Polyhedron  Vol. 1, No. 7-8, pp. 611-615, 1982
Printed in Great Britain.

0277-5387/82/070611-05503.00/0
Pergamon Press Ltd.

THE KINETICS OF THE COPPER(II)-IODINE(-I) REACTION IN
THE PRESENCE OF CHLORINE(-I) IONS

J. READMAN and D. A. HOUSE*
Department of Chemistry, University of Canterbury, Christchurch, New Zealand

(Received 9 November 1981)

Abstract—The kinetics of the reaction between Cu(II) and I” to give Cu(l) and I, have been investigated in
acidic solution in the presence of high chloride ion concentration (x =3.13M). Under such conditions the
precipitation of Cul is avoided. The rate of I, production was followed using a “clock” technique, by addition of
increments of thiosulphate and noting the time of appearance of the blue I,-starch complex. At a constant chloride
ion concentration 1500 times that of the initial [Cu®*}, the reaction is second order in both Cu?* and I, and is
independent of [H*). The rate is almost independent of {C1"], but Cul precipitates when the initial [C17] is less than
750 times that of the initial [Cu®*]. The rate constant in the expression: Rate = k,JCu?**[I"J* has a value of
5.6x10°M~s™"'at298.2 K ([C1") = 2.73 M, p = 3.13 M) with activation parameters: E, = 548 kI mol~', log PZ = 14.347
and AS$; =21.4 K~! mol™". The rate determining step is characterised by a large positive salt effect and a mechanism

is proposed consistent with these observations.

INTRODUCTION

The reaction between Cu®* and I” is used extensively
in the iodometric analysis of Cu(ll)'. As the [I7] is
reduced, the reaction occurs at a conveniently measur-
able rate.>* Previous kinetic studies have been com-
plicated by the precipitation of Cul, which gives rise to
the characteristic autocatalytic behaviour of an hetero-
genous system, and reaction orders are not well
established. To avoid these difficulties, we have in-
vestigated the kinetics of the reaction in the presence of
excess chloride ion which effectively complexes the
Cu(l) product and the system remains homogeneous.

EXPERIMENTAL

Stock solutions of CuSO, (2.06%102M), Nal (0.123 M),
HCIO, (2.11M), NaCl (5.00 M), Na,S,0; (205x1072M) and
NaClO, (2.0 M, 5.0 M) were prepared and standardised by con-
ventional volumetric techniques. The “standard run” conditions
were Cu?* (SmL), I (SmL), CI~ (30mL) and starch (freshly
prepared, 1%, 5 mL) to give the following initial concentrations:
[Cu*]1=18Tx10°M, ["1=113x1072M, [H*]=0384M,
[CI']1=273M, and an ionic strength, u =3.13M. All solutions,
except Cu®*, were added to a cylindrical reaction vessel fitted
with a magnetic stirrer and jacketed with circulating water at the
desired temperature. A 5mL microburette containing S,0;>
solution was mounted above the reaction chamber. An ap-
propriate volume of $,0,>~ was added from the burette and, after
temperature equilibration, the reaction was initiated by addition
of the Cu?* solution. The time of appearance of the blue I,-starch
complex was noted, and a further aliquot of S,0,>~ added. The
extent of reaction vs time was thus recorded (Table 1). In much
of the preliminary investigation, the calculated (3/4)-life, (1/2)-life
and (1/4)-life volumes of $,05>~ were used as aliquots. Under the
above conditions, the (1/2)-life for the consumption of Cu?* was
S51+2sat 298.2K.

The use of the “standard run™ conditions allowed a systematic
variation of [Cu¥] (7.49-18.7x107*M), [I] (452-
11.3x107° M), [H*] (0-0.384 M), [CI'] (0.910—2.73 M), and
# (1.31-3.13M), by varying the initial volumes. Appropriate
amounts of NaClQ, solution were added to maintain constant
ionic strength where necessary. At least two, and usually three,
kinetics runs were performed after the variation of any particular
reaction parameter. Replacement of CI~ by Br~ as complexing

*Author to whom correspondence should be addressed.

611

agent resulted in a much faster reaction. Stock solutions used
under these conditions were: [Cu**]=1.01x10"2M, SmL:
[Cu™};=9.16X107*M, [[]=632x102M at u=0.126M,
NaCl0,, SmL: [I"};=230x10>M, [H*]=2.11M, 10mL:
[H'};=0384M, [Br]=5M, 30mL: [Br'};=2.73M and starch
(SmL), [$;0:21=2.07x 102 M, p=3.13M.

