View metadata, citation and similar papers at core.ac.uk brought to you by fCORE

provided by Publications of the IAS Fellows

OO A

né" \?m ISSN: 0973-4945; CODEN ECJHAO
€-).Chem E-Journal of Chemistry
http://www.e-journals.net Vol. 5, No.3, pp. 598-606, July 2008

Kinetics and Mechanistic Study of
Cetyltrimethylammonium Bromide Catalyzed
Oxidation of Tetraethylene Glycol by
N-Chlorosaccharin in Acidic Medium

VANDANA SHARMAY, K. V. SHARMA® and V. W. BHAGWAT"

*Mahakal Institute of Technology, Ujjain 456010, India.
#School of Studies in Chemistry, Vikram University, Ujjain 456010, India.

vandanak_sharma@yahoo.co.in
Received 7 December 2007; Accepted 5 January 2008

Abstract: The kinetics and mechanism of cetyltrimethylammonium bromide
catalyzed oxidation of tetraethylene glycol [2,2°-(oxibis(ethylenoxy)diethanol)]
by N-chlorosaccharin in aqueous acetic acid medium in presence of perchloric
acid have been investigated at 323K. The reaction is first order dependence on N-
chlorosaccharin. The reaction rate follows first order kinetics with respect to
[tetraethylene glycol] with excess concentration of other reactants. The miceller
effect due to cetyltrimethylammonium bromide, a cationic surfactant has been
studied. The change in ionic strength shows negligible salt effect. The dielectric
effect is found to be positive. Addition of one of the products (saccharin) retards
the reaction rate. Activation parameters are calculated from the Arrhenious plot.
A possible mechanism consistent with the experimental results has been
proposed.
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Introduction

Tetraethylene glycol, HO(C,H,O),H, is a colourless, odourless, non-volatile, and
hygroscopic liquid. It is characterized by two hydroxyl groups along with three ether
linkages, which contribute to its high water solubility, hygroscopicity, solvent properties and
reactivity with many organic compounds. Tetraethylene glycol (TrEG) possess higher
boiling point and lower volatility than the lower ethylene glycols, it is completely miscible
with water and a wide range of organic solvents, but has only slight affinity for certain
aliphatic hydrocarbons. Tetraethylene glycol is especially useful in the preparation of
polyester resins and as a plasticizer. TrEG is also used as chemical intermediate and as a
solvent in the production of inks and dyes. TrEG is often used as a process solvent in
hydrocarbon purification processes and as a coupling agent in the production of textile
lubricants and formulations. Oxidation of polyethylene glycols, other alcohols and diols by
different oxidants have been carried out by various workers'"' but no one has ever used


https://core.ac.uk/display/291496651?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

Kinetics and Mechanistic Study of Oxidation of Tetraethylene Glycol 599

TrEG. The N-chlorosaccharin (C¢H4,COSO,NCI) abbreviated, as (NCSA) is a versatile
oxidant'>'®. The oxidation of TrEG by acidic N-chlorosaccharin is an extremely slow
reaction. The reaction has found to be -catalyzed by a cationic surfactant
cetyltrimethylammonium bromide (C;sTAB). Therefore, C;(TAB catalyzed oxidation of
TrEG by N-chlorosaccharin has been undertaken.

Experimental

Tetraethylene glycol (Merck) was used. N-chlorosaccharin was prepared by reported
procedure’®. Double-distilled water and purified acetic acid were used for the preparation of
NCSA solution and standard solution of NCSA was prepared afresh. Sodium perchlorate
(Merck) was used to keep the ionic strength constant. The other chemicals were of the
Analytical grade and double-distilled water was used for preparation of solutions.

Requisite amount (appropriate volume of known concentration) of TrEG, perchloric
acid, C;¢TAB, water and other reagent solution were mixed into a reaction vessel. A
separately thermostated solution of N-chlorosaccharin was added to commence the reaction.
Residual amount of NCSA was determined iodometrically by using standard sodium
thiosulphate solution. In all the experiments, the reactions were followed up to two half
lives. A constant ionic strength of the reaction mixture was maintained by adding required
amount of sodium perchlorate solution.

