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ABSTRACT

The oxidative cleavage of diethylene glycol by la@mon has been studied in hydrochloric acid media the
temperature range 298-313 K. The rate of the reacis dependent on the first power of the concéiomaof
diethylene glycol and bromate ion. The reactioreriaicreases with increase in’ ldoncentration in the range (0.1 -
1.0) mol dri and reaction is first order with respect to TH The reaction has been shown to occur with the
formation of an unstable bromate ester which deasag to the reaction product in one step two-ebectransfer
process. Formaldehyde has been identified as thtatan product of diethylene glycol. The activatiparameters

of the oxidative cleavage of diethylene glycol haeen evaluated.
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INTRODUCTION

Diethylene glycol (DEG), is an important organicngmund, used in the synthesis of 1,4-dioxane, rmaipd,

polyester resins, polyurethanes and plasticizdrdJEG is used as humectants for printing ink ahe ¢2] and the
component in brake fluid, lubricants, wallpapeipgters, antificial fog solutions and heating/coakinel [1]. It is

also widely used as solvent for resins, nitroce8el dyes, oils and other organic compounds. Ovdarits (DEG)
vast applications, it is essential to investigate kinetics of its oxidation reaction in differeakperimental
conditions. The kinetic studies on the oxidatioretifylene glycol by different oxidizing agents arell documented
[3-5]. However, the literature reports [6-8] inviolg the oxidations of dihydroxy ethers are scanty dhe
mechanisms of redox reactions are yet to be uratarst

Bromate, an oxyanion, is known to be an excelleddiring agent having &= 1.52 volts at 298 K in an acid
medium [9]. Bromate has been widely used as araoxith the oxidation of large number of organic amatganic
compounds in acid medium and after the reactiatfiteduced to bromide and molecular bromine. Titweriate ion
oxidation of metal ions has been investigated @sence of different inorganic reductants [10, The bromate ion
oxidation of some organic compounds such-fydroxy acids [12]¢, B-unsatuarted compounds [13], aryl alcohols
[14], thiourea [15], methylene violet [16], arontatildehyde [17] were investigated in acid mediurasjite of the
rich chemistry of both the oxidant and the reductaolecules, the electron transfer reaction betwBsds” and
DEG has not received attention. Moreover, DEG dostan ether linkage between two ethylene glycoieties.
Thus it would be quite interesting to investigdie txidative cleavage of DEG. The present commtinicaleals
with the kinetics and mechanism of the oxidationdigthylene glycol by bromate ion in acid mediumden
different experimental conditions.
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EXPERIMENTAL SECTION

Potassium bromate (BDH), sodium perchlorate (BDRBrcuric acetate (E. Merck), sodium thiosulphat® ($ine
Chem. Ltd.), copper sulphate (S.D. fine Chem. Lickje used as received. All other inorganic compsumere of
the highest purity available. Diethylene glycol (k&) was used as supplied without further purifarat All
solutions were prepared in double distilled waflne prepared potassium bromated solution was stdized
against sodium thiosulphate solution which was ipresty standardized against copper sulphate soluSodium
perchlorate was used to maintain the constant istnength during the reaction. In order to avoigt andesirable
photochemical reaction the reaction vessels weredavith black paper.

Procedure and rate measurements:

The oxidation reaction was studied under pseudb-firder conditions, in which diethylene glycol wagsent in
large excess to that of the bromate ion. The reactiixture was thermally equilibrated at the destemperature in

a well circulated water bath. The reaction wasiedrout by withdrawing calculated amount of thectem mixture

at regular intervals of time and quenched with exdé€l soln. Measured amount of mercuric acetate adaied to
the reaction mixture to prevent bromine moleculedated from KBr@during oxidation reaction and also removed
bromide ion by forming complex [13]. It is to be mi@ned that mercuric acetate is inert towards atkich of
diethylene glycol. Finally, the progress of thecatean will be followed by measuring the unconsuntedmate
iodometrically using starch indicator. The pseunlstforder rate constantg,f) were computed from the linear
plots of log [BrQ] versus ‘time’ (R > 0.98). The rate constantg,{) were reproducible within + 5%.