RESULTS

Some 100 kinetic runs allowed us to determine the
variation of reaction rate with respect to [Cu®**], [I7],
[H*], {CI"], ionic strength and temperature. In most
cases, the order with respect to a particular reagent was
determined by the fractional life method.’

The reaction rate is independent of {H'] in the range
0.073-0.364 M, and even with no added acid, essentially
the same (1/2)-life is observed (Table 2).

A slight decrease in reaction rate is observed (Table 2)
with decreasing chloride ion in the range 1.36-2.73 M.
Below this value, a more marked decrease is observed,
and with [CI"] < 1.0 M, Cul precipitation occurs. A fur-
ther set of reaction rates were measured in non-standard
conditions (u =4.04 M, NaCiO,), with [CI"] varying
from 3.64-1.82 M. These data (Table 2) confirm that the
rate is independent of [CI™); in the range 2.0-3.6 M and
the small rate variation observed in the 1.0-2.0 M range
may be due to the presence of colloidal Cul. Decreasing
the [CI"] without maintaining constant ionic strength
shows that the reaction is characterised by a marked
positive salt-effect (Table 2).

Table 2 also presents the kinetic data obtained to
determine the variation of rate with respect to [Cu**] and
[I"). The reaction is found to be second order in both
reagents and can thus be represented as:

—d[Cu™] _

dt k[ Cu” TPII'Y

1))
([C1'1=2.73M, u =3.11 M). The order with respect to
[Cu?*] was confirmed® from a linear plot of [Cu®*]™" vs t
obtained from the “standard run” conditions by S,0,>~
vs t data (Table 1). Pseudo-second-rate constants, ks,
M~'s™", were obtained from the slope of such plots and
are presented in Table 3. The fourth order rate constant,



612

J. READMAN and D. A. HOUSE

Tab]e 1. Volume of S,0,2" vs time data for the Cu®*/I"reaction.? T=298.2K, [CI'};=2.73 M, [H*];=0.384 M, =
3.13 M, S,0,3 =20.5 mM, [Cu**]; = 1.87 mM

volume 10%[cu®*] [cu?*17?! (173, ()

$,0,%" 11.3 9.05 6.79 4.52
(mL) (M) (Pj-l) Mean time (s)

0.75 15.9 629 - - - 24.5
1.00 15.0 668 8 11 16.7 50
1.25 14.0 714 - - 34.3 78
1.50 13.1 763 21.6 28.8 54 115
1.75 12.1 826 - 45.3 77.3 151
2.00 11.2 893 41.6 61.7 100.3 220
2.25 10.3 971 55.3 81.7 132.5 -
2.50 9.36 1068 70.3 104 163 -
2.75 8.42 1188 88.6 127.7 195.5 -
3.00 7.48 1337 110 153.3 - -
3.25 6.55 1527 132.3 - - -
3.50 5.61 1782 157.3 221 - -
3.75 4.68 2137 184.6

Hy

k¢ in eqn (1) was then calculated from the initial [I7]
using the expression

k.= kZH—]i_z- 2

The constancy of k4 (Table 3) over a 1.7 fold variation in
[I"] confirms the reaction order established by the frac-
tional life method. Activation parameters’ were obtained
from the variation in k,, using the “standard run” con-
ditions, over the 13-25°C temperature range.

The use of bromide rather than chloride ion as a
complexing agent resulted in a more rapid reaction and,
in contrast to the chloride media, the rate showed a
marked dependence on [Br7]; (Table 4). At the same
initial halide ion concentration of 2.73 M, the reaction is
about 50 times faster in bromide media.

The use of CH,CN as a complexing agent (without
added halide ion) was also investigated. While water-
CH;CN (18%) mixtures were effective in maintaining an
homogeneous medium, the starch-I, indicator complex
could not be used as an indicator. Meaningful orders
with respect to Cu>* and I~ were not obtained (although
the reaction under these conditions is approximately
second order in Cu**) probably because the rate is very
sensitive to [CH,CN].