Product analysis and stoichiometry

TrEG (350 mg /250 mL water), perchloric acid (0.1M / 100 mL), C;¢TAB (12 mg /100 mL) and
NCSA (10 g /100 mL) were mixed for product analysis. After a reaction time of 48 hour, the
organic components were separated from the mixture into ether; the ethereal extract was dried
and concentrated using rotatory evaporator, under low pressure. Using benzene, ethyl acetate
mixture 8:2(v/v) as an eluent, preliminary studies were carried out by thin layer chromatography.
A distinct single spot was obtained. A solution of 2, 4-dinitrophenylhydrazine was added to it and
then the reaction mixture was left overnight in the refrigerator at 5°C temperature. The solution
was centrifuged and brown-orange residue is obtained. This formation of 2,4-DNP derivative
adequately confirmed the oxidation product of the TrEG to be a [2,2"-oxibis(ethylenoxy)(1-
hydroxy)octanal].The aldehyde was conformed by IR spectra which shows bands at 3450 cm™
and 1620 cm™ for OH stretching and C=O Stretching respectively and a band at 2720cm™ for
aldehydic C-H stretching. The fact that only one hydroxyl group was attacked and other
remained intact gets support from stoichiometry of the reaction as well. Literature survey shows
that similar types of oxidative products were reported” . Stoichiometry was determined by
using varying ratios of the oxidant to TEG were thermostated at 25°C for 48h incubation and
residual NCSA was determined iodometrycally using standard sodium thiosulphate The mole
ratio (number of moles of the oxidant consumed per mole of TrEG) was calculated. TrEG and
N- chlorosaccharin reacts in 1:1 stoichiometry, as follows:

OHCH,-CH,-O-CH,-CH,-O-CH,-CH,-O-CH,-CH,OH + C(H,COSO,NCI —
OHCH,-CH,-0O-CH,-CH,-O-CH,-CH,-O-CH,-CHO + CcH,COSO,NH +HCI (1)
Results and Discussion

Order with respect to [N-chlorosaccharin]

The order of the reaction with respect to the concentration of NCSA is determined by
studying the rate of the reaction at different initial concentrations of the NCSA. The rate
constants obtained at various initial concentrations of NCSA at constant concentration of
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[H*] 0.05 mol dm? and [TrEG] 0.08 mol dm’3) are given in Table 1. The plot of log(a-x)

versus time (Figure 1) gave a straight line, which indicates that reaction under the
chosen conditions follows pseudo first order kinetics. The order with respect to NCSA is
one. The mean pseudo first-order rate constant, k, was found to be (0.09 +0.1) X 10° st

Table 1. Order with respect to N-chlorosaccharin
[TrEG] = 0.08 mole dm™ ;[HC1O,] = 0.05 mole dm™;
[CicsTAB] = 0.004 mole dm?; Temperature 323 K

[NCSA]/ 10 mol dm™ K/10%sT

2.5 8.84
4.0 4.21
5.0 3.39
10.0 1.98
15.0 1.22
20.0 1.01

* Mean of duplicate experiments

y=-0.0146x + 0.814

R? = 0.9991
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Figure 1. Dependence of rate on NCSA

Order with respect to [TrEG]

On varying TrEG concentration from 4.0 x10 to 24.0 x10™ mol dm” there is an increase in
rate of reaction (Table 2). The plots of log k versus log[TrEG] (Figure 2) gave straight line
with slope equal to 0.88 (R*=0.99), suggesting that order with respect to TrEG is one.

log(a-x)

Table 2. Effect of tetracthylene glycol concentration variation.
[NCSA] = 0.01 mole dm™; [HCIO,4] = 0.05 mole dm™;
[CicsTAB] = 0.004 mole dm?; Temperature 323 K

[TrEG] / 10° mol dm®  k /107 s?!

4.0 1.01
8.0 1.90
12.0 2.87
16.0 341
20.0 4.28
24.0 5.14

* Mean of duplicate experiments



Kinetics and Mechanistic Study of Oxidation of Tetraethylene Glycol 601

07 - y=0.8761x - 0.5141
R?=0.9995
0.6 -

0.5 A

0.4

4+logk

0.3 A

0.2 A

0.1 4

0 ‘
0 05 1 15
2+log[TrEG]
Figure 2. Order with respect to [TTEG]
A double reciprocal plot between k! versus [TlrEG]'1 (Figure 3) has been found to be

linear with positive intercept at y-axis. This kinetic evidence of complex formation between
the substrate and the oxidant, further support the first order dependence.
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Figure 3. Double reciprocal plot between k™' versus [TrEG]

Effect of variation of [H']

