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Kinetics of oxidation of potassium thiocyanate by the oxidant chloramine-T (CAT) in
presence of NaOH has been studied at 30 °C. At low substrate concentrations, the approxi-
mate rate law is, —d[CAT]/dt = k[CAT][KNCS]/[NaOH]2. At higher substrate concen-
trations, the rate law simplifies to, —d[CAT]/dt = k[CAT]/[NaOH]. Ionic strength and
addition of p-toluene sulphonamide have negligible influence on the rate. The rate of
reaction decreases in D30 medium and the value of the inverse solvent isotope effect,
ku,0/kp,0 is 0.46. The reaction has been studied at different temperatures and the

activation parameters have been calculated.

Introduction

Sodium N-chloro-4-methyl benzene sulphonamide,
p-Me-Ce¢H4SO2NCINa - 3 H:O, commonly called
chloramine-T (CAT), behaves as an oxidising agent
in both acidic and alkaline media. The oxidation
potential of the CAT-sulphonamide system is pH
dependent [1] and decreases with increase in pH of
the medium. Although CAT has been widely used
as a volumetric reagent in the determination of a
variety of compounds, very few kinetic studies of
these reactions are reported. The decomposition of
H:02 by CAT in the presence of HCl was the first
reaction to be kinetically investigated by Coull and
coworkers [2]. Recently, kinetics of chlorination
of p-cresol [3], oxidation of glycerol [4], Os(VIII)
catalysed oxidation of a-hydroxy acids[5], oxidation
of ketones [6-8], aldehydes [9], sugars [10], alcohols
[11-13], aminoacids [14, 15], dimethyl sulphoxide
[16] and EDTA [17] have been reported. As a part
of our mechanistic investigations of oxidation
reactions of chloramine-T [11, 15, 16], we have
studied the kinetics of oxidation of KNCS in
aqueous solution by CAT. The reaction was rapid
for rate measurements in acid and neutral solutions
and hence the kinetic runs were made in alkaline
medium (~10-2-10-3 M NaOH).

Sant [18] has reported the oxidation of thio-
cyanate ion with H2O2 in sulphuric acid medium.
Wilson and Harris [19] have shown that the rate is
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first order each in [H2O:] and [NCS-] and is in-
dependent on [H+] in the range 4 <pH <12. How-
ever, in the presence of 0.05-1.3 M HClOs, the rate
[20] is directly proportional to [H+]. Similar results
have been obtained by Csanyi and Horvath [21].
Briot and Smith [22] have oxidised NCS- ion with
aqueous iodine in the pH range 9.2-12.5. The re-
action is general base catalysed with an order unity
with respect to [NCS-], [Is~] and [OH-]. A strong
inhibition of rate by iodide ion has been noted.
Kinetics of oxidation of NCS- ion by Cr(VI) [23],
V(V) [24], and Bi(V) [25] in acid medium has been
reported.

Experimental

All solutions were prepared in triply distilled
water. E. Merck KNCS was purified, and its
aqueous solution (~1 M) was standardised by the
argentometric method. Chloramine-T (E. Merck)
was purified by the method of Morris et al. [26]. An
approximately decimolar aqueous solution of this
compound was prepared and standardised by the
iodometric method. All other reagents were of
accepted grades of purity. The ionic strength was
kept constant at a high value by use of a concentrat-
ed solution of sodium perchlorate. Heavy water
(99.4%, D20) for solvent isotope effect studies was
supplied by the Bhabha Atomic Research Centre,
Trombay, India.

The reaction was carried out in a glass stoppered
Pyrex boiling tube. Requisite amounts of thio-
cyanate solution, NaOH and NaClOy4 solutions and
water (to keep the total volume constant for all
runs) were taken in the tube and were thermostated
at 30 °C. A measured amount of CAT solution also
thermostated at the same temperature was added
to the mixture in the boiling tube. The progress of
the reaction was followed for two half lives by
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iodometric estimation of unreacted CAT in a
measured aliquot of the reaction mixture at various
time intervals. The pseudo first order rate constants
calculated were reproducible to + 39,

