Res Chem Intermed
DOI 10.1007/s11164-013-1415-6

Choice of suitable micellar catalyst for 2,2’-bipyridine-
promoted chromic acid oxidation of glycerol

to glyceraldehyde in aqueous media at room
temperature

Aniruddha Ghosh + Rumpa Saha *
Kakali Mukherjee * Sumanta K. Ghosh - Pintu Sar -
Susanta Malik - Bidyut Saha

Received: 16 August 2012/ Accepted: 19 September 2013
© Springer Science+Business Media Dordrecht 2013

Abstract The micellar catalyzed 2,2'-bipyridine (bipy)-promoted oxidation of
glycerol to glyceraldehyde by chromic acid is investigated under the criteria
[glycerol]r > [Cr(VD]r at 30 °C. The critical micellar concentrations values of the
three representative surfactants, N-cetylpyridinium chloride (CPC), sodium dodecyl
sulphate (SDS), and TX-100, are determined by conductometric and spectropho-
tometric methods. The oxidized product glyceraldehyde is identified by 2,4-DNP
test and FTIR spectral measurement. The pseudo-first-order rate constants (Kqps, sh
are calculated from the slope of plots of In(A4s0) versus time (f) which are linear.
From these plots, the kinetic parameter k.¢ values are calculated and the k¢ value
of SDS-catalyzed bipy-promoted reaction path was found to be highest among all
the combinations. In the bipy-promoted oxidation path, Cr(VI)-bipy complex is the
main active oxidant which undergoes attack by the substrate to form the product.
The active oxidant Cr(VI)-bipy complex reacts with glycerol to form a ternary
complex which undergoes redox decomposition in a rate-limiting step. Here, the
anionic surfactant SDS and the neutral surfactant TX-100 both catalyze the reaction
in the presence of bipy, whereas the cationic surfactant CPC and neutral surfactant
TX-100 inhibit the reaction in the absence of bipy. SDS is found to be the most
suitable micellar catalyst for the bipy-promoted chromic acid oxidation of glycerol.
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Introduction

Chromium(VI)-based oxidizing agents have been used to develop a good number of
reagents, some of which have become quite popular and perform well as oxidizing
agents [1]. Some of the important entries in the list of the reagents are pyridinium
chlorochromate, pyridinium dichromate, pyridinium fluorochromate, pyridinium
bromochromate, quinolinium fluorochromate, and prolinium chlorochromate. The
syntheses involving these oxidants have been carried out mostly in less polar
solvents, such as dichloromethane and trichloromethane, though the majority of
kinetic measurements have been made only in polar solvents like aqueous acetic
acid [2]. Problems in the use of chromium(VI) complexes as oxidation reagents
include the lack of selectivity in oxidations, safety hazards associated with the use
of large quantities of toxic compounds, cumbersome preparation, and potential
danger (ignition) in handling, difficulties in terms of product, waste disposal, and
the need for aqueous acidic or basic conditions for reactions of chromate salts [3].
Hexavalent chromium compounds are widely used as oxidizing agents mainly for
carbonyls and alcohols in aqueous and non-aqueous media [4, 5]. A non-aqueous
medium is introduced for one-step oxidation. Chromium chemistry is mainly
dominated by two oxidation states, +3 and +6. In addition to non-toxic trivalent
chromium, an amount of hexavalent chromium remains in the industrial effluents.
There are two problems. Hexavalent chromium is carcinogenic [6-8] and a non-
aqueous medium is not environmentally friendly [9, 10]. Use of large excesses of
substrate over hexavalent chromium and aqueous medium can solve the problem.
Academia and industry have been focused on the use of biorenewables for the
production of chemicals and clean fuels. One biorenewable feedstock is glycerol,
which can be found naturally in the form of fatty acid esters and also as important
intermediates in the metabolism of living organisms. Glycerol is a highly
functionalized compound and, in particular, its oxidation leads to a complex
reaction network, in which a large number of products can be formed. Therefore,
control of selectivity to the desired product would be highly advantageous [11]. The
choice of K,Cr,0O7 in aqueous micellar media is due to the control and selective
oxidation of glycerol to glyceraldehyde by maintaining pseudo-first-order criteria.
Glyceraldehyde is an important ingredient in the organic synthesis of glyceralde-
hyde-3-phosphate dehydrogenase which is a well-studied glycolytic protein with
energy production as its implied occupation [12]. Glyceraldehyde is an example of a
small chiral building block of great interest because of the wide applicability of its
structural motif [13]. Water is one of the universal green solvents compared to other
hazardous organic solvents, therefore the oxidation of glycerol has been carried out
in aqueous media. This will produce one-step oxidation and total conversion of
hexavalent chromium to trivalent chromium. Micellar solutions have versatile uses
in the fields of chemistry, biochemistry, pharmacy, medicine, and industry.
Different kinds of reactions, such as hydrolytic, oxidation, reduction, and
photochemical, are significantly influenced by micelles [14—16]. The property of
micelle formation in solution gives surfactants excellent solubilization properties
[17]. A fundamental property of surfactants is their ability to form micelles in
solution. This property is due to the presence of both hydrophobic and hydrophilic
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Oxidation of glycerol to glyceraldehyde

