °C. [CTAB]T = 1.5 × 10−3 mol dm−3, [CHAPS]T = 10.0 × 10−
and valeraldehyde, which then reacts with Ce(IV). The results of the ki-
netic studies indicate that valeraldehyde may be involved in complex
formation either with Ru(III) or Ce(IV). The evidence of Ru(III)-sub-
strate complex has been confirmed by the shift in the absorption maxi-
mum of Ru(III) from 230 nm to 290 nm. Further, formation of higher
oxidation states of Ru(III) has been reported earlier [34,44]. If the forma-
tion of the Ru(III)-substrate adduct is taken as the first step, the reaction
mechanism could be written as in Scheme 3.

The rate of the reaction has not affectedmuchwith Cu2+, Mn2+ and
Cr3+ hence cannot show any catalytic activity in this reaction. But these
metals have catalytic activities on different substrates as reported previ-
ously [40].
4.4. Structures of different surfactants

Micellar catalysis critically depends on the interactions of the
micelle with the substrate(s) and the activated complex. This is an
extremely complicated problem because a number of different inter-
actions are involved including those associated with the head group
of the surfactant, different segments of the alkyl chain and the coun-
ter ions [29].
 micelle 

 micelle

icelles

DS surfactants in aqueousmedium at 30 °C. [CHAPS]= 10.0 × 10−3 mol dm−3, [CTAB]=
f the surfactant–substrate mixture showing the interaction of valeraldehyde with surfactant
3 mol dm−3, [SDS]T = 10.0 × 10−3 mol dm−3, [valeraldehyde]T = 2.0 × 10−3 mol dm−3.

Image of Fig. 8


(d) CTAB micelles in presence of valeraldehyde

(e) CHAPS micelles in presence of valeraldehyde

(f) SDS micelles in presence of valeraldehyde

Fig. 8 (continued).
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4.5. Micellar effect on reaction rate

An analysis of the reaction medium properties of the stern region is
of wide interest because the majority of reactants used in organic reac-
tions in micellar solutions bind in the micellar Stern region [20,21,31,
45]. The increasing interest over the past several decades in organic re-
activity in aqueous solutions has resulted in widespread use of micelles
to increase the solubility of hydrophobic compounds in aqueous solu-
tions [46,47]. A characteristic feature of the stern region of ionicmicelles
(SDS, CHAPS and CTAB) (Fig. 9a to c) is the high local concentration of
headgroups, counterions, and backfolding surfactant tails residing at
themicelle interface. It can be concluded that a better description ofmi-
cellar effects on the reaction rates includes the contribution of hydro-
phobic interactions with the backfolding hydrocarbon tails. The local
negative charge in the Stern region of anionic SDS and zwitterionic
CHAPSmicelles has a stabilizing effect on the partial positive charge de-
veloping in the intermediate complex (Scheme 4a to d). The combined
effect of the electrostatic neutrality in the micellar interfacial region on
the transition state and specific interactions with surfactant head
groups explains why the micellar rate constants for SDS, CHAPS and
CTAB micelles (Table 1) are greater by a factor of ca. 2 to 3 than that
in aqueous medium only. In this micellar catalysis reaction, micelles
solubilize the organic reactant valeraldehyde and the catalyst, placing
them in close proximity inside the small volume of the micellar
pseudophase [48].

Addition of increasing amounts of the cationic surfactant CTAB has
little inhibitory influence on the redox process with Ce(IV) and
valeraldehyde (Fig. 7a and Table 1). In the presence of the anionic sur-
factant SDS at the concentration above CMC (equal to the highest
[CTAB] used), a increaser in the rate constant can be observed. The ob-
served surfactant effects on the redox reactions can be qualitatively
interpreted by the pseudophase model, bearing in mind that, in the
presence of cationic CTAB micelles, hydrophilic positively charged ions
[H+, and cationic reactive cerium(IV) species] will compete for binding
to the micelle by exchanging the bound (bromide) counterions, while
anionic species [HSO4

−, SO4
2−, and anionic reactive cerium(IV) species

are very unlikely at the acid concentration used in this work] will be
confined to the intermicellar aqueous phase. The converse will occur
with the anionic SDS and zwitterionic CHAPS micelles.