Stoichiometry

Reaction mixtures containing excess CAT over
KNCS were kept at room temperature (27 + 3 °C)
in the presence of 10-2 M NaOH for 24 h. Estimation
of the unchanged CAT showed that one mole of
KNCS consumed four moles of CAT:

NCS- + 4 Me-C¢H4SO2NCINa + 5 HoO —
4 Me-CsHsSO:NH: 4 SO4= 4+ CNO- +
2 H+ 4 4 NaCl

The presence of sulphate [27] and cyanate ions
[28] among the reaction products was detected by
the conventional tests. Paper chromatography was
used to identify the sulphonamide (R;=0.91).
Benzyl alcohol saturated with water was used as
the solvent with 0.5%, vanillin in 19, HCI solution
in ethanol as spray reagent.

Results

a) Low substrate concentration (0.0025-0.02 M )

With a stoichiometric excess of [KNCS], plots of
log [CAT] vs. time are found to be linear indicating
first order dependence on [CAT] (Fig. 1 and Table I).
The first order k values are sensitive to variations
in substrate concentration (TableI). A plot of
logk; vs.log [NCS—]o gives a straight line with a slope
of 0.86, indicating fractional order dependence of
rate on [KNCS] (Fig. 2). Alkali retards the rate
(Table II). A plot of log ki vs. log [OH-] gives a
straight line of slope —1.9 (Fig. 3). Changing the
ionic strength of the medium or addition of the
reaction product, p-toluene sulphonamide (RNHy)
haslittle influence on the rate of reaction (Table ITI).

The reaction was carried out at different tem-
peratures (30-50 °C). The kinetic parameters are:
E. = 63.2KJ mole!; log A = 5.8; AHT =
60.7 KJ mole-l; AS*¥ = —69.0JK-1; AGT =
81.9 KJ mole-1.
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Fig. 1. First order rate plots at 30 °C for the reaction of
potassium thiocyanate with chloramine-T.
Scale A: [KNCS]p = 0.01 M; [NaOH] = 0.01 M;
u = 0.5M; [CAT]o, (a) = 0.003 M; (b) = 0.004 M;
(¢) = 0.005 M.
Scale B: [KNCS]p = 0.1 M; [NaOH] = 0.01 M;

= 0.5 M; [CAT]o, (a’) = 0.003 M; (b’) = 0.004 M;
(¢’) = 0.005 M.
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Fig. 2. Plot of log k; against log [KNCS]p.
[CAT]o = 0.004 M; [NaOH] = 0.01 M; x4 = 0.5 M;
temp.: 30 °C.

Table I. Kinetics of oxidation of

103 [CAT]o 102 [KNCS]o 10k 103[CAT]o 102[KNCS]o 104k potassium thiocyanate by chlor-
amine-T.

M M sec—1 M M sec-1 [NaOH] = 0.01 M; u = 0.5M;
2.0 1.0 4.02 4.0 0.25 1.28 gy 041

3.0 1.0 3.98 4.0 0.50 2.11

3.5 1.0 4.16 4.0 1.00 4.03

4.0 1.0 4.03 4.0 1.50 5.76

5.0 1.0 4.13 4.0 2.00 6.26
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Table II. Effect of sodium hydroxide concentration on
the raction rate. [KNCS]p = 0.01 M; [CAT]o
0.004 M; u = 0.5 M; temp.: 30 °C.

Tab. ITI. Effect of ionic strength and p-toluene sul-
phonamide on the reaction rate. [CAT]p = 0.004 M;
[KNCS]o = 0.01 M; [NaOH] = 0.01 M; temp.: 30 °C.

103 [NaOH] 104 kg u 104 ky 103 [PTS] 104 k;

M sec-1 M sec1 M sec1
5.0 13.34 0.25 4.34 0.0 4.03
7.0 7.68 0.50 4.03 7.5 4.70

10.0 4.03 1.00 4.01 10.0 4.94

12.0 2.66

15.0 1.85 b) High substrate concentration (0.1-0.4 M)

204 Lald With the substrate in large excess, the rate is
first order in CAT (Table IV and Fig. 1). The pseudo
first order rate constants are insensitive to [KNCS]
(Table IV) and hence the rate is independent of