Product analysis:

The reaction mixture containing diethylene glyc®0 ¢ 10° mol dni®), potassium bromate (2 10° mol dm?),
hydrochloric acid (0.5 mol dff) and mercuric acetate £10° mol dm?) was set aside in a closed container for 2 h
to ensure the completion of the reaction and thstilldd. A small portion of the distillate was &ted with 5 ml of
12 N H,SO, and a pinch of solid chromotropic acid. The migtwas then warmed on a water bath at *@@or 5
min. A pink violet color [18, 19] developed, indtoay the presence of formaldehyde, obtained froenrfaction
between diethylene glycol and bromate ion in acetimm. Another portion of the distillate was mixeih 2,4-
dinitrophenyl hydrazine solution in 4N,80, when a yellow 2,4-dinitrophenyl hydrazone derivatof the reaction
product was precipitated. The precipitate wasréltie washed thoroughly, purified and then analyzegh.= 167-
169°C [20, 21]; Found C = 40.06, H = 2.82, N = 2&teqd for GHgN4O,4, C = 40.0, H = 2.85, N = 26.6 %). The
above observations indicate the presence of 2jtralimenyl hydrazone derivatives of formaldehydeh@ne 1)
which confirms the generation of formaldehyde a&sréaction product.
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Scheme 1: 2, 4-DNP derivative of the oxidation prct of diethylene glycol
RESULTS AND DISCUSSION

The oxidation of diethylene glycol was studied atying concentrations of potassium bromate [(050) x 10°
mol dm°®] keeping [DEG], [H] and temperature constant at ¥Q0° mol dm?® 0.5 mol dnf and 303 K,
respectively. The pseudo-first order rate constiapf) was found to be independent of the initial cotion of
bromate (Table 1), indicating that the rate isistforder with respect to BHO The empirical rate law at constant
[H™] and excess of DEG concentration is

-d[BrOs] / dt = keps [BrOs] (1)
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Table 1: Effect of [BrOs], [H*] and [CI] on the pseudo-first order rate constantKq,¢ of the oxidation of DEG at 303 K

10°[BrOs] 107 [DEG] [HY] [CI 10* Kobs

(moldm®  (moldm® (moldm® (moldm?®  (sh
0.5 10.0 0.5 0.5 18.7
2.0 10.0 0.5 0.5 18.3
4.0 10.0 0.5 0.5 18.5
5.0 10.0 0.5 0.5 18.2
2.C 5.C 0.1 0.8 171
2.0 5.0 0.2 0.8 4.12
2.0 5.0 0.4 0.8 7.03
2.C 5.C 0.€ 0.8 12.1
2.0 5.0 0.8 0.8 14.8
2.0 5.0 0.1 0.2 1.75
2.C 5.C 0.1 0.2 1.6¢
2.0 5.0 0.1 0.4 1.69
2.0 5.0 0.1 0.6 1.77

The influence of variation of the diethylene glycoincentration was studied in the temperature ré2@@ — 313 K)
but keeping [Br@] and [H'] constant at Z 10° mol dm?® and 0.5 mol di, respectively. The pseudo-first order
rate constant increases with increase in DEG cdratéon (Table 2). At each temperature, the plokgf versus
[DEG] gave straight line passing through origing(F1). The quotient&,,s / [DEG] are presented in Table 2,
indicating that the order with respect to [DEGhisty. Thus at constant [ the reaction follows the rate law,

-d[BrOs]/ dt =k, [DEG] [BrOs] (2)

where k; (= kops/ [DEG]) is the second order rate constant.
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v 313K
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10% [DEG] (mol dm™®)

