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Kinetics of Reaction of Isopropyl Alcohol with Aqueous Chlorine
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Kinetics of oxidation of isopropyl alcohol by aqueous solution of chlorine at 11 = 0'4M(NaCIO,)
are described. The reaction is first order each with respect to isopropyl alcohol and chlorine
molecule. The apparent second order rate constant is (6·3± 0·1)x 10-'M-I at 35°. Acetone is
the primary product of reaction. The metal chlorides increase the rate manyfold. In the pre­
sence of added chloride or hydrogen ions the chlorination of acetone becomes the side reaction.
The activation enthalpy is 16'8± 0'6 and 15'9± 0'02 kcal mole-I, and activation entropy is -10
± 2 and -13 ± 1 e.u. for the reaction in the absence and presence of added [CI-] or [H+],
respectively. A mechanism involving isopropyl hypochlorite ester as an intermediate proposed.

EARLIER kinetic investigations on the oxi­dation of alcohol by chlorinel-7 have suggested
that the reactions are complex. The existence

of many species in equilibrium in aqueous solution
of chlorine, and rapid interactions between the
species themselves also complicates the reactions
as suggested by Lichtin and Saxe in the oxidation
of glucose with chlorine in aqueous solution. How­
ever, they proposed that in aqueous solution of
chlorine the principal oxidizing agent is the chlorine
molecules and in uncatalysed chlorination the
substituting agent is also undissociated chlorine
molecule9•

It seemed desirable to obtain more information
about the role of various oxidizing species in aqueous
solution of chlorine. In this paper the results of
a kinetic investigation of the reaction of isopropyl
alcohol with aqueous solution of chlorine are reported.

Materials and Methods
All the chemicals used were either of BDH

(Analar) or Merck (C.p.) grade or of comparable
purity.

Chlorine gas (prepared by treating potassium
permanganate with cone. hydrochloric acid) was
passed through a bubbler containing KMn04 solu­
tion and then into flask filled with conductivity
water. The solutions were stored in bottles wrapped
in black paper. All the chlorine solutions were
standardized iodometrically just before use.

Isopropyl alcohol was distilled, refluxed with
calcium for about 8 hr, and then redistilled with
adequate protection from moisture.

Perchloric acid solution was titrated against
standard sodium hydroxide solution, and the latter
was standardized against standard potassium acid
phthalate.

Throughout, alkaline permanganate redistilled
water was used.

Kinetic procedure - The experiments were carried
out at 35°±0'05°. After equilibrating the reactants

except chlorine solution, the reactants were mixed
and shaken well. The progress 0 f the reaction
was followed by estimating iodometrically the
unreacted chlorine in 20 ml aliquots of the reaction
mixture at regular time intervals.

Product analysis - Acetone, identified by its 2,4­
DNP derivative10 was the major product. However,
monochloroacetone was also formed as revealed by
the analysis of 2,4-DNP derivativell• Acetone and
monochloroacetone were formed in the ratio 4; 1.

Results

Rate law - Although the reaction of isopropyl
alcohol with aqueous solution of chlorine pro­
ceeds beyond the acetone stage, an attempt has
been made to investigate the kinetics of the re­
action up to acetone stage by using large excess of
alcohol.

In most cases, no simple kinetic law was obeyed
and the rate constant could not be determined
by the application of an integrated rate equation
to the experimental data. Only initial rates, ko.

were, therefore, considered. A method12 of finding
the initial rate is to plot xlt against x (x being the
number of moles per litre of chlorine consumed)
and to extrapolate to x = O. Satisfactory linear
plots were obtained up to 50-60% of the reaction,
and the estimated probable errors in ko for various
runs were within 3%.

Three oxidizing species, C12, HOCl or OCl-,
and Cli, exist in aqueous solution of chlorine, the
relative concentrations of each depend upon the
concentration of chlorine solution, H+ and Cl­
(ref. 13). The initial molar concentration of these
species in aqueous solution of chlorine was cal­
culated using a computer programme*. The method
of calculation utilizes the equilibrium constants

*The author wishes to thank Mr Robert A. Silverman of
the Chemistry Department, University of Maryland, for his
help· in writing computer programme.
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TABLE1 - DEPENDENCEOF THE OXIDATIONRATEON THECONCENTRATIONOF CHLORINEMOLECULE

