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Abstract The kinetics of propanol oxidation by quinquivalent vanadium in the

presence of H2SO4 has been followed by UV-spectrophotometer at 30 �C temper-

ature. It has been found that sodium dodecyl sulfate (SDS) micelles produce a large

catalytic effect on this oxidation process. The pseudo-first-order rate constants for

the reaction increases with SDS concentrations. The kinetic results have been

explained by considering the preferential partitioning of reactants between the

micellar and aqueous phase and also local the concentration effect. The oxidized

product propionaldehyde is identified by 2,4-DNP test and 1H-NMR spectral

measurement. The formation of aggregate in reaction condition was confirmed by

measuring the CMC value of SDS in aqueous medium and in the presence of

propanol by conductivity measurements. The change in the size of aggregate, from

DLS measurement, confirms the localization of reactant species towards the

aggregate, which is the consequence of rate enhancement.

Keywords Propanol � Ammonium metavanadate � Sodium dodecyl sulfate (SDS) �
Critical micellar concentration (CMC) � Micellar catalysis

Introduction

Oxidative transformation of alcohols to their corresponding aldehydes plays a key

role in the field of organic chemistry and also in the development of industrial
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processes. Such transformation occurs in various fields of chemistry and biology.

Propionaldehyde is one of the important reactive aldehydes, which is highly

inflammable in nature. There is a wide range of applications of propionaldehyde in

chemical industry, e.g., in the manufacture of plastics, pesticides, perfumes, in the

synthesis of rubber chemicals, and as a disinfectant and preservative. From the

literature, it was found that propionaldehyde produces through the oxidation of

propanol by different way [1–5]. Our main target is to develop such transformation

on an industrial scale in an environmentally friendly solvent, water.

The presence of oxidants and reductants in solution usually leads to redox

chemistry. Transition-metal compounds at higher oxidation states, e.g., chromium

(VI) [6, 7], iron (III) [8, 9], ruthenium (III) [10], cerium (IV) [11, 12], and

manganese (VII) [13, 14], have been widely used for the conversion of alcohols into

carbonyl compounds. However, traditional oxidants are often toxic and release

considerable amounts of by-products [15].

Vanadium is an important element in biology, inorganic chemistry, and organic

synthesis [16]. The toxicity of vanadium has been found to be too much less and

there is no information that vanadium compounds have embryotoxic, teratogenic,

and carcinogenic effects. Therefore, we select NH4VO3 (where vanadium is in ?5

state) as one of the promising oxidants for our oxidative transformation of propanol

to propionaldehyde. The literature provides many examples where rapid oxidation

of numerous biological compounds takes place by vanadium (V) compounds under

physiological conditions [17]. Before this report, several researchers [18–20] and

also our laboratory recently accounted [21–27] several kinetic studies on the

oxidation of different important chemical compounds where vanadium (V) was used

as an oxidant.

Here we reported the oxidation kinetics of propanol by ammonium metavanadate

in aqueous media as well as aggregated surfactant media. The use of a surfactant

system in this oxidation process is to speed up the time-consuming reaction in

aqueous media. Surfactant is one of the important classes of amphiphilic molecules

consisting of hydrophilic and hydrophobic domains. They are widely used and have

an impact on almost every sector of modern industry [28].

Micellar systems and microemulsions are macroscopically homogeneous systems

that act as highly efficient microscopically heterogeneous media for several

reactions. Surfactant systems are used in different fields of research due to their high

capability for the solubilization of reactants regardless of their type: organic,

inorganic, polar, and nonpolar [29]. Several factors may account for the rate

enhancement of an organic reaction in aqueous solution when the reactants are

incorporated into or onto a micelle: electrostatic effects, approximation effects, and

medium effects. Due to these factors, a significant amount of systematic kinetic

results have been reported on the effect of micelles on various organic reactions

during the last few decades [6, 7, 11–13, 21–34].