DISCUSSION
Copper(Il) oxidations of halide or pseudohalide ions
have several synthetic [e.g. (CN), formation] or analy-
tical applications. From a kinetic aspect, the Cu**/CN~
system has been the subject of several investigations®'
as this is an homogeneous reaction in the presence of
excess cyanide ion.
2Cu** + 6CN~ - 2[Cu(CN),]™ +(CN),. 3)
Although the relationship between the order and the
coefficients in eqn (3) is coincidental, Baxendale and
Westcott® found the rate law to have the form

—d[Cv®’]

—dr = k[Cu™*P[CNT*

@

Total volume of reaction mixture is 55 mL.

and a rate determining step of

2Cu(CN);™ - 2Cu(CN),” +(CN), )

was proposed.®
Despite less attention, it is obvious that the Cu>*/I”
system must also be of high order in iodide ion, but the

exact factor has been difficult to determine* because of
the autocatalytic nature of the heterogenous reaction (6)

2Cu** +41-»2Cul | + L. (6)

For this reaction, Kemp and Rohwer® report the rate
law:

d[Cu’”]

= k[CulJ[Cu®* >[I 1*2 ()]

and it is this high power in [I"] that enables the
iodometric estimation of Cu®** to be performed in a
reasonable time.

In the present system, Cu(l) is stabilised in the
presence of CI™ (or Br™) and Cul precipitation is pre-
vented. Precipitation of Cul is also prevented if the [I7]
is sufficiently high'>"* but under these conditions the
reaction rate is too rapid for conventional techniques.

In principle, it should be possible, from a knowledge of
the Cu**/halide ion stability constants'* and the variation
in rate with respect to the halide ion, to estimate which
Cu(IDX2™ species is involved in the rate determining
step. Unfortunately, the results of our calculations are
inconclusive -but it is obvious that Cu®>*, CuX® and
CuX,>~ are unlikely candidates for the active Cu(ID)-
halide species.”* We have chosen CuX, as the reactive
Cu(ll) species in strong halide media to illustrate the
possible mechanism, but CuX;~ cannot be discounted.
CuX, has the :advantage of providing the appropriate
Cu:X ratio for the most stable form of the Cu(l) halide
complex.

The following equilibria fit the observed rate laws and
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are analogous to those proposed for the Cu®**/CN~
system: "’

Cu** +2X " =CuX, ®)
CuX, +I" = CuX,I" )
2CuX,I" > CuX,™ +1,. (10)

The positive salt effect suggests a rate determining step
between two ions of the same charge (eqn 10), and the

choice of equilibria has been made on the basis of
reactants that will. give the least unfavourable elec-
trostatic interactions. We believe that the electron trans-
fer is rate determining rather than substitution of a
coordinated water molecule, as all observations suggest
that such substitution processes are very rapid in Cu(II)
systems.'®

Although Cu(I)-halide complexes are known to be very
sensitive to air oxidation, kinetic runs performed in the
open atmosphere, and under N, were identical. Deli-

Table 2. Variation of rate with respect to initial concentrations. T =298.2K, u=3.13M

Variation of [Cuz"’]i

variation of [171R

2+ c - S
[cu®™]y t; €y fr71; t1 ty
(mM) (s) (8) (mM) (s) (s)
1.87 12.3 49.7 11.3 12.3 49.7
1.50 13.8 53.3 9.05 15.8 60
1.12 20.3 67.7 6.79 22 88.3
0.75 31.5 98.5 4.52 35 150
nd 2.0 2 0.2 1.8 % 0.2 nd  2.1%0.2 2.0%o0.2
Variation of [H']% Variation of ug
+ c - ¢
(w71 ty £y [er7]g u ta
(M) (s) (8) M (M) (s)
0.383 12.5 52.7 2,73 3.13 12.7
0.307 12 51 2.27 2.65 23
0.230 12 51.5 1.82 2.20 55
0.153 11.5 51.5 1.36 1.74 113
0.077 11.8 51.5 0.91 1.29 195
-2 11 53
Variation of [c1” 1R Variation of[C1™J(u = 4.04)%
[Cl_]i teg t;, [Cl-]i tgl
(M) (s) (s) (M) (s)
2.73 12.5 52.6 3.64 20
2.27 13 56 3.18 19.5
1.82 14 63 2.73 20
1.36% 16.3 94 1.82 22.5
a (17, =1.3x 1072 M, [c17]; = 2.73 ¥, (H'] = 0.384 M.
b [cu®]; = 1.87 x 2073, [€17); = 2.73 M, [8']; = 0.384 M.
. c tf is the time taken for the initial concentration to decay
to & of its original value, i.e. at least two half-lives.
d The order, n, with respect to the varied reagent, X,
calculated from the plot of 1ln gs (or 1n tk) vs 1ln [X].1
where the slope = (1-n) [5].
e [cu®); =1.87x100m, (17 =103 %1072y, e1™]; = 2.73 n.
£ fcu®] =187 x 1070y, (17); = 1.13 x 1072 u, (8%, = 0.384 M.
q No added acid.
b [cu®) =1.87 x 1073y, [17]; = 113 x 1072 w, (8%, = 0.384 B,
u = 3.13 M, NaClo,.
3 2