{[Isopropyl alcoholJo= O·2000M, tL = O'401~f}

[qXJo

103[C12Jo103[ROCIJo103[O-J 0105ko102k' 2102kapp
M

MM1VI sec-lM-l sec-lM-l sec-l

°r
8-47416·3016·2810·802·186,4

O· 166
3·95312·6412-635,001·516,3

o· 099
1·2628·6368,6351·550·7836·2

o· 083
0·81987·4797-4791·050·6336,4

o· 066
0·45476·1456·1450,5800·4396·4

Av: 6·3 ± 0·1

TABLE2 - INITIALRATESIN THE PRESENCEOF
INORGANICSALTS

35·8
35·1
79·8
24·2
19·4
14·23
17'54

Sa.lt
M

0·050
0·050
0·050
0·050
0·050
0·100
0·100

0·100
0·210
0·320
0·075
0·050
0·100

[SaltJ
1\1

{[Isopropyl alcoholJo= Q'0332M; [OXJo= O'0078M;

[J. = 0-40M}

107ko Salt
M sec-l added

13·3 SrCl2
42·0 BaCl2
50,8 ZnCI2
58·6 CdCl2
54,0 AICl3
40'9 NaF
70'0 KR2P04

Salt
added

NaCI
NaCI
Na.Cl
KCI
Mg02
CaC12

From the slope of linear plot the value of kC1,
has been found to be 6·28 X 1O-2M-I see1, which
agrees well with the value of kapp shown in Table 1.
The intercept of linear plot indicates that kHOCI
is 7·8 X 10-4Ai-1 seeI. Thus kCI, ~ kHOCI.

Effect of varying ionic strength - The effect of
varying [sodium perchlorate] on the reaction rate
has been studied and the results indicate that the
initial rate ko is not very sensitive to the changes
in ionic strength.

Effect of added inorganic salts - The effect of
some salts on the reaction rate was also studied
at [L = 0·4M(NaCI04). The data in Table 2 indi­
cate that mono-, di-, and tri-valent metal chlorides
in general enhance the rate manyfold. Zinc chloride,
for example, increases the rate by about six fold.
F- and H2P04 ions alsoacceJerate the reaction.

Effect of chloride ion - The results of such experi­
ments are given in Table 3.

The plot of k~{B+[CI-]o+K3[CI-m against [CI-]o
is linear from which we conclude that Cig species
is kineticallv inactive in this reaction. The slope
of the linear plot has been found to be 3·04 X 10-2
M-lsecl. These observations are consistent with
the rate law (6).

-!d[~~2Jo = k~pp[isopropyl a1coholJo[Cl2Jo ... (6)

for the reactions (1 and 2) at various temperaturesl4•
Kh

o ~ HOCl+H++Cl- ... (1)
K 3

C12+ 1- ~ Cl3 ... (2)

The i put data consist of the molar concentrations
of st ichiometric chlorine, chloride, and acid* and
the 0 tput data include the molar concentrations
of th species C12, HOCl, CIs, H+, and Cl- in
aque s solution of chlorine.

Th reaction is first order each with respect to
(oxid ntJ and [isopropyl alcoholJ, indicating a
secon order rate law. The results are summa­
rized in Table 1.

In rder to find out the effective oxidizing chlorine
speci s, the value of ko/[chlorine species Jo have
been alculated. The constancy of apparent second
order rate constant {kapp= ko/[Cl2Jo [isopropyl
alcoh IJo} (Table 1) strongly suggests that chlorine
mole Ie is the principal oxidizing species.

Th value of the rate constant kapp, appropriate
to th law (3)

-d~t 2JQ = kapp [Isopropyl alcoholJo [CI2Jo '" (3)

was ound to be 6·3 ± 0·1 10-?M-l seel at 35°.
Co sidering that the three oxidizing species in

aque us solution of chlorine are C12, HOCI and
CIs. hen k~ can be written as

k' [CI2Jo k [HOCIJo k [CIgJo
2 ,== CI, (OXJ~+ Hoc'lo:X:k+ CI;[OXfo ... (4)

As uming that the ratio of CIs to aqueous
chlor ne, and the [H+J remains constant during
the action, the Eq. (4) reduces to
k~{B . [CI-Jo+K3[CI-m = kCl,[Cl-Jo+kHOCIB

+KC1;K3[CI-J5 ... (5)

Wherf B = Kh/[H+Jo·

W en the quantity k~{B+(CI-Jo+K3[CI-m is
plott d against [CI-Jo' a linear plot is obtained
whic . suggests that t~e cont.ri~)Utio~ of the third
term III the Eq. (5) IS negl1glble; l.e. kCl,~kCl~'