Fig. 1 Variation of pseudo-first order rate constamwith DEG concentration. Plots ofkq,s versus [DEG] at four different temperatures
[BrO 5] = 2.0 x 10° mol dm™ and [H*] = 0.5 mo dn?®

The effect of variation of hydrogen ion on the gi@dirst order rate constant was studied at diffefel”] (0.1 — 1.0
mol dni®) but at constant ionic strength (0.85 mol §nBrO, and DEG concentrations. The reaction rate increase
with the increase in [H (Table 1). The plot oky,s against [H] was linear passing through the origin (Fig. 2hisT
indicates that the dependence of rate ofj [#lunity. In this acidity range, the rate equatis suggested as,
-d[BrO;]/ dt =k; [DEG] [BrOs] [H] 3)

where k; (= kops/ [DEG] [H) is the third order rate constant.
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Table 2: Effect of variation of [DEG] on the pseudo-first oder rate constant ko9 in the temperature range 298-313 K. [Br@] = 2.0 x 10
3mol dm™ and [H'] = 0.5 mol dni®. Figures in the parentheses represent the valuetle (=kops/ [DEG]) (dm® mol? sY).

10° Kobs
10 [DEG] (sh
(mol dm®) 298 K 303K 08K 313K
2 0.23(0.011 0.38(0.01¢ 0.52 ((.026, 0.73 (0.03€
3 0.35(0.012) 0.57 (0.019) 0.78(0.026)  1.09 (6)03
5 0.57 (0.011) 0.95(0.019) 1.32(0.026) 1.82 (6)03
10 1.16 (0.01z 1.89(0.01€ 2.56 (0.025  3.87 (0.038
15 1.81(0.012) 2.87 (0.019) 3.95(0.026) 5.523D)0
20 2.27(0.011) 3.56(0.018) 5.04 (0.025)  7.2436)0
25 3.01(0.01Z 4.65(0.01¢ 6.46 (0.025  9.11 (0.03€
2.0
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o -
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Fig. 2 Variation of reaction rate with H concentration. Plots ofke,s versus[H] at 303 K
[BrO 3] = 2.0 x 16° mol dm™ and [DEG] = 5.0% 10° mol dm

The reaction was studied at different chloride emation (0.2 — 0.8) mol dihvaried by the addition of NaCl but

at constant [Br@], [DEG], [H'] and temperature. The value of pseudo-first ordée constant was found to be
independent of NaCl concentration (Table 1).

In the present investigation, the intervention wdef radicals was tested by the addition of acrydibmiin the
concentration range 5-20 % (Vv/v) to the reactiortane containing [Br@], [DEG] and [H] of 2 x 10° mol dm®, 5
x 102 mol dm® and 0.5 mol dmi, respectively. No haziness or suspension was tetehis indicates that the

reaction proceeds with a one-step two electronstesiprocess with no reducing intermediates lilee fradicals
[19].

The oxidation of DEG by bromate was studied oveaeraperature range of 298-313 K. The valuesofvere
calculated at different temperatures. The valuesntiialpy of activationAH?) and entropy of activatio\&’) were
calculated from the plot of lolg{/T) versusl/T (Fig. 3) using the theory of absolute reactiate (eqn. 4).

ks = (RT/Nh) exp(AH* /RT) expQS’ /R) 4)

The value of enthalpy of activation and entropwdivation for this oxidation reaction were caltathto be 56 £+ 3
kJ mol* and -87 + 8 JK mol™, respectively.
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Fig. 3 Influence of temperature on the second-ordemrate constant. Plot of log Ks/T) versus 1/T