groups in each surfactant molecule. As the title reaction is very slow, suitable
combinations of micellar catalyst [18-22] and promoter [23-28] are used to speed
up the reaction. In this work, we have studied the efficiency of the suitable
combination of 2,2’-bipyridine (bipy) and micellar catalyst for the chromic acid
oxidation of glycerol to glyceraldehyde. The micellar catalyzed picolinic acid and
phenanthroline-promoted glycerol oxidation by chromic acid has been previously
studied [27]. During the oxidation, three different types of surfactants: N-
cetylpyridinium chloride (CPC) as cationic, sodium dodecyl sulphate (SDS) as
anionic, and Triton X-100- as neutral non-functional micellar catalyst, have been
used.
The chromic acid oxidation of glycerol is represented as follows:

3CH,(OH)CH(OH)CH, (OH) + 2HCrO; + 8H* — 3CH,(OH)CH(OH)CHO
+ 2Cr(IT) + 8H,0

Experimental
Instrumentation

Solutions of the oxidant and reaction mixtures containing known quantities of the
substrate (i.e. glycerol), and promoter (bipy) were prepared under the kinetic
conditions [glycerol]t > [Cr(VD)]r. Acid and other necessary chemicals were
separately thermostated (£0.10 °C). The reaction was initiated by mixing requisite
amounts of the oxidant with the reaction mixture. Progress of the reaction was
monitored by following the decay of Cr(VI) at 450 nm wave length at different time
intervals with a UV-Vis (UV-Vis—NIR-3600; Shimadzu) spectrophotometer.
Quartz cuvettes of path length 1 cm were used. The pseudo-first-order rate
constants (kops, s~ ') were calculated from the slope of plots of In(Ay4sp) versus time
(1) (Fig. 1), which were linear [5]. A large excess (>15-fold) of reductant was used
in all kinetic runs. No interference was observed due to other species at 450 nm. The
scanned spectra, the spectrum after completion of the reaction and other spectra,
were recorded with a UV-Vis spectrophotometer (UV-1800; Shimadzu). Rate
constants of fast reactions are determined with the help of astopped flow
spectrophotometer (SX20 Spectrometer).

Determination of critical micellar concentration (CMC) of CPC, SDS and
TX-100

The CMC values of CPC and SDS were measured by the conductometric method.
The conductivity of the different concentrated solutions of CPC and SDS was
measured with a conductivity cell (CON 6000, cell constant 1 cm_l) provided with
a built-in temperature sensor immersed in the beaker containing the surfactant
solutions. The temperature was set to 30 °C (Table 1). All the conductivity
measurements were recorded with the help of a water analyzer kit (Eutech
instruments, CyberScan PCD 6500 Series Meters). Typical experimental
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Fig. 1 Representative first-order plot to evaluate the pseudo-first-order rate constant (kops) for Cr(VI)
oxidation of glycerol in an unpromoted path in aqueous medium. [glycerol]y = 75 x 10~* mol dm >,
[Cr(VD]r = 5 x 107* mol dm 3, [H,SO4]r = 0.5 mol dm >, Temp = 30 °C

Table 1 CMC values at 30 °C temperature

Surfactant Name of surfactant Method CMC (mM)
Cationic CpPC Conductometric 8.2
Anionic SDS Conductometric 1.1
Neutral TX-100 Spectrophotometric 0.24
Fig. 2 Conductance against - 200
[CPC]r plot; the intersection —:E
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observations are presented in Figs. 2 and 3. The breaks obtained in the region of the
CMC for solutions containing these two surfactants separately. From the plot of
conductance versus concentration of CPC and SDS (Figs. 2, 3), the CMC of SDS
and CPC were found at 1.1 and 8.2 mM, respectively, at 30 °C. These CMC values
agree nicely with the established values established earlier [29, 30].