[INaCIJ
M
·004
·010
·020
·030
·050

TABLE 3 - DEPENDENCE OF THE RATE ON THE CONCENTRATION OF ADDED [CI-]

{[Isopropyl alcoholJo = 0'2000M; [OXJo = 0'0099M; 11. = 0'40M}

103[C12J0 103[ROCIJo 103[0-Jo 105ko 102k;
M 1\1 M J'r,1 sec-l M-l seel

1·638 8·259 1·226 0,905 4'57
2·11 0 7·783 1·778 1'20 6.06
2·727 7-160 2·715 1·50 7,58
3·202 6·677 3,666 1'85 9,34
3·897 5,963 5·592 2·32 11.72

Av:

2'8
2'9
2'8
2'9
3·0

2·9 ± 0'1

*Fdr the system in which no chloride or acid was added, the concentration of chloride and acid are taken to be 1·0 xl 0-6M.
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TABLE 4 ~ INITIAL RATE AS A FUNCTION OF [SILVER
NITRATE]

{[Isopropyl alcohol]o = 0'0332211; [OX]o = 0'0078211;

f1. = 0·40M}

Effect of silver nitrate - In order to reduce the
[Cl-J, kinetic experiments were carried out in the
presence of varying [AgN03J and the results are
summarized in Table 4.

Although de la Mare and coworkers15 conducted
their experiments in the presence of an excess silver
perchlorate to minimize the [CI-J, Shilov et al.I6
stated that dissolved AgCl actually acts like chloride
ion, and hence is a source of Cl- for the formation
of C12•

If the reaction in the presence of silver nitrate
is due to dissolved AgCl, which is probably com­
pletely dissociatedI7, the rate should vary with
the [Ag+J. The results show that the initial rate
varies 4irectly with [Ag+J until the concentration
of AgNOa and total oxidant are nearly equal.
Thereafter, there is a sharp increase in the rate.
These observations also support the view that the
reaction actually involves chlorine molecule.

Effect of varying [H+J- The results of such
kinetic experiments are summarized in Table 5.
kapp is independent of [H+J at lower acid concentra­
tions, but varies directly with [H+J at higher [acidJ.

I solation of isopropyl hypochlorite - Several investi­
gators isolated the hypochloritesof primary, secon­
dary and tertiary alcohols18-20• We observed that
when concentrated chlorine water and isopropyl
alcohol were shaken in the presence as well as in
the absence of catalyst with carbon tetrachloride,
or benzene in a separating funnel, the solvent layer
became yellow at once, and the colour deepened
as the shaking continued for about 1 min. Prior
to these experiments, when the chlorine solution
was shaken with the solvent alone, the solvent
layers changed to faint yellow but in the presence
of alcohol the colour deepened.

In some experiments the chlorine solution was
shaken with NaHCOa in presence of CC14or benzene,
and then isopropyl alcohol and perchloric acid,
or silver nitrate, or sodium chloride was added.

0·000 0·002 0·004 0·008 0·010
13-3 13-4 14·2 15·2 18·1

KUDESIA & MUKHERJEE: REACTION OF ISOPROPYL ALCOHOL WITH AQUEOUS CHLORINE

On shaking, the solvent layers develop bright
yellow colour. The colour stays for a longer time
at low pH. All these observations suggest that
the oxidation of isopropyl alcohol proceeds via
hypochlorite ester, and the chlorine molecule is
responsible for hypochlorite formation. However,
the contribution of HOCl cannot be ruled out,
because other investigators observed the hypo- .
chlorite ester formation with HOCp9.

Activation parameters - The activation parameters
were calculated using Eyring's absolute reaction
rate theory (Eq. 7) using a non-linear least

kapp = kbTjh exp(-IlHtjRT) exp(IlStjR) ... (7)

squares computer programme*. The value of AHt
is 16·9± 0'6 and 15·5± 0·2 kcal mole-I, and of
A9 is -10±2 and -13 ± 1 e.u., respectively for
the reaction in the absence of added CI- or H+,
and in the presence of added Cl- or H+.

Discussion

Although the present kinetic experiments were
carried out with excess of alcohol, it is suspected
that the chlorination of the primary product,
acetone is still appreciable because the rate of
chlorination of acetone is about 107 times faster
than the rate of reaction of chlorine with isopropyl
alcohol. In the presence of added chloride or
perchloric acid the chlorination of the primary
product, acetone becomes a serious side reaction.
Due to these complications the rate constants
could not be determined by the application of an
integrated second order rate equation to the experi­
mental data.