On varying perchloric acid concentration between 0.002 and 0.100 mol dm™ there is a
decrease in reaction rate (Table 3). The plot of log k versus log [H'] (Figure 4) gave a
straight line with positive intercept at 0.73 (R’= 0.98), suggesting that acid plays a complex
role in the reaction system. The retardation by [H*] may be mainly attributed to the
conversion of the more reactive neutral species of TrEG to less reactive protonated form.
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Figure 4. Effect of variation of [H']
Table 3. Effect of variation hydrogen ion concentration
[TrEG] = 0.08 mole dm™; [NCSA] = 0.01 mole dm™

[CicTAB] = 0.004 mole dm'3;Temperature 323K
[HCIO4] / 10° moldm™  k /10*s”

0.2 4.63
0.4 3.98
0.8 3.34
1.6 2.35
5.0 2.07
10.0 1.77

* Mean of duplicate experiments

Dependence of rate on [C1sTAB]

The addition of C;¢TAB in the reaction system catalyzed the reaction. As the reported'® critical
miceller concentration of C;¢TAB is 9.2 X 10™ at 25°C, the concentration of CcTAB varied
from 2.0 x10™ to 10.0 X 10 mol dm™ and the rate of reaction increases (Table 4). The plot of k
versus [CsTAB] (Figure 5) gives a straight line. Surfactants are tending to form micelles.

Table 4. Effect of C,(TAB concentration variation
[TrEG] = 0.08mole dm™; [NCSA] = 0.01mole dm™
[HC104] = 0.05 mole dm™; Temperature 323 K

[CxTAB,/10° moldm™  k /10™"s"

0.0 0.009
2.0 1.34
4.0 1.91
6.0 2.44
8.0 3.73
10.0 4.76

* Mean of duplicate experiments

One of the important properties of miceller systems is their ability to affect the rates of
chemical reactions. The reaction rate can either be accelerated or retarded, depending on
chemical system, the type and concentration of surfactant and other factors such as pH, ionic
strength erc. The effect of surfactants on reaction kinetics is called miceller catalysis'’.
Micelles are formed due to assembling of amphiphilic molecules of surfactant above a
certain concentration called critical miceller concentration'®" Micelle catalysis of reaction
in aqueous solutions is usually explained on the basis of a distribution of reactants between
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water and the miceller ‘pseudo phase’. The micelles may provide a favorable orientation of
the reactants by polarity gradients. In the present reaction, hydrophobic interaction is most
likely to be operative due to relative larger hydrocarbon chains of the substrate’*'. This
interactive localization of the reacting species in the relatively small volume of the micelles
compared to the bulk solution leads to a large increase in the effective concentration and as a
result the observed rate increased accordingly. The other most probable reason seems to be
electrostatic attraction between polar TrEG and the micelle.

Variation of ionic strength, dielectric constant and saccharin

With the employed reactant concentrations, initial ionic strength of the reaction mixture was
0.064. The effect of ionic strength has been studied by varying the concentration of neutral
sodium perchlorate from 0.064 to 0.124-mol dm™. It was found that there is no substantial
change in the reaction rate on varying the ionic strength.

5 -
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_.'§ 3 |
5 5| y = 0.455x + 0.086
Zq R = 0.9881

0 ‘ — ‘ —

0 2 4 6 8 10 12
[C1sTAB] x10” mol dm™
Figure 5. The plot of k versus [C1,TAB]

The small salt effect suggests the participation of neutral species in rate determining
step i.e. the substrate molecule and (HOCI). This assumption is further supported by
observing the effect of change in dielectric constant of the reaction medium. The effect of
dielectric constant in reaction medium was studied by adding acetic acid (20-60 %) in the
reaction medium at constant concentrations of other reactants. The rate of reaction
decreases by increasing the proportion of acetic acid in the solvent medium; this validates
the involvement of neutral species in the rate-determining step. Addition of saccharin (one
of the reaction products), from 0.0005 to 0.0025 mol dm™ at constant NCSA and TrEG
concentration, decreases the rate of reaction. This conforms that HOCI is the main oxidizing
species. The retardation of reaction rate on the addition of saccharin suggests a pre-
equilibrium step that involves a process in which saccharin is one of the products. If this
equilibrium is involved in the oxidation process the retardation should be an inverse function
of saccharin concentration, which is borne out by observation that the inverse of the rate
constant gives a linear plot (R2= 0.97) against [saccharin] (Figure 6). The addition of
acrylonitrile to the reaction mixture had no effect, indicating the absence of free radical
species during the reaction. This observation further supports the participation of neutral
species in rate determining step, i.e. the substrate molecule and HOCI.