This work concentrates on the systematic kinetic study of the oxidation of

propanol to propionaldehyde by quinquivalent vanadium in an environmentally

friendly aqueous solvent rather than any other hazardous carcinogenic organic

solvent (like acetic acid, DMSO, CHCl3, THF, toluene, etc.). The present study aims

at the use of surfactant systems as a catalytic nano-reactor for the oxidation of
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propanol, in aqueous sulfuric acid media. Replacement of the above-mentioned

organic solvents by aqueous micellar media has drawn special attention to the

reaction kinetics. Surfactant medium allows for dissolving sufficient amounts of

reactant (substrate and oxidant) in the interior of it surface that’s why many of the

organic reaction are preferably occurs in the surfactant medium.

Experimental

Materials

The ammonium metavanadate (Fisher Scientific), propanol (Merck), sodium

dodecyl sulfate (SDS) (SRL), sulfuric acid (Fisher Scientific) of AR grade were

used as received. Double-distilled water was used to prepare reaction mixtures in

each case, for other studies unless other systems are mentioned specifically.

It is difficult to solubilize ammonium metavanadate (NH4VO3) in aqueous

medium, due to its insoluble character in hot or cold water. On heating, ammonium

metavanadate was dissolved in concentrated sulfuric acid, which gives a yellow

solution.

Kinetic measurement

The reactions were performed in the absence and presence of surfactant solution of

different concentrations under pseudo-first-order conditions at constant sulfuric acid

concentration. The reaction was initiated by the addition of ammonium metavana-

date solution to the thermally equilibrated (303.0 ± 0.1 K) reaction mixture.

A UV–Vis spectrophotometer (SHIMADZU-3600) of 1-cm path length cuvettes are

used to monitor the progress of the reaction. For every kinetic measurement, the

temperature (303.0 ± 0.1 K) of the reaction mixture was kept constant using a

SHIMADZU Temperature Control System TCC 240A. The pseudo-first-order rate

constants were calculated from the slopes of -ln(A285) against time (t) plot. We

repeated each experiment at least twice. Rate constants have been found to be

reproducible within a precision of about 3 %.

Critical micelle concentration

The critical micelle concentrations of the SDS surfactant alone and in the presence

of substrate (propanol) were determined by means of conductivity studies as well.

All solutions were prepared in doubly distilled water with a specific conductivity of

1–3 lS cm-1. Specific conductivity data were taken by using an EUTECH

Instrument of model PCD 6500 conductometer. The conductivity cell was calibrated

with KCl solutions. During measurement of conductivity, all solutions were

immersed in a water bath, controlling the temperature variation at ±0.1 �C. Trials
were repeated three times for reproducibility.
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Dynamic light scattering

The size of the aggregated surfactant was determined by dynamic light scattering

method using a Zetasizers Nano-ZS apparatus from Malvern Instruments Ltd. The

beam of a 4-mW He–Ne laser (operating at a wavelength of 633 nm) was focused

into the cuvette containing the surfactant solution. The intensity of scattered light

was recorded in backscattering geometry at an angle of 90�. All the results were

achieved in triplicate.

Product analysis

The product analysis was made under kinetic conditions. The reaction mixture with

the oxidant was kept in the dark for 8 h until completion of oxidation. The solution

was then treated overnight with an excess of a freshly filtered saturated solution of

2,4-dinitrophenylhydrazine in 2 M hydrochloric acid. The precipitated 2,4-dini-

trophenylhydrazone (DNP) was collected by filtration. It was weighed both before

and after being recrystallized from ethanol and the yield &85–90 %. This slightly

decreased yield is probably due to the formation of hemiacetal between the carbonyl

compound and the corresponding unreacted propanol. No positive test [35] for the

carboxylic acids due to further oxidation of the respective aldehydes was noticed.

This indicates no further oxidation of the aldehyde under the experimental

conditions.

Melting point of the DNP derivative of the product aldehyde and that of an

authentic sample confirmed that the product was propionaldehyde. The 1H-NMR

spectra of separated oxidized product were recorded on a Bruker DPX 400-MHz

spectrometer, calibrated using TMS as the internal standard in CDCl3 solvent.

Results and discussion

Spectrophotometric analysis

The stock solution of ammonium metavanadate, i.e., vanadium (V) is light yellow in

color as usual. This light yellow color slowly changes to green and under

experimental conditions the observed final color of the solution is electric blue,

which is due to the formation of vanadium (IV). The appearance of the short-lived

green color is due to the mixture of yellow vanadium (V) and blue vanadium (IV)

species. The blue color of vanadium (IV) species is due to the charge transfer

transition from oxygen to vanadium as well as two d–d transitions: (a) 2B2g ?
2Eg,

(b) 2B2g ?
2B1g.