4.5.1. Effect of SDS on enhancement of reaction rate
Specific hydrogen ion involved oxidations are accelerated by anionic

micelles, as in the case of our study, sodiumdodecyl sulfate, SDS, and in-
creased the rates as the substrate and H+ became micellar bound and
then went through maxima due to competition between H+ and Na
which was used in much of this early work [21–23,27,28,49]. The de-
pendence of first-order rate constants on [surfactant] is typically
governed by partitioning of the substrate between water and micelles
(Scheme 4a and b). In case of SDS, there is a attraction between the an-
ionic head group (−OSO3

−) and the reactive cerium (IV) species (posi-
tively charged) may form an ion-pair. Thus, an increase in the effective
concentration of cerium(IV) within a small volume takes place. In addi-
tion, the partitioning of valeraldehyde in themicellar pseudophase can-
not be ruled out because the stern layer is water rich (thewater activity
in the aqueous phase and in the micellar pseudophase is similar [50].

4.5.2. Influence of CHAPS on enhancement of reaction rate
The surfactant CHAPS also has the ability of being able to incorporate

a large number of reactants and substrate molecules well into its small
volume of surface. The incorporation of the reactants and substratemol-
ecules into the CHAPS micelles could affect the physical properties of
the micelle in two ways. The first is to reduce the overall net negative
and positive charge on the surface of the micelle, thus reducing the
strength of the electrostatic interaction between the oxidant and
metal–substrate complex with the micelle. The second is to reduce the
packing density of the micelle. Thus, overall increment of rate occurs
due to the increased concentration of both valeraldehyde and
Ce(SO4)2+-Ir(III)/Ru(III)-complex in the stern layer (Scheme 4c and
d) of micelle [20]. Thus, 3-[(3-cholamidopropyl) dimethylammonio]-
1-propanesulfonate, better known as CHAPS behaves differently from
the normal charged surfactants because of the presence of OH groups
in the CHAPSmolecule, possibly interacts with the valeraldehydemole-
cule through conformation changes of the amphiphile.

The oxidation reaction rates observed (Table 1) in CHAPSmicellar
media can be differentiated from those observed in conventional
media. This is accounted for the solubilization as well as orientation
of the reactants, reduction of their effective concentrations through
their segregation in different ‘compartments’ within the bulk medi-
um. The faster oxidation rate is attributed to the higher reactant con-
centration within CHAPS micelles, the changes in the polarity and
physicochemical properties of the medium [51,52]. The zwitterionic
micellar surface of CHAPS attracts the cationic species Ce(SO4)2+ and
metal-valeraldehyde positive complex due to electrostatic or coulombic
interactions. Again the hydrophobic interactions can bring about the
incorporation of the reactants (substrate) into micelles. Thus, overall
increment of rate occurs due to the increased concentration of
both valeraldehyde and Ce(SO4)2+/metal-complex in the Stern layer
(Scheme4c and d) ofmicelle. Based on electrostatic [20] considerations,

Image of Fig. 8


Scheme 1. Oxidation of valeraldehyde in the absence of catalyst by Ce(IV) in aqueous acidic media.

57A. Ghosh et al. / Journal of Molecular Liquids 211 (2015) 48–62
the reactive species Ce(SO4)2+ (presence of positive charge cloud
around it) and the substrate aldehyde (presence of electron cloud
around on it) come closer to the zwitterionic CHAPS micellar surface
(containing a sulfobetaine group), which increases the local molarities
in the Stern layer. Addition of metal-salt caused neutralization of micel-
lar surface charge (Scheme 4b), consequently catalyzed the reaction by
virtue of increased concentration of reactants in the Stern layer. The
head groups of zwitterionic (or amphoteric) detergents are hydrophilic
and contain both positive and negative charge in equal numbers,
resulting in zero net charge.