The CMC of TX-100 was analyzed by interaction with a saturated aqueous
solution of iodine with varying concentration (below and above CMC) of TX-100
solution. The CMC value of TX-100 was determined by recording the absorbance
values of the solutions containing the mixture of TX-100 and I, solution after
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temperature equilibration at 30 °C at 460 nm with a UV-Vis spectrophotometer
(UV-1800; Shimadzu). The CMC values obtained for TX-100 (non-ionic) is
0.24 mM from the plot (Fig.4) of absorbance (A) versus [TX-100]t at
Amax = 460 nm. The plot has a break in the region of CMC for solutions containing
the mixture of TX-100 and I, solution. It has similarity with the plots reported in
earlier literature [31, 32]. The peak at 460 nm for iodine is continuously blue-shifted
with increasing the concentration of TX-100 (Fig. 5).

Product analysis

Substrate glycerol was taken 15 times higher than [Cr(VI)]r and dissolved in
0.5 mol dm™—* H,SO, making a total volume of the solution of 200 cm®. The
reaction mixture was heated and evaporated to a small volume to get a concentrated
solution. It is important to mention that the substrate was taken at least 10 times
higher than the oxidant maintaining pseudo-first-order criteria. The selectivity of the
oxidation was maintained such that no further oxidation of the aldehyde would
occur. Oxidation was made selective from glycerol to glyceraldehdye by stopping
the over-oxidation of glyceraldehdye. The change in the color from yellow to pale
greenish blue ensures the completion of the reaction. The appearance of the first
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Fig. 5 Absorption spectra of saturated aqueous solution of I, in the absence and presence of TX-100 at
30 °C. Spectra-1 saturated I, solution in the absence of TX-100; spectra 2—13, [TX-100]r = 10 x 1073
(M), 15 x 107> (M), 20 x 107> (M), 25 x 107> (M), 30 x 107> (M), 35 x 107> (M), 40 x 107> (M),
45 x 107° (M), 50 x 107> (M), 75 x 1073 M), 100 x 1073 (M), and 125 x 107> (M), respectively

prominent greenish blue color confirms the total conversion of Cr(VI) to Cr(III).
After completion of the reaction, the product was isolated by fractional distillation.
A small portion of the distilled product was treated with 2,4-dinitrophenyl hydrazine
(DNP) in ethanolic H,SO,4 media. The mixture was allowed to settle down for half
an hour. The yellowish orange-colored precipitate of the 2.4-dinitrophenyl
hydrazone derivative was filtered off, dried in an oven, and recrystallized from
ethanol. The same was also performed for the micelle-catalyzed reactions in the
presence of promoters. The melting point of the recrystallized hydrazone substance
was obtained at 169 °C which matches with the reported [27, 33-35] value of the
glyceraldehyde-DNP derivative. The IR spectrum (Fig. 6) of the 2,4-DNP
derivative of the product was recorded by the Perkin-Elmer FTIR model RX1
spectrometer. The IR spectrum of glyceraldehyde-DNP derivative observed is
similar to the earlier literature work [33]. Melting point data and IR spectrum of
hydrazone strongly support the identity of the product as glyceraldehyde from
oxidation of glycerol.

Materials

Glycerol (AR, SRL) was purified by refluxing with an excess of freshly burnt
quicklime followed by distillation, and purity was checked by density measurement.
2,2'-bipyridine (AR, Qualigens), SDS (AR, SRL), CPC (AR, SRL), TX-100 (AR,
SRL), 2.,4-dinitrophenyl hydrazine (DNP) (AR, Qualigens), and Iodine (AR,
Merck), and all other necessary chemicals used were of highest purity available
commercially. Solutions were prepared by using double-distilled water.
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Fig. 6 IR spectrum of 2,4-dinitrophenylhydrazone of glyceraldehyde
Results and discussion
Dependence on Cr(VI)
Under the kinetic and experimental conditions [glycerol]r > [Cr(VD)]t both in the
presence and absence of bipy, the rate of disappearance of Cr(VI) showed a first-
order dependence on [Cr(VI)]r. The first-order dependence on Cr(VI) was also
maintained in the presence of the three non-functional surfactants, CPC, SDS and
TX-100. The pseudo-first-order rate constants ks were directly evaluated from the
slope of the linear plot of log [Cr(VD)]t versus time (7) [27, 36].
Dependence on substrate
From previous work, it has been observed that the rate of the reaction was first-order
with respect to substrate [27, 36], and this was also true in the presence of
surfactants.