Product analysis and spectroscopic results indicate that propionaldehyde was the

main oxidized product. Figure S1 represents the 1H-NMR spectra of oxidized

product, separated from the reaction mixture. In the 1H-NMR spectrum, one sharp

triplet (3H, d value 1.2 ppm) was found, which is due to the –CH3 proton, another

doublet of quartet (2H, d value 2.5 ppm) for –CH2– and last one is, d 9.8 ppm

(triplet, 1H) for –CHO proton. Therefore, this redox process involves the oxidation
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of propanol to propionaldehyde and subsequent reduction of vanadium (V) to

vanadium (IV).

Kinetics and micellar effect

We found that all solutions show UV-absorption maxima (k) at 285 nm [36]. The

pseudo-first-order rate constant value is calculated from linear straight line plot of

-ln(A)285 versus time (Fig. 1 is the representative plot for determination of kobs in

s-1). The vanadium (V) oxidation of propanol in aqueous medium in the presence of

sulfuric acid was found to be an very time-consuming reaction and the observed

pseudo-first-order rate constant value is 18.6 9 10-6 s-1. In acidic solutions (at pH

1.0) of vanadate, the major vanadium (V) species remains in the form of cationic

dioxovanadium, VO2
? ion (Eq. 1).

VO�
3 þ 2Hþ ! VOþ

2 þ H2O ð1Þ

A wide separation between alcohol and the cationic vanadium species in solution

is the important factor behind the slowness of the reaction. It was earlier stated that

the micellar medium, i.e., surfactant solution is one of the best choices for chemists

for the solubilization of different reactants inside it. We are also interested in the

beauty of the surfactant and in our study we choice an anionic surfactant, SDS. It

has been found that SDS influences the rate of the oxidation route.

In the SDS-catalyzed path, the observed pseudo-first-order rate constant increases

to 123.1 9 10-6 s-1 (SDS = 14 mol dm-3) and consequently the half-life (t1/2)

value decreases from 10.34 to 1.56 h (Table 1) compared to the uncatalyzed

reaction. This rate enhancement is due to different reasons.

We performed the conductivity measurement for the determination of CMC

value of SDS in presence of substrate and propanol of fixed concentration. It has

been found that the normal CMC value of the SDS surfactant reduces from 8.02 to

6.15 mol dm-3 (Fig. 2). This diminishes in CMC value indicates that in presence of

Fig. 1 Representative plot of
-ln(Abs)285 versus time for
calculating the pseudo-first-
order rate constant (kobs) for
vanadium (V) oxidation of
propanol in aqueous medium. A
similar plot was also done to
determine the kobs in presence of
SDS micellar medium
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propanol (1 9 10-2 mol dm-3), the repulsion among head group reduces and the

hydrophobic interaction increase to some extent. In this kinetic report, the CMC

determination were performed to confirm the formation of aggregate in reaction

condition.

In this oxidation process, SDS plays a catalytic role. From Fig. 3 it has been

found that the kobs value increases straight way from beginning when increasing the

SDS. This increase in the kobs value is due to the presence of an increasing amount

of reactant molecules towards the micellar surface, i.e., local concentration effect

Table 1 Dependence of pseudo-first-order rate constants (kobs) on [SDS] for the oxidation of propanol

by quinquivalent vanadium

Surfactant 103 9 micellar catalyst

(mol dm-3)

106 9 kobs (s
-1) t1/2 (h)

– – 18.6 ± 0.02 10.34

SDS 6 66.8 ± 0.04 2.88

7 86.3 ± 0.01 2.23

8 103.0 ± 0.02 1.86

9 112.5 ± 0.04 1.71

10 119.1 ± 0.03 1.61

11 120.3 ± 0.03 1.60

12 121.3 ± 0.02 1.58

13 122.0 ± 0.01 1.57

14 123.1 ± 0.02 1.56

[propanol]T = 1 9 10-2 mol dm-3, [vanadium (V)]T = 1 9 10-3 mol dm-3, [H2SO4]T = 3.0 mol dm-3,

temp = 30 �C

Fig. 2 Specific conductivity plot for the determination of CMC of catalyzing SDS in the presence of
propanol (1 9 10-2 mol dm-3). The inset shows a similar plot for SDS alone (in aqueous medium)
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(Scheme 1) and the reactions occurs in both region, aqueous, and micellar

pseudophase (Scheme 2).