From these results in Table 1 it is possible to conclude that the sur-
factant CHAPS interacts with both anion and cation molecules resulting
in electrostatic interaction with reactant and surfactant micelles. The
surfactant molecules prefer to micellize with monomer molecules
than themselves. It is possible to interpret differences considering that
the chemical structure of CHAPS is quite different than the linear hydro-
carbon chain of other charged surfactants, therefore one can expect
specific interactions between CHAPS and the cationic complex. The
Scheme 2. Oxidation of valeraldehyde in the presence o
specific interactions are an additional contribution to the free energy
of mixed micelles aggregation, and in these mixtures, they favor the in-
crement of effective concentration of reactants and thereby increase in
the number of collisions between the reactant molecules gives rise to
rate enhancement.

4.5.3. Rate enhancement effect by CTAB
CTAB forms reversemicelle (RM) (Scheme 4e and f)which has been

found to possess an increasedwater solubilization capacity compared to
other RMs,which is important in the synthesis of nanoparticles, increas-
ing the reactant concentration leading to an increase in the reaction
rate. CTAB RMs are frequently utilized, not only because of their con-
fined water core, but also for additional advantages associated with an
increased interphase fluidity, leading to greater intermicellar exchange.
CTAB requires the presence of a co-surfactant, typically amedium chain
hydrophobic organic solvent as in the case of valeraldehyde, in order to
form stable RMs. During micellization, valeraldehyde and CTAB mole-
cules were distributed between RM and continuous phases and were
f Ir(III) catalyst by Ce(IV) in aqueous acidic media.

Image of Scheme 1
Image of Scheme 2


Scheme 3. Oxidation of valeraldehyde in the presence of Ru(III) catalyst by Ce(IV) in aqueous acidic media.
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observed to exchange between these two environments. [53]. It was
also observed that the reaction rate increases with the CTAB concentra-
tion when the surfactant concentration is low and then decreases with
Hydrophobic tail

Hydrophilic head

Na+

SO O

O

O-

SDS monomer Na+

(a)

(b)

+

CTAB monomer Br-

(c)

CHAPS monomer

+

Fig. 9. (a) Molecular structure of surfactant SDS; (b) molecular structure of surfactant
CHAPS; (c) molecular structure of surfactant CTAB.
further increase in the surfactant concentration. It seems that with in-
crease in the CTAB concentration, different interactions are involved be-
tween substrate and surfactants.

Since the charges on the CTAB reverse micelles and Ce(IV) species
are same, these studies imply that confinement is more important
than surfactant charge for this reaction [54]. The positive catalytic effect
of CTAB micelles is most probably due to the formation of reverse mi-
celle during the oxidation of the aldehyde. The reactions in reverse mi-
celles are possible at high concentrations of hydrophobic substrates, and
in regard to homogeneous reaction media which can be divided into
three spatial domains: the aqueous core, the hydrophilic–hydrophobic
interface (Scheme 4e and f), and the surrounding hydrophobic medium
[46]. Reverse micelles are nanometer-sized (1–10 nm) water droplets
dispersed in organic media obtained by the action of surfactants. Here
valeraldehyde acts as organic solvent. This molecule can be solubilized
in the water pool of reverse micelles. When surfactants aggregate in
non-polar solvents, their polar or charged groups are located in the inte-
rior or core of the aggregate while their hydrocarbon tails are extend
into the the bulk solvent. Thus water is readily solubilized in the polar
core, forming a water pool. When the reactants are in the water pool
they are concentrated and act as a nano-reactor leading to concentra-
tion effect in the micellar pseudo-phase. Valeraldehyde has an ability
to be accommodated more in the palisade layer than in the micellar
core due to its large hydrophobic aromatic ring. In the present reaction
the oxidation of valeraldehyde by Ce(IV) has been investigated in acidic
medium. In thismedium the positively charged sulphato-ceric species is
the reactive species.

From the rate data (Table 1), it is observed that the reaction is cata-
lyzed marginally in the presence of CTAB when compared to the rate at
aqueous medium. In that context the observed rate is found higher
compared to the uncatalyzed reaction. So it is expected that the rate
constant should increase with increase in [CTAB]. But actually it is ob-
served that next increase in concentration of CTAB in the medium the
reaction rate levels off (Fig. 7a). At a certain concentration the effect of
CTAB in the rate levels off. This may probably due to the positively
charged reactive species of cerium(IV) is repelled by the next incoming
positively head groups at the core of the CTAB reverse micelle upon
further increase in [CTAB]. It has also been established that micelles
can cause the change of mechanism of reactions.