Our data strongly suggest that cWorine molecule
is the principal oxidizing species in this reaction.
Similar conclusion was reached by Bell and Yates21
while studying the kinetics of reaction of acetone
with chlorine. Similar observations were also made
for the oxidations of glucose8, ferrous ion22, and
tris-(l,lO-phenanthroline) iron (II) ion23 by aqueous
chlorine.

Mechanism - While discussing the mechanism
of oxidation of alcohols, Waters24 and Stewart25
pointed out that with heterolytic oxidants, the
oxidation generally proceeds via esterification or by
hydride transfer. In both the mechanisms the rate
determining step involves the cleavage of C-H bond.
Consistent with the results of present investigation we
propose an ester mechanism (steps a and b) similar

{AgN031, M
107ko, M sec-1

TABLE 5 - RATE CONSTANT AS THE FUNCTION OF [PERCHLORIC ACID]

{[Isopropyl alcohol]o = 0·1066211;

{HClOJo X 211
105ko, 211 sec-1
105k~a), 211 sec-1

102[H+]o, 211
103[CI2]o, 211
102kapp, 211-1 sec-1

0·01
0·350
0·324

±0·001
1·460
0·604
5·4

0·04
0·725
0·700

±0·009
4·389
1·304
5·2

[OX]o = 0,0052211; f1. = 0·40M}

0·12 0·20
1·30 2·20
1·38 1·89

±0·03 ±0·09
12·30 20·26

2·187 2·626
5·6 7·9

0·25
2·74
2·31

±0·05
25·24

2·813
9-1

0·30
3·40
2·80

±0·09
30·22

2·962
10·8

(a), computer value.

*A detailed description of the programme be obtained from Prof. Gilbert Gordon, Department of Chemistry, Iowa
City, Iowa 52240.

515



H••••:8
I') ~

CH - C-O-CI At

3 JH3

Acknowledgement
The authors thank Prof. Gilbert Gordon for

helpful suggestions. Thanks are offered to the
State CSIR for a research grant on this scheme.

References

1. LIEBEN, L., Liebig's Ann., 104 (1857), 114.
2. LrEBEN, L., Ber. dt. chem. Ges., 3 (1870), 907.
3. FRITZSCH, P., Liebig's Ann., 279 (1894), 288.
4. SHARMA,S. K & KUDESIA, V. P., Acta Ciencia Indica,

1 (1974), 21.
5. CHATTAWAY,F. O. & BACKEBERG,V. G., I Am. chem.

Soc., 125 (1924), 1097.
6. ISRAEL, G. C., MARTIN, J. K & SOPER, F. G., I chem.

Soc., (1950), 1282.
7. ISRAEL, G. c., I chern. Soc., (1950), 1286.
8. LICHTIN, N. N. & SAXE, M. H., J. Am. chem. Soc., 77

(1955), 1875.
9. BERLINER, E., I chem. Educ., 43 (1966), 124.

10. IDDLES, H. A. & JACKSON, C. E., Ind. Engng Chem.,
Anal. Edn., 6 (1934), 454.

11. VOGEL, A., Elementary practical organic chemistry (Long-
mans, Green) 1958, 657.

12. CULLlS,C. F. & LADBURY,J. W., I chem. Soc., (1955), 555.
13. EIGEN, M. & KUSTIN,K, I Am. chem. Soc., 84 (1962), 1355.
14. CONNICK,R E. & CHIA, Y., I Am. chem. Soc., 81 (1959),

1280.
15. DE LA MARE, P. B. D., KETLEY, A. D. & VERNON,C. A.,I chem. Soc., (1954), 1290.
16. KUPINSKAYA,G. V. & SHILOV,E. A., Dokl. Akad. Nauk.

SSSR, 131 (1960), 570.
17. RIDD, J. H., Ann. Repts chem. Soc., London, 58 (1961),163.
18. CHATTAWAY,F. D. & BACKEBERG,O. G., I chem. Soc.,

123 (1923), 2999.
19. TAYLOR, M. c., MACMULLIN,R B. & CAMMAL,C. A.,.I Am. chem. Soc., 47 (1925), 395.
20. ANBAR,M. & GINSBERG,D., Chem. Rev., 54 (1954), 1927.
21. BELL, R P. & YATES, K, J. chem. Soc., (1962), 1928.
22. GRABTREE, J. H. & SCHAEFER,W. P., Inorg. Chem., 5