Dependence on HY

The reaction is second-order with respect to H* ion concentration which has been
previously observed [27].

Dependence on [bipy]lt

The plots of ko) versus [bipy]r are linear with positive intercepts measuring the
contribution of rate enhancement over the unpromoted path (Fig. 7). The pseudo-first-
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Fig. 7 Dependence of kops(t) on [bipy]r for Cr(VI) oxidation of glycerol (in the absence of surfactant) in
aqueous H,SO, media at 30 °C. [Cr(VD)]r = 5 x 10™* mol dm ™7, [glycerol}r = 75 x 10™* mol dm >,
[HSO,]r = 0.5 mol dm™>

order rate constant kps(, calculated in the absence of bipy under the same conditions
nicely matches with those obtained from the intercepts of plots of kops(T) versus [bipy]r
[27]. The observation can be formulated as: kopsry = Kobsu) + KcadPIPYIT.

Spectrophotometric analysis of the reaction
UV-Vis spectra
The gradual production of the Cr(IIl) species was confirmed spectrophotometrically.

In the unpromoted path, the final color appeared as pale blue (A, = 583 and
260 nm; Fig. 8) whcih is quite different from the color observed in the bipy-
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Fig. 8 Absorption Spectrum of reaction mixture (after completion of reaction): [glycerol]t =
75 x 107™* mol dm™>, [Cr(VD]r =5 x 107 mol dm~>, [H,SO4]r = 0.5 mol dm >, Temp = 30 °C
(i) unpromoted: (The spectrum of the chromic sulfate is identical with this under the experimental
condition), (ii) bipy promoted: [bipylr = 0.01 mol dm~—>
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promoted path which was pale violet (1,.x = 544 nm, Fig. 8). In the unpromoted
path, two peaks were found due to the transitions [37, 38] A,.x = 583 nm for 4A2g
(F) = *Tag (F) and Apmax = 260 nm for *As, (F) — *T) (F) of Cr(IIl), respectively.
The spectra of the final solution in the absence of promoter and pure chromic
sulphate solution in aqueous sulphuric acid media are almost similar, but different
due to the presence of different types of Cr(IIl)-species (Apnax = 544 nm for the
bipy-promoted path; Fig. 8). This simply suggests that the final Cr(IlI)-aqua species
are the Cr(II)-bipy complex. Similar results were reported by earlier workers [39].
In the bipy-promoted reaction path, there is a hypsochromic (blue) shift for the
transition 4A2g (F) - *T 2 (F) compared to the final solution of the unpromoted
reaction path (Fig. 7a). The blue shift for the transition *A,, (F) — *Ty, (F) in the
Cr(IIT)-bipy complex is due to the presence of the strong field bipy ligand compared
to the aqueous ligand. For the Cr(Ill)-bipy complex [23, 39], the band due to the
transition 4A2g F) —» 4T1 o (F) merges with a charge-transfer band (Fig. 8). Here,
the appearance of the charge-transfer at much lower energy (visible range) for the
proposed Cr(IIl)-bipy complex is significant due to the favored metal to ligand
charge-transfer. The vacant n* (antibonding) M.O. of the ligand (bipy) switches the
metal to ligand electron-transfer (MLCT). These facts are supported by previous
work [38-40]. The presence of the charge-transfer band (MLCT) at this lower
energy (higher wave length) for the bipy-promoted reaction supports the formation
of the Cr(III)-bipy complex in the final solution.

The reaction solutions were scanned in the range 400-700 nm in both the
presence and absence of promoter and surfactant at regular time intervals (3—4 min)
to follow the gradual development of the reaction intermediates (if any) and the
product. The scanned spectra (Fig. 9a) indicate the gradual disappearance of Cr(VI)
species and the appearance of Cr(IIl) species with an isobestic point at
Amax = 533 nm for the unpromoted reaction. In the presence of only the promoter
(bipy), the isobestic points appeared at /., = 519 nm (Fig. 9b). In the presence of
SDS and bipy, the scanned spectrum could not be recorded as the reaction was too
fast to monitor. The isobestic point of the TX-100 catalyzed bipy-promoted reaction
path was found at /., = 512 nm (Fig. 9¢). It is interesting to note that, under the
present experimental and kinetic conditions, the appearance of the single isobestic
point in each scanned spectra firmly suggests the formation of very low
concentrations or short-lived intermediates like Cr(V) and Cr(IV) [41] during the
oxidation. In such cases, because of the very low concentration of the species, it
may not always be possible to detect the species spectrophotometrically [42]. In the
bipy-promoted reaction path, the active oxidant involved in the oxidation process is
Cr(VD-bipy (Fig. 10) [5, 23, 26-28].