- substrate concentration. The rate decreases with
55l : [OH-] (Table V) and a plot of log k; vs. log [OH-]
gives a straight line of slope-1 (Fig.3). Ionic
18k strength variations and addition of RNH; have no
effect on the rate. Similarly, the effects of neutral
S16k salts, NaCl and KCl on the rate of reaction are
g small (Table VI).
w 14
Table V. Effect of sodium hydroxide concentration on
12) s the reaction rate. u = 0.5M; [KNCS]p = 0.1 M;
[CAT]p = 4 X 10-3 M; temp.: 30 °C.
10t Y 103 [NaOH] 104 Iy
08 i i i i a, i M sec™1
: 06 08 10 _ 12 14 16 18 5.0 6.91
3+log [OH] 10.0 3.84
Fig. 3. : -1 20.0 1.92
(CATYy = 0.004 M 1 = 0.5 M. srmp. 30 °C. 3.0 150

(a) [KNCS]p = 0.01 M; (b) [KNCS]o = 0.1 M.

Table IV. Kinetics of oxidation

103[CAT]o 10 [KNCS]o 104k 103 [CAT]o 10 [KNCS]p 104k, ; :
M M sec-1 M M soc-1 ((3)}f1 loggf:isig.% thiocyanate by
3.00 1.0 3.59 4.0 1.5 3.77 fempf’;%%}‘ 5 [NaOH] = 0.01 M;
3.25 1.0 3.70 4.0 2.0 3.74

3.50 1.0 3.77 4.0 2.5 3.74

3.75 1.0 3.80 4.0 3.0 3.77
4.00 1.0 3.84 4.0 4.0 3.88
4.25 1.0 3.85 - - s
4.50 1.0 3.92 = — us
5.00 1.0 3.97 - = =

Table VI. Effect of neut 1ts

u M 104y 10 [NaCl] 104k, WIRE S0 o g olnouilen
(PTS, M) sec1 M sec-1 M sec™1 [CAT]o = 0.004 M;

0.50 3.84 0.0 2.69 0.0 2.69 %ﬁg}g]]" — 8'3}“ M:

(0.000) 3.84 0.2 3.00 0.2 3.01 tom.: 30 °C.

0.75 3.83 0.4 3.01 0.4 3.26 )

(0.005) 3.15 0.6 3.01 0.6 3.39

1.00 3.97 0.8 3.04 0.8 3.45

1.50 4.30 1.0 3.07 1.0 3.52




D. S. Mahadevappa et al. - Kinetics and Mechanism of Oxidation of Thiocyanate Ion 55

The reaction was studied in D:O medium. The
values were, (ki)ppo = 1.76 X 10-4sec! and
(k1)H20 = 3.84 X 10-4secl. The inverse solvent
isotope effect was therefore 0.46.

The reaction was carried out at different tem-
peratures. The activation parameters are: E, =
66.5 KJ mole—1;log A=6.09; A H* =64.0 KJ mole1;
ASF = —64.4 JK-1; AG* = 83.5 KJ mole1.

Discussion

Chloramine-T (RNCINa where R = p-CH3-CH4S02)
is a strong electrolyte [29] and the anion RNCI- can
be protonated in aqueous solution by mineral acids
to give RNHCI. Hydrolysis of RNHCI yields HOCI
in neutral solution, while its disproportionation
produces dichloramine-T (RNCly). In aqueous
alkaline solutions of the oxidant, HOCI and RNCl:
do not exist but the reactive species are chlor-
amine-T itself, NaOCl and RNHCI. During kinetic
investigations on the oxidation of thioanisoles by
CAT, Dell’erba and Spinelli [30] observed a re-
tarding influence of OH- ions on the rate and
suggested that RNHCI is the main oxidising species
in alkali retarded chloraminometric reactions. This
observation has been confirmed by Bernanose and
Simon [31] and Mushran and coworkers [5, 6, 9, 14].
Scheme I has been proposed to account for the
observed Kkinetics under low substrate concentra-
tions.

I Y
H-N=C-S 4+ CINHR
vy vy Iy
H-N=C=S-CI-NHR
o Y -
N=C-S-Cl + CI-NHR ;s N=C-S-Cl
1

OH

H,0 I

(&)
N=C-S-Cl1 M, : o N= C—|S—Cl

Cl Cl

2 RNHCI /0

804=+ N=C-0- <—p 5— N=C-§

RNH- 4+ H20
Scheme II.