CTAB, which produces cationic micelles ([CTAB] =
1.5 × 10−3 mol dm−3) in aqueousmedium, has been found to increase
the rate constants (110.3 × 10−6 s−1, Table 1). The t1/2 value for the
uncatalyzed reaction was found 1.71 h (Table 1) which was reduced
to 1.378 h for CTAB (=1.5 × 10−3 mol dm−3) catalyzed reaction. The
catalytic activity of CTAB is due to the association of the positively
charged species of cerium(IV) on the surface of the cationic micelles.
Thus, the mechanism operative in the aqueous medium is also being

Image of Scheme 3
Image of Fig. 9


Scheme4. Schematicmodel showing probable reaction site for themicellarmediated oxidation reaction between: SDSmicelle: (a) [Ce(IV)] species, valeraldehyde andproton; (b) [Ce(IV)]
species, Ru(III)-valeraldehyde and proton;. CHAPS micelle: (c) [Ce(IV)] species, valeraldehyde and proton; (d) [Ce(IV)] species, Ru(III)-valeraldehyde and proton; and CTAB micelle:
(e) [Ce(IV)] species, valeraldehyde and proton; (f) [Ce(IV)] species, Ru(III)-valeraldehyde and proton.
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followed in the CTAB micellar medium too. As the reaction proceeds
through the formation of a complex, associated Ce(IV) may form
Complex C (Schemes 1, 4e) with the substrate. The complex, having
positive charge, may now orient in a manner suitable for continuing
the reaction [34]. CTAB forms reverse micelle (water-in-oil micelle) in
which the hydrophilic groups of surfactant are sequestered in the mi-
celle core and the hydrophobic groups extend away from the center. It
seems that with increase in the surfactant concentration, different in-
teractions are involved between substrate, main reactive oxidant spe-
cies [Ce(SO4)2+] and surfactants. On the other hand, surfactant chain
length can affect its interaction with substrates. The surfactant charge
significantly affected the rate of the complex formation followed by
decomposition reaction with CTAB stabilized reactions [55] in almost
non polar solvent valeraldehyde showing considerably faster rates
than that in water. It can be speculated that these results may reflect
the partitioning effects on the reactants located in the water pool
gives rise higher reaction rates in the reversemicelles. The CTAB reverse
micelle environment in presence of small amount metal catalyst show
significant enhancement.

When Ru(III)-substrate complex can incorporate into thewater pool
of CTAB micelle producing the enhanced rate with an approximately
350-fold. The electron transfer reaction in this complex displays dra-
matic sensitivity towards reaction with the active species of cerium(IV)
in the environment.

As expected, anionic (SDS) and zwitterionic (CHAPS)micelles accel-
erate reactions of organic substrates with cationic reactive species and
other nucleophilic anions, this behaviorwas often described as “micellar
catalysis”, and cationic micelles (CTAB) inhibited these reactions. But in
our study there was typically rate acceleration effect at CTAB surfactant
concentrations just above the cmc, but above the cmc both reactants
could not bind to the reverse micelles, and for reactions rate constants
decreased gradually. The reaction rate in CTAB reverse micelle is, how-
ever, faster than that in plain water. Generally normal micelles are
approximately spherical with the head groups in contact with water.
With higher surfactant concentration micelles grow and become rod-
like, especially in salt solutions. Micelles in water have a hydrocarbon-
like interior, with ionic head groups and counter-ions in the Stern
layer at the surface in contact with water and ions are oriented around
the micelle in the Gouy–Chapman layer (Scheme 4a–d).

In the CTAB micelle, the kinetic and spectroscopic data supports the
location of reactants to be in the Stern/palisade layer and water pool
having confinement effects on ions in reverse micelles. Interface charge
and confinement increased the electron transfer rate between a sub-
strate–catalyst complex and cerium(IV) ion in CTAB reverse micelles
compared to aqueous solution. These studies imply that confinement
is more important than surfactant charge for this reaction [54].