Mechanism of the reaction and rate law

Product analysis and spectroscopic results indicate that glyceraldehyde was the
major oxidized product, i.e. oxidation of the single primary hydroxyl group
occurred. The mechanism of the reaction can be divided into two parts: (1) the
unpromoted path and (2) the promoted path. The unpromoted path for chromic acid
oxidation of glycerol (Scheme 1) has been established earlier [27].
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Fig. 9 a Scanned absorption spectra of the reaction mixture in absence of promoter at regular time p
intervals (5 min). [glycerol]r = 75 x 10™* mol dm™—>, [Cr(VD]t = 5 x 107* mol dm~3,

[HaSO4)r = 0.5 mol dm™>. Jisopesic = 533 nm. Temp = 30 °C. b Scanned absorption spectra of the
reaction mixture at regular time intervals (3 min). [glycerol]lr = 75 x 10~* mol dm—3,

[Cr(VD]r = 5 x 107" mol dm™3,  [HSO4]r = 0.5 mol dm™>,  [bipylr = 125 x 10~* mol dm~>.
Aisobestic = 519 nm. Temp = 30 °C. ¢ Scanned absorption spectra of the reaction mixture at regular
time intervals (3 min). [glycerol]ly = 75 x 10~* mol dm—3, [Cr(VD]r =5 x 10~* mol dm—>,
[H,SO4lr = 0.5 mol dm™3,  [bipyly = 75 x 107* mol dm™>,  [TX-100]; = 2 x 1072 mol dm>.
Aisobestic = 312 nm. Temp = 30 °C

In this path, attachment of H™ with the neutral ester (1) formed during the
process facilitates the decomposition of the protonated ester (2) and gives rise to the
product glyceraldehyde [27]. In the unpromoted path, the rate law is: kops = (2/3)
kK K> [glycerol]T[H+]2. In the bipy-promoted reaction path, the formation of the
Cr(IIl)-bipy complex characterized spectrophotometrically indicates that the
promoter (bipy) used here undergoes complexation with the highest oxidation
states of chromium (labile, tgg eg). Based on this concept, it is believed that the
Cr(VI)-bipy complex (complex C;) produced in the pre-equilibrium step is the
active oxidant (mentioned as AO™ in Scheme 2). This complex species reacts with
the substrate glycerol to produce a ternary complex C,, and it would undergo redox
decomposition via several steps to produce the Cr(Ill)-bipy complex. The
mechanism of the bipy-promoted reaction path can be established as follows

Derivation of rate law (considering Scheme 2):

= [C]
[bipyH"][H"]* [HCrO, ]
[C2][H307]
[glycerol][C,]
d[glycerol] din[HCrO} |

te = = = k3|C
rate ” @ 3G
_ k3Ky[glycerol][Cy]
a [H;07]
_ k3K3Ky[glycerol] [bipyH "] [H']? [HCrO; |
; [H;07]
The total concentration of bipy is given by:
[bipyH "]y =[bipy] + [bipyH ]
bipyH* . [bipyH™]
=——"——: or |bipy] ="
*hipyET P
. [bipyH?] . 1
bipyl. =23 | [bipyH"] = [bipyH*] x |1
or [bipy]y K, [H] + [bipyH™] = [bipyH™] x WA
. KyH'] + 1 .
=[bipyH™" — | ~ [bipyH"
[bipy ]X{ K, [ [bipyH"]

Since, K,[H"] > 1, K, = 2.8 x 10* for bipy
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Fig. 10 Absorption spectrum of reaction mixture with and without promoter (in the absence of
substrate): (i) [Cr(VDlr = 5 x 10~ mol dm >, [H,SOy4lt = 0.5 mol dm>. (ii) [Cr(VD)]y = 5 x 107*
mol dm ™3, [H,SO4}t = 0.5 mol dm 3, [bipylr = 0.01 mol dm™>, Temp = 30 °C

THZOH H,C——O CrO,0OH
_ K,
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—> CHOH + H,CrO; + H