> RNH; + OH-

\o —CF

k

NCS- + H:0 == HNCS + OH- (i
k-y slow equilibrium
ko N\ i

RNCI- + H,0 R RNHCI + OH- (i)
kg slow equlibrium
k.

HNCS + RNHCl —> X (iii)

slow and rate determining

3 RNHCI
X ——]

» products (iv)

fast
Scheme 1.

Assuming steady state for the intermediate species
HNCS and RNHCI and making the reasonable as-
sumption that k_1k_o[OH-]2>k_2ks[RNHCI]J[OH-],
the rate of disappearance of CAT can be shown as

— d[CAT]/dt = 1)
ki ko ks [HoO]2[CAT][KNCS]
k_1k_2[OH-]? + k; ks [KNCS][Hz0]

Since kg3 is small,
— d[CAT]/dt = (2)
kikaks[H20]2[CAT][KNCS]
k1 k 2[OH-]2

or
— d[CAT]/dt = (3)
k’[CAT][KNCS]
[OH]?

in agreement with experimental results.

» H-N=C=S-CI-NHR (1)

—H+
———» N=C-8-Cl + RNH- (ii)

(iii)

(iv)
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The fractional order dependence on [KNCS] and
[NaOH] can be explained by equation (1). A plot of
1/k; vs. 1/[KNCS]o at constant [NaOH] gives a
straight line with an intercept showing the forma-
tion of a complex between the oxidant and the
substrate [Step (iii) of Scheme I]. The negligible
influence of ionic strength, the moderate energy of
activation and the negative entropy of activation
support Scheme I. A mechanism of oxidation is
given in Scheme II. Since RNHCI is a strong
electrophile, an attack at the sulphur site produces
the reaction intermediate [Step (i) in Scheme II],
which subsequently reacts through fast steps.

When the substrate is in large excess, it is
interesting to note that the rate of reaction is
independent of [KNCS] and the experimental rate
law is,

— d[CAT]/dt = k[CAT]/[NaOH] (4)
A similar observations has been made by Smith and
Habeeb [25] in the oxidation of thiocyanate by

Bi(V). Assuming that RNHCI is still the reactive
species, Scheme III can be proposed.

k.
Cl+ 4+ KNCS 2> X (iif)
fast
3 Cl+ .
X > products (1v)
fast
Scheme III.

Assuming steady state conditions for RNHCI
and with the reasonable approximation that
k_1[NaOH] > ko [H20], rate law (5) can be derived
in agreement with experimental results.

ki [CAT] [H20
— d[CAT]/dt = %1[1\137[6‘1{2]_] N5
k’[CAT]/[NaOH]

A mechanism of oxidation is given by Scheme IV.
It envisages an electrophilic attack on NCS-ion by
the chlorinium ion formed as in Orton rearrange-
ment [32] and the reaction intermediate (N=C-S-Cl)
undergoes further reaction in rapid steps.

The rate of reaction decreases in D20 medium.
The active species is now RNDCI formed in an
equilibrium reaction (Step (i) of Scheme II), where
DO- is also present. So the inverse solvent isotope

k = i
RNCINa + Hy0 = % RNHCI + NaOH () effect (kpzo / k.Hzo O.46)_can be correlated W1Eh'the
ko slow equilibrium greate.r b‘izsxmty of DO compared to HO ion,
RNHCI k20 » RNH, + CI+ 4 OH- (i) resul'tmg in a greater retardation of rate in D-O
H20 glow and rate determining medium.
Cl+ + NCS- > N=C-S-Cl; (1)
®
N=C-8-ClI + CI+ > N=C-S-Cl; (ii)
Cl
OH (O)
@ H>0 —H+ | :l
NEC—T—CI > NEC—Sl—Cl > NEC—IS~CI (iii)
Cl Cl Cl<l
—ClI-
Y
(0]
2 Cl+ 0  H0 I
$04= + N=C-0- ~—f.5— NEC—S< ~—g— N=C-5-Cl
2 0 ==

Scheme 1V.