When surfactant concentration is below CMC, the reaction system is
a suspension (under stirring) with two phases, and the reaction rate
is very slow. Valeraldehyde was solubilized into the micelles after
reaching the surfactant concentration above CMC. Above CMC, the
number of micelles increased with the increasing surfactant concentra-
tion, so the rate of valeraldehyde oxidation reaction speeded up and a
higher conversion was obtained. Further increase of the surfactant con-
centration induced micelles to expand, which in turn caused slow in-
crease of oil/water interfacial area. It is observed that the rate constant
increases in presence of [CTAB], SDS, and CHAPS. The alteration of elec-
tron transfer rate constant in the presence of SDS, CTAB, and CHAPS has
been investigated at 303 K. The conclusion is that themicellar effects on
the electron transfer rate constant can be explained by considering the
micelles as a special background electrolyte with a high electric charge
and a strong power of hydration [24].

4.6. Effect of metal ion in presence of surfactants

It is evident that SDS and CHAPS produce rate increasing effect both
in the presence and absence of metal ions in the entire range of its
concentration used, whereas CTAB increases the rate upto the CMC,
after that rate is continuously decreasing. The results (Table 1) indi-
cate incorporation/association of the reactants into or at the water
pool of cationic CTABmicelles. In case of further excess of CTAB concen-
tration, there is a repulsion between the cationic head-groupNR31R2́(+)
and the reactive Ce(IV) species, whereas the lattermay form an ion pair
with the positive head group of SDS and CHAPS micelles, and thus, an
increase in the effective concentration of cerium(IV) within a small
volume takes place. The pseudo-first-order rate constants of the
oxidation reaction between Ce(IV) and valeraldehyde in micellar
medium in absence of metal ion vary in magnitude in the order of
k(SDS) N k(CTAB) N k(CHAPS) N k(Aqueous). The rate constants for Ru(III)-
salt mediated different micellar catalyzed reactions vary in magnitude
in the order of k(CTAB) N k(CHAPS) N k(SDS) N k(Aqueous) with the remarkable
~330 fold rate enhancement (Table 1) as compared to that of
uncatalyzed reaction. With the help of several kinetic experimental
findings it is to worth mentioned that the pseudo-first-order rate con-
stant (kobs) obtained for the uncatalyzed reaction is 1.121 × 10−4 s−1,
which has been increased upto small extent in presence of Ir(III) and
Ru(III) metal ion. This suggests significant complex formation between
metal ions with valeraldehyde in the transition state of the oxidation.
But rate constant becomes high when catalytic amount of Ir(III) or
Ru(III) is present with the surfactants. Furthermore the rate constants
calculated for only SDS, CHAPS and CTAB catalyzed paths are
2.112 × 10−4, 1.225 × 10−4 and 1.396 × 10−4 s−1 respectively. Inter-
estingly the rate constant found for Ru(III) (6 × 10−4 mol dm−3) medi-
ated CTAB (1.5 × 10−3 mol dm−3) micelle catalyzed pathway is
365.3 × 10−4 s−1, indicate that a dramatic ~330 fold rate enhancement
of reaction. From the half life value (t1/2) surprisingly when the
uncatalyzed reaction undergoes completion at 5.25 h, in presence of
Ru(III)metal and CTABmicelle it completes just at 57 s. Themain aspect
of the metal ion mediated micellar catalysis is the low water content of
the by CTAB reversemicelles and the effects that a large amount of sub-
stratesmay have in themicellar interface. Themetal–substrate complex
can make effective collision with the positive reactive species of cerium
and enhancement of rate is produced. Such enhanced local concentra-
tion of reactants increases the observed rate of reaction to a remarkable
extent. As it is evident from the t1/2 value for the uncatalyzed reaction
was found 1.71 h (Table 1) which was gradually reducing in CTAB
catalyzed oxidation path in presence of Ir(III) and Ru(III) ion.