The micellar surface of SDS is anionic nature where as vanadium presence inside

the solution as a cationic species. Therefore, electrostatic attractions take place

between these two opposite-charged species. DLS measurements also agree with

this elucidation. The size of the micelle-like aggregate formed by SDS

(12 9 10-3 mol dm-3) has been found to be 18 nm (Fig. 4a). When ammonium

metavanadate (vanadium (V)) presence in that SDS (12 9 10-3 mol dm-3)

medium, the size of the aggregate enhances to 38 nm (Fig. 4b). This increase in

size of the micellar aggregate is due to the replacement of counter ions (Na? ion) by

the positive vanadium (V) species in the Stern layer region (Scheme 1). Again, in

V
5+ V

5+

V
5+

V
5+

V
5+

OH

HO

HO

HO

OH Na+

Na+

Na+

Na+

Na+

Na+

Na+

Scheme 1 Positioning the cationic species of reactant molecule inside the Stern layer region of anionic
micellar surface. This pictorial scheme correlates with the result of DLS measurement

Fig. 3 Effect of [SDS] on the pseudo-first order rate constant for the oxidation of propanol by vanadium (V).
[propanol]T = 1 9 10-2 mol dm-3, [vanadium(V)]T = 1 9 10-3 mol dm-3, [H2SO4]T = 3.0 mol dm-3,
temp = 30 �C
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the presence of sulfuric acid, the –OH group of propanol obtains a more positive

character. Therefore, propanol also preferably choice to stay in micellar stern layer

region (Scheme 1). So micelle like aggregate assists the reactant molecule to come

close to each other. In the presence of SDS, this enhancement in the oxidation

process is known as micellar catalysis. In SDS medium, the increment in the

observed rate constant value stops at the concentration 10 9 10-3 mol dm-3 and

after this, any increase in the concentration of SDS no longer influences the

oxidation. This kind of behavior of micellar aggregate in the redox process was also

shown by different research groups [28–31].

In the presence of propanol, the aggregation process starts at 6.15 mol dm-3.

During the addition of SDS of concentration range 6.0–10.0 mol dm-3, the kobs
value increases much more as the number of micelle-like aggregate increases with

an average constant size in the solution. Thus, so many number of reactant molecule

localized in several number of micelle like aggregate, causes enhancement in the

oxidation process. Therefore, we can say that each micelle-like aggregate seems to

be a micro-heterogeneous nano-reactor. Further addition of SDS ([10 mol dm-3)

causes micelle–micelle repulsion, and as a result, the kobs value does not increase as

earlier.

Fig. 4 DLS data showing size distribution (number-percentage) of aggregates formed by SDS. aOnly SDS
(12 9 10-3 mol dm-3), b SDS (12 9 10-3 mol dm-3) in presence of NH4VO3 (1 9 10-3 mol dm-3)

(Reactant)
W

(Reactant)
M

ProductProduct

Micellar 
pseudo-phase

Aqueous
 phase

Scheme 2 Partitioning of
reactant molecule in micelle and
aqueous phase
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Conclusions

It has been found that the CMC value determined from conductivity measurements

is well matched to the kinetically determined CMC under reaction conditions.

Anionic surfactant SDS supervises this particular oxidative transformation

thoroughly. The micellar catalysis is due to the ability of micelles to concentrate

both reactants at their surface. By analyzing the kinetic results, CMC data, and DLS

measurements, we can conclude that the SDS catalyzed redox reaction between

ammonium metavanadate and propanol occurs mainly micellar pseudophase. The

reaction was carried out in an environmentally friendly aqueous environment and no

drastic conditions as well as no toxic chemicals (towards human health) were used

as a whole.
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