Diethylene glycol is nearer to ethylene glycol iamg respects but some of the physical propertiek ag boiling

point, viscosity and specific gravity are highercase of DEG as might be predicted from its higmetecular

weight. Due to its structural dissimilarities theemical properties are sufficiently different frahose of ethylene
glycol to make it more desirable materials in mapyplications. DEG is a straight-chain dihydric &lebaliphatic

compound terminated on both ends by a hydroxyl grdtuis an ether-alcohol derivative. The ether jraDEG is

not easily attacked by nucleophiles or bases. Tier enoiety is relatively unreactive than the aldajroup present
in DEG. Hydroxyl group in DEG exhibit both weak @d@nd weak base behavior and in presence of omgagent
it is converted to aldehyde or ketone.

slow
HO—H,C—H;C—0—CHy;=CH>=OH + H" + BrO3’ HO—H,C—H,C—0—CH,—CH,—~0-BrO,
A
(A) + Hy0
fast | H+
fast H* SN
HBro2 + HZC\—/CH2 + 2H2C:O H.()._Hzc_Hzc_\CB/TCHZ_CHz_O_BrOZ
S+ \_/
(B)
fast
H,C—CH, Ho >OH  +ow
\ 7/
O H,O
H+
(B) (©)
Scheme 2

The rate of the reaction was found to be depenadtetihe first power of the concentrations of diegimd glycol and
bromate. The reaction rate also increases witre@s® in hydrogen ion concentration and the ordir nespect to
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[H™] is determined to be one. The experimental resuisconsistent with a mechanism involving a ratenining
reaction between diethylene glycol, bromate anddgeh ion. Sen Gupta et al. proposed [5] a reactiechanism
with the involvement of substrate, oxidant antith in the rate determining step in the oxidatidrmono-ols and
vicinal-diols by bromate ion in acid media. Thusnihy be plausible that diethylene glycol reactdiitomate and
H* to give an unstable bromate ester (A) in the datermining step. The involvement of a similar batenester has
been reported in earlier investigations [5, 22]. iiemate ester (A) is then cleaved through neighigogroup
participation leading to the formation of formalgdke and ethylene oxide (B) [23]. The ethylene oxidelergoes
rapid hydrolysis to give ethylene glycol (C) [23].

HBrO, is subsequently reduced to HBr through successeqes by excess DEG. The reaction steps are asvioll

HBrO, oH

HO—H,C—H,C—O—CH,=CH,=OH ———= 2H,C=0 + o™~ + HOBr (5)
HOBr OH

HO—H,C—H,C—0—CH,=CH,~OH ———= 2HC=0 + o™~ + HBr (6)

The intermediate diol, being highly reactive, urgbers oxidation with HBreto give aldehyde and HBg@s shown
in Scheme 3.

fast
HBro /7N _
~_-OH 3 HZC—CHZO—/B;?)Z 2H,C=0 + HBrO,
HO fast/-H,0 )
H
Scheme 3

The unstable oxidant species viz., HBE@d HOBr may also react with intermediate ethylglyeol to produce the
reaction products according to the steps (7) ahd (8

HBI0, HOBr + H,O
OH 2H,C=0 + f+ Hy
HO™ fast ? (7)
HOBr HBr + H,O
OH 2H,C=0 + r+ Hp
HO/\/ fast 2 (8)

An effort was made to isolate the intermediate @@) during the reaction but it was not succesafimight be
predicted that the intermediate compound immediatehverted by the oxidant in acid medium vyield fhel
oxidation product, formaldehyde. The oxidation progd HCHO was identified by spot test and C, H,dlgsis as
mentioned in the product analysis section. This ise mentioned that formaldehyde is stable and doéundergo
further oxidation with the oxidant [24]. The propdsmechanism is supported by the value of the ataiv
parameters. The moderately negative value of eptod@ctivation AS) suggest that the transition state formed is
considerably rigid, resulting in a reduction in thegrees of freedom of the molecule.

CONCLUSION

The present study shows that the bomate reactshétBEG in presence of Hn the rate determining step with the
formation of unstable bromate ester which subsetjudacomposes to the reaction product in one tstepelectron
transfer process. The cleavage of carbon-carbon ly@ids to the formation of formaldehyde as thédation
product of diethylene glycol.
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