The overall analysis of oxidation of valeraldehyde throughout the
experiment has been compared to the earlier literature works as
presented in Table 2.
4.7. Reactive species of cerium(IV)

From a kinetic point of view, the existence of various cerium(IV)
complexes implies serious difficulties for the identification of the actual
reacting complex involved in the oxidation process. It was reported that
Ce(IV) exists in aqueous sulfuric acid in several forms, and the reactive
species depends on the substrate. Our results suggest that the reactive
species in this work is Ce(SO4)2+which is in agreementwith the exper-
imental findings and reverse behavior of CTAB micelle [57].

Ce3þ þ SO2�
4 ⇌CeðSO4Þþ K1′ ¼ 43 ð1Þ

CeðSO4Þþ þ SO2�
4 ⇌CeðSO4Þ�2 K2′ ¼ 5 ð2Þ

CeðSO4Þ�2 þ SO2�
4 ⇌CeðSO4Þ3�3 K2′ ¼ 5:5 ð3Þ

Ce4þ þ HSO�
4 ⇌CeðSO4Þ2þ þ Hþ K1′ ¼ 3500 ð4Þ



Table 2
A comparative result for oxidation of valeraldehyde using different catalysts.

Entry Catalyst [Ref.] Conditions Rate constant half life
(t1/2)

1. – [56] [Valeraldehyde]T = (3–5) × 1014 molecules cm−3,
chlorine atoms = (1.8 × 1015) molecules cm−3,
pressure = 800 Torr, T = 298 K, Pulsed laser
photolysis-laser induced fluorescence

2.31 × 10−10 cm3 molecule−1 s−1 –

2. Solvent = n-heptane [30] [Valeraldehyde]T = (0.7–27.0) × 10−2 mol L−1,
[ClO2] = (0.5–1.2) × 10−3 mol L−1,T = 303 K.

11 × 10−4 L mol−1 s−1 –

3. Solvent = Ethyl acetate [30] [Valeraldehyde]T = (0.7–27.0) × 10−2 mol L−1,
[ClO2] = (0.5–1.2) × 10−3 mol L−1,T = 303 K.

13.8 × 10−4 L mol−1 s−1 –

4 Solvent = MeCN [30] [Valeraldehyde]T = (0.7–27.0) × 10−2 mol L−1,
[ClO2] = (0.5–1.2) × 10−3 mol L−1,T = 303 K.

13.3 × 10−4 L mol−1 s−1 –

5. – [4] [Valeraldehyde]T = 1.0 × 10−2 mol dm−3,
[QDC] = 1.0 × 10−3 mol dm−3,
[H2SO4] = 0.5 mol dm−3, T = 313 K.

0.91 × 10−4 s−1 2.11 h

6. Polymer incarcerated Au
nanoparticles (PI-Au) = 5 mg

[3] [Valeraldehyde]T = 0.5 mL,
[Ce(IV)] = 2.0 × 10−4 mol dm−3,
Toluene 0.5 mL, TEMPO = 100 ppm,
P = 1 atm, T = 50 °C.

– –

7. [CHAPS]T = 10 × 10−3 mol dm−3,
[Ru(III)]T = 6 × 10−3 mol dm−3

Our work [Valeraldehyde]T = 2 × 10−3 mol dm−3,
[Ce(IV)] = 2 × 10−4 mol dm−3,
[CHAPS] = 10 × 10−3 mol dm−3,
[Ru(III)] = 2 × 10−6 mol dm−3,
[H2SO4] = 0.5 mol dm−3,
μ = [H2SO4–Na2SO4] = 2.0 mol dm−3,
T = 30 °C.

264.8 × 10−4 s−1 1.30 min (time of completion)

8. [CTAB]T = 1.5 × 10−3 mol dm−3,
[Ru(III)]T = 6 × 10−3 mol dm−3

Our work [Valeraldehyde]T = 2 × 10−3 mol dm−3,
[Ce(IV)] = 2 × 10−4 mol dm−3,
[CTAB] = 1.5 × 10−3 mol dm−3,
[Ru(III)] = 2 × 10−6 mol dm−3,
[H2SO4] = 0.5 mol dm−3,
μ = [H2SO4–Na2SO4] = 2.0 mol dm−3,
T = 30 °C.