HOH,C—— CH Cr
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Scheme 1 Cr(VI) oxidation of glycerol in the absence of promoter
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Scheme 2 Cr(VI) oxidation of glycerol in presence of bipy
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d[HCrO4]”  k3K3Ks[glycerol] [bipyH ™| [H'] [HCrO; |
dr B [H3 OJT
=k3K3K4[glycerol][bipy] [HCrO} | [H]

rate = —

and
1d[HCrO;]  1d[glycerol]
2 dr T3 dr
dIn|HCrO;, 2 .
— % = Kops(c) = §k3K3K4 [glycerol][bipy][H*]

The rate law of bipy-promoted reaction path can be proposed as:

kons(e) = (2/3)k3K3K4[glycerol][bipy][H]

Effect of the non-functional micellar catalysts on the reaction rate

The surfactant comprises a hydrophilic and a hydrophobic group. The different
interaction of these two moieties with water is an important cause for surfactants to
aggregate into micelles and other nanometer-scale structures in aqueous solution [43].

Partitioning of reactant in unpromoted path

In the unpromoted reaction path, partitioning of the neutral ester [(1) Scheme 1] in all
types of the surfactants is almost equally probable (Fig. 11). The phenomenon of
partitioning of proton in the unpromoted reaction path is highest for the anionic
surfactant SDS due to favorable and very effective electrostatic attraction. Thus, for
SDS, the reaction goes on in both aqueous and micellar phases where the active
reactants are preferably accumulated [42]. Thus, SDS allows the reaction to proceed in
both aqueous and micellar interphases [44]. TX-100, a neutral surfactant, retards the
rate of oxidation process slightly lower than pure water, as there are no charge head
groups present [28]. Again, with gradual increasing of the concentration of TX-100,
the rate of oxidation is decreased. These data are not shown in the text. The decrease in
electrostatic attraction between the approaching H" ion and the large hydrophobic
group of neutral TX-100 is significant for the observed rate retardation. The rate of
oxidation of glycerol is first-order with respect to substrate, i.e. glycerol as observed
from previous literature [27]. A severe electrostatic repulsion between the approach-
ing H* ion and the positive hydrophilic head group of cationic CPC makes unavailable
the effective concentration of neutral ester and H" within the micellar core.
Consequently, the reaction is restricted only in aqueous phase where the concentration
of the ester species is depleted due to its preferential partitioning in the micellar
pseudo-phase. Thus, CPC shows the rate-retarding effect even from pure water [42].

Partitioning of reactant in the promoted path

The most pronounced acceleration of the oxidation process is observed in the SDS-
catalyzed bipy-promoted path (Table 3). In this path, the Cr(VI)-bipy complex,
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(a) (b) (©)

Fig. 11 Schematic representation of partitioning of neutral ester and proton in a cationic surfactant,
b anionic surfactant, and ¢ neutral surfactant

AQ* AOT AO*

(a) (b)

Fig. 12 Schematic representation of the partitioning of substrate and active oxidant [AO™ = Cr(VI)-
promoter complex] in a cationic surfactant, b anionic surfactant, and ¢ neutral surfactant
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Fig. 13 Dependence of [SDS]t on kgt for Cr(VI) oxidation of glycerol in the absence of the promoter
in aqueous H,SO, media at 30 °C. [Cr(VD]r =15 x 10~*mol dm~3, [glycerol]lr = 75 x 1074

mol dm 3, [H,SO4]r = 0.5 mol dm™>
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Fig. 14 Dependence of kopscr) on [bipylr for the Cr(VI) oxidation of glycerol in the presence of the
surfactant [SDS]r in aqueous H,SO, media at 30 °C. [Cr(VD)]t =5 X 10~* mol dm—>, [glycerol]t =
75 x 107* mol dm ™3, [H,SO4}r = 0.5 mol dm~>, [SDS]r = 5 x 1072 mol dm~>
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Fig. 15 Dependence of kgpsry on [promoter]y for the Cr(VI) oxidation of glycerol in the presence of the
surfactant [TX-100]r in aqueous H,SO, media at 30 °C. [Cr(VD]r =5 x 10~* mol dm~3,
[glycerol]r = 75 x 107* mol dm ™, [H,SO4}r = 0.5 mol dm >, [TX-100] = 2 x 1072 mol dm~>