-

[cu®*]; = 1.87 x 10°

M, [1']i =1.13 x 10°° M,

(e*]; = o.

i t; = time taken for the initial [cu?*] to decay to two-fifths

of its original value.

[t
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Observable precipitation of Cul.



614 J. READMAN and D. A. HOUSE

Table 3. Rate constants for the Cu®*/I” Reaction. [CI"};=2.73 M, {H*}; =0.384 M, & = 3.13 M, [Cu**]; = 1.87 mM

T [c?*1,  [17y K2 10%,2 10%, cale.®
o [x] (mp) (m)  (4lsl) (u-3s-1y (=351
25.0 [298.2] 1.87 11.3 6.7, 5.24 5.63
1.87 9.05 4.2, 5.13
1.87 6.79 2.7 5.8g
1.87 4.52 1.3, 6.7,
1.83 11.3 7.0, 5.5g
22.0 {295.2] 1.83 11.3 5.7, 4.46 4.50
19.0 [292.2] 1.83 11.3 4.6, 3.65 3.58
16.0 [289.2] 1.83 11.3 3.74' 2.9, 2.83
13.0 [286.2] 1.83 11.3 2.74 2.1, 2.23
a Estimated from the slope of the linear plot of ECu2+]_1 vs t
(Table 1).
bk, = kz[I’]i'2

0

Calculated from the activation parameters

E. = 54.8 t 2.3 kJ mol~}, log Pz = 14.347,

a
¢ 1 ]

1
AS298 .

=21 :43K?Ymo1™d, ant = 52,3+ 2.2 kI mol”

Table4. Volume of S;0,2~ vs time data for the Cu?*/I” reaction in the presence of bromide ion. [Cu?*); = 9.16 X 10™* M,
[I)=230x10° M, [H*];=0.384 M, & =3.13M,? T=298.2K, [S;0:1=2.07x 102 M

vol.s,0,%" 10f[cu®*] [cu?*77? (Br™3; )
2.73 2.27 1.82 1.36
(mL) (M) ) Mean time (s)
0.8 6.06 1650 4 8 18.5 50
1.0 5.30 1890 - - - 100
1.1 4.92 2030 - - - 157
1.2 4.54 2200 - - - 205
1.3 4.17 2400 - - 59.5 -
1.4 3.79 2640 - - - 258
1.5 3.42 2920 18 37 104.5 -
1.6 3.05 3280 - - 143.5 -
1.7 2.68 3730 - 64 188 -
1.8 2.31 4330 34.5 82.5 242.5 -
1.9 1.94 5150 - 113 - -
2.0 1.58 6350 60 146 - -
2.1 1.21 8260 85 195 - -
2.2 0.85 11800 123.7 268 - -
2.3 0.48 20700 191 - - -
Calculated Rate Constants b
(Br71; Ky 10%, 4
(M) (M~15-1) (M~3s5-1)

2.73 99.4 30.,

2.27 35.4 0.,

1.82 12., 3.7,

1.36 3.4, 1.0g

Ionic strength maintained with Na_ClO4

b T =1298.2K, p=3.134, ('] =0.384 M~
c Footnote a, Table 3.
4a Footnote b, Table 3.
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berate addition of an air or-oxygen stream did, however,
result in a catalytic system" (eqns 11, 12), dioxygen
being about 50% more effective than air.

an
12

2CuCl, + 21" - 2CuCl,” +1,
2H" +2CuCl,” +(1/2)0, — 2CuCl, + H,0.

Under these conditions, I, production is much greater
than the stoichiometric amount indicated by eqn (6) and
the possibility of using this system for the recovery of
iodine from iodide waste is under investigation.
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