[1] A. R. V. Murthy and B. S. Rao, Proc. Indian
Acad. Sci. 35, 69 (1952).

[2] J. Coull, H. B. Hope, and B. Gougell, J. Am.
Chem. Soc. 57, 1489 (1935).

[3] T. Higuchi and A. Hussain, J. Chem. Soc. B 1967,
549.

[4] K. Weber and F. Valic, Z. Phys. Chem. 238, 353
(1968).

[5] S. P. Mushran, M. C. Agrawal, and B. Prasad,
J. Chem. Soc. B 1971, 1712.

[6] S. P. Mushran, R. Sanehi, and M. C. Agrawal,
Z. Naturforsch. 27h, 1161 (1972).

[7] A. K. Bose, R. Sanehi, and S. P. Mushran,
J. Indian Chem. Soc. 50, 197 (1973).

[8] H. M. K. Naidu and D. S. Mahadevappa,
Monatsh. Chem. 109, 269 (1978).



D. S. Mahadevappa et al. - Kinetics and Mechanism of Oxidation of Thiocyanate Ion 57

[9] M. C. Agrawal and S. P. Mushran, Z. Naturforsch.
27h, 401 (1972).

[10] M. C. Agrawal and S. P. Mushran, J. Chem. Soc.
1973, 762.

[11] D. S. Mahadevappa and H. M. K. Naidu, Aust.
J. Chem. 27, 1203 (1974); 28, 899 (1975); Indian
J. Chem. 14 A, 808 (1976).

[12] S. P. Mushran, R. M. Mehrotra, and R. Sanehi,
J. Indian Chem. Soc. 51, 594 (1974).

[13] V. Balasubramanian and V. Thiagarajan, Aust.
J. Chem. 29, 1449 (1976); Int. J. Chem. Kinetics
7, 605 (1975).

[14] A. Kumar, A. K. Bose, and S. P. Mushran,
Monatsh. Chem. 106, 13 (1975); J. Indian Chem.
Soc. 58, 755 (1976).

[15] N. M. M. Gowda and D. S. Mahadevappa,
Monatsh. Chem., in press.

[16] D. S. Mahadevappa, M. B. Jadhav, and H. M. K.
Naidu, Int. J. Chem. Kinetics (in press).

[17] R. Sanehi, R. M. Mehrotra, and S. P. Mushran,
Z. Naturforsch. 28b, 483 (1973).

[18] B. R. Sant, Naturwissenschaften 44, 180 (1957).

[19] I. R. Wilson and G. M. Harris, J. Am. Chem. Soc.
82, 4515 (1960).

[20] I. R. Wilson and G. M. Harris, J. Am. Chem. Soc.
83, 286 (1961).

[21] L. J. Csanyi and G. Horvath, Acta Chim. Acad.
Sci. Hung. 34, 1 (1962).

[22] G. T. Briot and R. H. Smith, Aust. J. Chem. 26,
1863 (1973).

[23] U. Muralikrishna and K. U. Bapanaiah, Indian
J. Chem. 12, 880 (1974).

[24] U. Muralikrishna and K. U. Bapanaiah, Z. Phys.
Chem. 256, 225 (1975).

[25] M. H. Smith and J. J. Habeeb, J. Chem. Soc.
Dalton 1973, 461.

[26] J. C. Morris, J. A. Salazar, and M. A. Wineman,
J. Am. Chem. Soc. 70, 2036 (1948).

[27] F. Feigl, Spot Tests in Inorganic Analysis, p. 315,
Elsevier, Amsterdam 1958.

[28] E. A. Werner, J. Chem. Soc. 123, 2577 (1923).

[29] E. Bishop and V. J. Jennings, Talanta 1, 197
(1958).

[30] C. Dellerba and D. Spinelli, Ric. Sci. A. 7, 456
(1964).

[31] A. Bernanose and J. Simon, Bull. Soc. Pharm.
Nancy 24, 6 (1955).

[32] E. S. Gould, Mechanism and Structure in Organic
Chemistry, p. 650, Holt, Rinehort and Winston,
New York 1959.

[33] K. B. Wiberg, Chem. Rev. 55, 713 (1955).