(1966), 1348.
23. SHAKHASHIRI,B. Z. & GORDON,GILBERT, Inorg. ChBm.,

7 (1968), 2454.
24. WATERS, \V. A., Mechanism of oxidation of organic com­

pounds (Methuen, London), 1964.
25. STEWART,R, Oxidation mechamsm aPPlications to organic

chemistry (W. A. Benjamin Inc., New York). 1964.
26. HOLLOWAY,F., COHEN, M. & WESTHEIMER, F. H., I

Am. chem. Soc., 73 (1951), 65.
27. CHATTERJI,A. C. & MUKHERJEE, S. K, Z. physik. Chem.,

228 (1965), 159, 166.
28. DENO, N. C. & POTTER, N. H., J. Am. chem. Soc., 89,

(1967), 3555
29. DENO, ~. C. & POTTER, N. H., I Am. chem. Soc., 89

(1967), 3550.
30. BELL, R P. & GELLES, E., I chem. Soc., (1951),2734.
31. AROTSKY,J. & SYMONS,M. C. R, Q. Rev., 16 (1962),282.

INDIAN J. CHEM., VOL. ISA, JUNE 1977

in breaking the bond between chlorine atoms as
shown in Eq. (10),

r[ HJ+"I

Cl2 ZnCl2 I s/ I -H+

SH ~ SHCl2 -->- 1 "Cl I --+ SCI ... (10)
'L ZnClii j

A linear plot has been obtained by plotting a
double reciprocal plot of l/rate versus 1/ZnC12,
confirming the above mechanism.

The sharp increase in rate in the presence of
Ag+ ions may perhaps be due to the affinity of At.

H
I +_

.CH3-1-O-CI+H +CI ... (al
CH3

to tHat reported for chromic acid oxidation26,27.

H
I tQpid

cH3rl-0H+cI2 -

I CH)

H¥":B
I) ~ slow + -
C-O-CI --+8H +CH3-C=0+ CI ... (blI I
CH3 CH3

B is a proton acceptor. Here the rate
dete ining step (b) involves the abstraction of
prot n from the secondary C-H bond by a base.
In t e oxidation of alcohol and ethers by aqueous
bro ine, Deno and Potter28,29 have suggested
the ormation of ester as an intermediate.

In. the absence of added [Cl-J or perchloric acid,
smal percentage of monochloroacetone is formed
beca se the [H+J produced in step (a) are utilized
for nolization of acetone. Further, the aqueous
solu .'on of chlorine which initially contains both
chlo ine and hypochlorous acid helps the reaction
to oceed chiefly according to Scheme 1.

CHa)2CHOH + Cl2 -+ (CHS)2CO + 2HCI
2HCI + 2HOCl-.. 2Cl2 + 2H20 (fast)

CHa)2CHOH + 2HOCl-.. Cl2 + (CHa)2CO + 2H20
Scheme 1

° ly a small percentage of isopropyl alcohol
is 0 idized by hypochlorous acid directly. Under
thes conditions oxidation of the primary product
acet ne then proceeds to give monochloroacetone.

E periments carried out under such conditions
hav the advantage that as long as hypochlorous
acid is present, no Cl- or H+ accumulates during
the eaction. This has been verified by measuring
thepR of the reaction mixture, which remains
cons ant during a run.

K etic evidence for the existence and parti­
cipa ion in chlorination of H20Cl+ or Cl+ has been
pro ded by Bell and Gelles30 who concluded that
the quilibrium constant for the cation Cl+ (aq)
is t small for the species to exist in appreciable
cone ntrations in water. The corrected values of
the quilibrium constant as given by Arotsky and
Sym ns3! also lead to the same conclusion. Appa­
rent , the participation of Cl+ as kinetic inter­
med' te is unlikely.

P chloric acid functions in two ways in this
rear .on: (a) it suppresses the hydrolysis of chlorine
whic in turn increases the concentration of chlorine
mole ule, and (b) it increases the enolization rate
of a tone. In the presence of higher concentrations
of erchloric acid the reaction of acetone with
chlo 'ne is appreciable.

T e chloride ions enhance the rate because they
displ ce the hydrolytic equilibrium of chlorine
to t e left. We notice that zinc chloride enhances
the . itial rate manyfold. This salt has a tendency
to ydrolyse. One possible explanation for the
incre se in rate is that the [H+J produced by hydro­
lysis enolize acetone, which in turn increases the
perc ntage of acetone. Another possibility is that
the chlorine molecule forms complex with the
subs rate, and then the Lewis acid (ZnCl2) assist
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