represented as AO™ (Fig. 12, Scheme 2), a cationic complex, has been argued as the
active oxidant. Because of the electrostatic attraction, it can preferably be
distributed in the micellar pseudo-phase of the anionic surfactant SDS. Thus, in
the presence of SDS, the reaction can propagate in both the micellar pseudo-phase
(where both the active oxidant and substrate are preferably concentrated) and the
aqueous phase to give the observed rate acceleration [27, 42]. The plots of kopscr)
versus [SDS]t (Fig. 13) and kgpsty versus [bipylr (Fig. 14) exhibit a continuous
increase up to the concentration of SDS (for the unpromoted path) and bipy used for
the SDS-catalyzed bipy-promoted reaction path. A similar effect is observed for the
combination of TX-100 micelles and bipy, but the increase of the oxidation rate
(Fig. 15) is smaller because the degree of glycerol binding to the nonionic surfactant
micelles is probably smaller compared with the degree of binding to the anionic
ones [45]. The active oxidant Cr(VI)-bipy complex reacts with glycerol to form a
ternary complex which undergoes redox decomposition in a rate-limiting step [46,
47], giving rise to the product. In the case of TX-100, Cr(VI)-bipy also approaches
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Table 2 ks and half life of the reaction in presence and absence of bipy and non-functional micellar
catalyst

Promoter (mol dm™>) Micellar catalyst (mol dm™) 10% X kgps 57H t1o (h)
None None 0.167 £ 0.03 11.54
2,2'-bipyridine (bipy)
0.0025 None 1.358 + 0.03 1.41
0.005 2211 £ 0.04 0.87
0.075 3.121 £ 0.02 0.616
0.01 4218 £ 0.02 0.45
0.0125 4.713 £ 0.03 0.40
0.015 5.793 £ 0.04 0.33
None CPC
0.002 0.0065 £ 0.02 29.61
None SDS
0.01 0.267 £ 0.04 7.2
0.02 0.5216 £ 0.04 3.69
0.03 0.6133 £ 0.05 3.14
0.04 0.6733 £ 0.06 2.86
0.05 0.7483 £ 0.03 2.57
None TX-100
0.02 0.3833 £ 0.03 15.83
2,2'-bipyridine (bipy)
SDS
0.0025 0.05 38.9 + 0.04 0.049
0.005 75.3 £ 0.06 0.0255
0.075 108.2 £ 0.05 0.0177
0.01 128 + 0.03 0.015
0.0125 150.6 £ 0.02 0.0127
0.015 161.1 £ 0.04 0.0116
2,2'-bipyridine (bipy)
TX-100
0.0025 0.02 1.46 £ 0.03 1.318
0.005 3.017 £ 0.04 0.638
0.075 3.738 £ 0.02 0.515
0.01 4.585 £ 0.05 0.42
0.0125 5.213 £ 0.04 0.37
0.015 7.015 £ 0.03 0.274

[Cr(VD]r =5 x 10~* mol dm~3, [H,SO,] = 0.5 mol dm 3, [glycerol]t = 75 x 10~* mol dm~3,
Temp = 30 °C

to the neutral head group of the micelle, but the amount is less compared to SDS
because TX-100 is a neutral surfactant, so no electrostatic attraction takes place [28,
48]. The degree of rate enhancement in the TX-100-catalyzed bipy-promoted path is
most probably due to the continuous increase of Cr(VI)-bipy complexes upon
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Table 3 Kinetic parameters and some representative kg values for the Cr(VI) oxidation of glycerol in
the presence of bipyand catalyst (surfactant) in aqueous H,SO4 media

Promoter Micellar catalyst Kefivipy)(w) Keft(s)(w) Kefivipy)(s)
2,2'-bipyridine (bipy) None 33.68 - -

None SDS - 3.48 -
2,2'-bipyridine (bipy) SDS - - 214.37
2,2'-bipyridine (bipy) TX-100 - - 17.316

W = water, § = surfactant, [Cr(VD)]r =5 x 107* mol dm™>, [H,SO,] = 0.5 mol dm~>, [glyc-
erol]lr = 75 x 107* mol dm >, [Promoter]y = 150 x 10~* mol dm~>, [SDS]y = 5 x 1072 mol dm~?,
[TX-100]r = 2 x 1072 mol dm ™2, Temp = 30 °C

increasing the concentration of bipy, forcefully allowing the reaction with glycerol
within the large hydrophobic core. In this study, the combination of CPC and bipy
are not used due to the rate retardation effect of CPC in the absence of the promoter.