Effect of Temperature

The reaction was studied at different temperatures. Rate constants at 318, 323, 328, 333 and
338 K were found to be 1.11 x 10*sec, 1.91 x 10*sec™ 2.65 x 10" sec, 6.43 x 10* sec”’, and
7.00 k x 10* sec’ respectively. From the linear Arrhenius plot of log k Vs 1/T (Figure 7)
activation parameters for overall reaction were evaluated Ea= 93.45 KJ mol” AH*= 90.74
KJ mol !, AG*=102.34 KJ mol™, AS*= -27.51JK mol respectively.
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Figure 7. Arrhenius plot.
Mechanism

. . 2226
From the various relevant literatures

system may be summarized as follows:

the different probable steps involved in NCSA

NCSA + H,0— HOCI + Saccharin 2)
HOCI + H* — H,0*Cl 3)
NCSA + H* — NCSAH" )
NCSAH* + H,0—H,0"Cl + Saccharin 5)

Therefore HOCI, H,O'Cl and NCSAH" are the possible oxidizing species in acidic
medium. The experimental observations indicate that in the present case, HOCI is the main
oxidizing species. So the following mechanism has been proposed. The linear double
reciprocal plot of k' versus [TrEG]" with positive intercept at y-axis suggests the formation
of the complex between substrate and the oxidant. Thus, the rate determining step proposed is-

OHCH,-CH,-0-CH,-CH,-O-CH,-CH,-O-CH,-CH,0H 4 HOCI 2% (6)
Fast
X1+ H20 8% OHCH,-CHy-0-CH,-CHy-0-CHy-CH,-0-CHy-CHO + 2H,0 + HCI  (7)

The small salt effect, the increase in reaction rate on increasing the dielectric constant
and the linear reciprocal plot between k' versus [TrEG]" with positive intercept on the
y-axis (Figure 8), support the equation (6). The complex thus formed will be rapidly
decomposed into the products, in equation (7).

CsTAB Catalyzed Mechanism

The reaction between TrEG and N-chlorosaccharin in acidic medium is very slow. Addition of
CisTAB catalyzed the reaction. The physical basis of miceller catalysis is the effect of the
miceller environment on the rate-controlling step. The relative free energies of the reaction (s)
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and /or the transition state can be altered when reaction takes place in the miceller system
instead of bulk water. This concept is reminiscent of catalysis by an enzyme and many initial
studies of rates in miceller system focused on this possibility. A more important
consideration is the localization of the reacting species in the relatively small volume of the
micelle compared to bulk solution.

The following mechanism is proposed for the catalysis by C;¢TAB:

nC,TAB — (C,TAB), 8)
OHCH,-CH,-O-CH,-CH,-O-CH,-CH,-O-CH,-CH,OH + (C,TAB), —
[OHCH,-CH,-O-CH,-CH,-O-CH,-CH,-O-CH,-CH,OH .... (C,TAB),] )
[OHCH,-CH,-0O-CH,-CH,-O-CH,-CH,-O-CH,-CH,0H. (C;(TAB),] + HOCl— X, (10)
X, + H,O— OHCH,-CH,-O-CH,-CH,-O-CH,-CH,-O-CH,-CHO+ 2H,0 + HCl (11
Rate law

The rate equation for the catalyzed reaction between TrEG and NCSA can be represented
by the equation -

-d [NCSA]/dt = ko [TrEG]'[NCSA] (12)
when [NCSA] in excess above equation (12) reduces to
r =K, [TrEG] ! (13)

Where the rate constant for catalyzed reaction, k'y = kg [NCSA]. The plot between
reaction rate and \ [TrEG] (Figure 8) gave a linear plot that validates equation (13). In the
presence of the catalyst, the oxidation proceeds through catalyzed pathways. Therefore, the
following represents the rate of depletion of NCSA in presence of catalyst under excess
[TrEG] and acid concentrations:

y = 1.289x - 1.6646

2
N .  R?=009906
3 3.
w2

L 24
x 14

M0 T T 1

0 2 4 6

VITIEG] x 10
Figure 8. The plot between reaction rate and V [TrEG]

-d [NCSA]/dt = {kK'y +k’. [C;,TAB]} [NCSA] (14)
Here k'.= k. [NCSA]
= K” [NCSA] Where k"= {K' + k. [C|cTAB]} (15)

Equation (15) holds good, when a plot of observed rate constant in presence of the catalyst,
k versus [C\¢TAB] is linear (c.f. Figure 5).
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