365.3 × 10−4 s−1 56.9 s. (time of completion)

Here, MeCN = Acetonitrile, QDC = Quinolinium dichromate, TEMPO= 2,2΄,6,6΄-tetramethylpiperidine N-oxyl.
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CeðSO4Þ2þ2 þ HSO�
4 ⇌CeðSO4Þ2 þ Hþ K2′ ¼ 200 ð5Þ
CeðSO4Þ2 þ SO2�
4 ⇌CeðSO4Þ3�3 þ Hþ K2′ ¼ 20 ð6Þ

HSO�
4 ⇌SO2�

4 þ Hþ ð7Þ

The active kinetic species of the oxidant was found to be Ce(SO4)2+

based on the effect of ionic strength and sulfate ion on the rate of the
reaction. It was reported that Ce(IV) exists in aqueous sulfuric acid
in several forms, such as Ce+4, Ce(SO4)2+, Ce(SO4)2, Ce(SO4)3,
HCe(SO4)3−; HCe(SO4)43−; H2Ce(SO4)42−; H3Ce(SO4)4− and H4Ce(SO4)4
and the reactive species depends on the substrate. Our results suggest
that the reactive species in this work is Ce(SO4)+2 which is in agree-
ment with the results reported so far [20,34,57].

To confirm this finding, several kinetic runs were performed by
varying concentration of CTAB micelle in the reaction mixture with
keeping all other conditions fixed. The gradual diminishing values of
kobs after certain concentration of CTABwere obtained due to the repul-
sion of positively charged species Ce(SO4)2+ by positively charged head
group of CTAB micelle [34].

In the present case, the catalytic role over a concentration range and
thereby rate retardation effect above CMC by CTABmicelles clearly sug-
gests the involvement of a postively charged species of cerium (IV). The
conformational relaxation rate decreases slightly in the CTAB micelle
but is, greatly hindered in the water pool formed by the CTAB reverse
micelles with high numbers in medium which continuously repel the
subsequent approaching of cationic reactant species. It completely ex-
cludes the possibility of HCe(SO4)3−, and H3Ce(SO4)4− being the reactive
species. Interaction of surfactant molecules with substrates can result in
decreasing or increasing the reaction rate or changing the yield of reac-
tion and sometimes these surfactant molecules acts as reactants [24].
Thus, we may safely conclude that Ce(SO4)2+, might be considered to
be the most active species in the present system.

5. Conclusion

We have analyzed the effect of the charged head groups of different
surfactants on the interactions between substrate and positive complex.
We also illustrated the possible kinetically active species of Ce(IV) by
using three different charged surfactant molecules with different elec-
tric charge along with electrostatic attraction or repulsion. Remarkable
success in enhancing reaction rates has been achieved by applying mi-
celles as catalysts (introducing catalyticmoieties inmicelle forming sur-
factants) and by micelle-assisted catalysis. A variety of ruthenium
complexes are found to be reactive as well as highly selective catalysts
for the oxidation of alcohols, alkenes and aldehydes by Ce(IV) in water
as green solvent. Experimental results and molecular modeling suggest
that CTAB forms reverse micelle whereas SDS and CHAPS forms normal
micelles. In this experiments inmolecular catalysis withinmicelles have
been described, focusing on the different interaction of this kind of ca-
talysis that has proven suitable for almost all classes of chemical trans-
formations, ranging from the use of metal ion catalysts. Well-defined
core-shell structures can be successfully designed throughout the kinet-
ics of the oxidation. Such nanoreactors behaved as reverse micelles and
demonstrated an ability to extract various hydrophilic reactants from
water into an organic, apolar environment.

During oxidation of valeraldehyde a drastic ~330 fold enhancement
of rate occurs for Ru(III) in association with and CTAB surfactant mole-
cules come to play simultaneously.

Reversibility is another important feature in catalysis to implement
control over catalytic activity and catalyst recovery. It is therefore advis-
able that in the near future recovery of the surfactant or separation of
the catalytic system from the reaction mixture would be feasible using
this approach.
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