From Table 2, it is confirmed that the rate is continuously increasing with the
increase in the concentration of bipy in the presence and absence of micelles
(Fig. 7). Rate enhancement is small for TX-100 compared to SDS, but CPC retards
the oxidation process as is evident from the #;,, value in Table 2. Rate acceleration
is highest when SDS and bipy are combined (Fig. 14). The total time taken to
complete the oxidation process gradually shortens with increasing the concentration
of bipy for a fixed concentration of SDS. Plots of kot versus [bipy]r and [SDS]t
are linear with positive intercepts (Figs. 12, 13, 14, 15). In each micelle-bipy
combined set of experiments, the values of kops(t) are increased in a regular fashion
upon further increasing the bipy concentration at the fixed surfactant concentration.
The pseudo-first-order rate constants (kops, sfl) were determined from the slope of
plots of In(A4s0) against time (7) at wave length 450 nm. The #,,, values are directly
calculated in Table 2 by using the relationship f1, = (In2/kyps), Where kgps =
pseudo-first-order rate constant.

Another kinetic parameter has been introduced in Table 3 which can be defined
as the efficiency of only the promoter or only the catalyst or both (combination of
promoter and catalyst) to catalyze, promote, and accelerate the reaction process, and
is termed ke The ke values are directly calculated from the relationship
kett = {Kobs(ty — kobsu)}/kobsquy under the Kkinetic and experimental conditions,
where kops(t) = rate constant of the promoted path and kgps,y = rate constant of the
unpromoted path. The plot of kypscry versus [SDS]y (Fig. 13) shows a continuous
increase up to the concentration of SDS used for the unpromoted path. From
Table 3 (Fig. 14), the value of k. = 214.37 at the highest concentration of SDS
and bipy strongly suggests that this combination is the most effective one among all
the micelle-bipy combinations. The combination of SDS and bipy in the reaction
mixture leads to almost kilo-fold (994 times faster) acceleration compared to the
uncatalyzed and unpromoted path. From the plot of ko1 versus bipy (Fig. 7), it is
clear that kuns is almost proportional to the concentration of bipy added in the
reaction mixture. The value of ks has been increased linearly with increasing the
concentration of SDS (Fig. 13). The surfactant SDS also has an effect on the bipy-
promoted reaction path, and rate constants are found to be increased (Fig. 14) upon
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increasing the concentration of bipy at a fixed SDS concentration. A similar type of
dependence pattern has also been observed in the presence of TX-100 on the
promoted reaction path with enhanced rate constants (Fig. 15).

The slope obtained from the plot of the combination of SDS and bipy path is very
steep compared with the TX-100-bipy combination path.

A comparison table (Table 4) explains the selection of suitable catalysts and
promoters over the other oxidants used previously in glycerol to glyceraldehydes
conversion:

Conclusion

The main target of this study was to carry out the oxidation in aqueous micellar
media at room temperature. In this context, the use of water as solvent features
many benefits, not only because water itself is innocuous but because it can also
potentially improve reactivities and selectivities, simplify the workup procedures,
enable the recycling of the micellar catalyst, and allowing mild reaction
conditions and protecting group-free synthesis. Oxidation is made selective to
glyceraldehyde by stopping the over-oxidation of glyceraldehyde by maintaining
pseudo-first-order conditions. The remaining glycerol can be re-oxidized to the
deserved product with the addition of chromic acid maintaining the reaction
condition the same. The CMC values of the three surfactants used are very helpful
in determining the particular concentration of the surfactant to be used for the title
reaction. The micelles act as nano-reactors and efficiently increase the effective
concentration of the reactants into the small core inside it. It is interesting to note
that the rate of oxidation is increased drastically when SDS is used as the micellar
catalyst in combination with the bipy promoter at a particular concentration,
whereas the cationic surfactant CPC and the neutral surfactant TX-100 inhibit the
rate of oxidation. The Cr(VI)-bipy complex, a cationic species, has been found to
act as the active oxidant in the bipy-promoted chromic acid oxidation of glycerol.
The generation of Cr(IIl)-species after the completion of the oxidation of glycerol
has been investigated by a series of spectra observed by UV-Vis spectrophotom-
etry. The product aldehyde has also been confirmed by the conventional 2,4-DNP
test and FTIR spectral analysis of the hydrazone derivative. The effects of the
cationic, anionic, and neutral surfactants have been followed and the observed
micellar effects are in agreement with the proposed reaction mechanism. These
micellar effects are quite important to understand and to substantiate the proposed
mechanistic pathways. The mechanistic paths of uncatalyzed unpromoted and
SDS-catalyzed bipy-promoted chromic acid oxidation of glycerol have been
compared. In conclusion, it can be said that anionic micelle SDS is an efficient
miceller catalyst for the bipy-promoted chromic acid oxidation of glycerol to
glyceraldehyde.
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