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Kinetics and Mechanisms of the Copper(II)-Catalyzed Oxidation of Iodide Ion
in the Presence of Molecular Oxygen in Aqueous Acid Media
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Traces of copper(II) ion in 1077—107° M (M=mol dm~?) catalytically accelerated the oxidation reactions
of iodide ion to iodine in relatively strong acid solutions (pH<2) in the presence of molecular oxygen under
conditions containing relatively high concentrations of I”. When a copper(II) solution was mixed with an iodide
solution, after a rapid formation of iodine, it gradually increased according to the reaction times. For about 5
min after mixing, plots of [I3 ™ |tormea Vs. ¢ showed a good straight line; the formation rate of I (or I3 ™) increased
proportionally with increasing concentrations of copper(II) ion and oxygen, with increasing concentrations of
hydrogen ion and iodide ion, and with increasing temperature and with decreasing the ionic strength in the
reaction solution. The formation rate of I> was extremely inhibited by the presence of either radical scavengers
or ethylenediaminetetraacetic acid (EDTA). A chain mechanism is presented to account for the obtained results.

In general, copper(II) ion reacts quantitatively with
iodide ion in accordance with the following overall equa-
tion, precipitating Cul (or Cusls):

2Cu** 4 417 — 2Cul + L. (1)

However, this reaction does not occur quantitatively
under the condition of low concentrations of copper-
(IT) ion (refer to Figs. 2 and 4), and no precipitation
is found. This is probably due to either the slow co-
agulation of the Cul molecule or fast oxidations of Cul
by I' (backward reaction in Eq. 5) and molecular oxy-
gen (Eq. 9). The disturbing effect of molecular oxygen
in iodometry is most familiar. In acid solutions the dis-
solved oxygen oxidizes the iodide ion in accordance with
the following overall equation:

417 + O + 4H' — 21, + 2H,0. (2)

Although the reaction is slow, its rate increases along
with an increase in the acid concentration. The air (or
O2) oxidation of the iodide ion is promoted by either
the irradiation of light or by some catalytic substances
in the solution.? The mechanisms of the catalyzed re-
actions in the presence of oxygen have not been well in-
vestigated. We previously investigated the nitrous acid
catalyst for the oxidation of the iodide ion in the pres-
ence of oxygen.?) In this work we found that traces of
the copper(II) ion catalytically accelerated the oxida-
tion reactions of iodide ion to iodine in the presence of
oxygen. We now report on the reaction mechanism to
account for the obtained results.

Experimental

Materials.  Potassium iodide, copper(Il) sulfate, and
the other chemicals used were of guaranteed grade of Wako
Pure Chemical Industries, Ltd.

Procedure. The reaction was started by mixing a
copper(II) solution with an iodide solution; the absorbance
of the formed I3~ was measured using a Shimadzu UV-150-
02 spectrophotometer. The temperature of the reaction so-
lutions was controlled to within 0.1 °C. Each solution con-

taining Cu®* or I~ was separately saturated by bubbling
a gas of oxygen, air, or nitrogen through the solution be-
fore mixing the Cu®t with I~ solution. Each gas was then
continuously supplied to the surface of the reacting solution
during the reaction.

Aliquot solutions were taken out at appropriate time in-
tervals in order to measure the concentrations of iodine
formed; iodine (I2) formed during the reaction was rapidly
converted to the triiodide ion (I3™) in the presence of the
iodide ion:

L+I" 217, (3)
were k3=5.6x10° M~'s~! and ks/k_3(orK3)=710 M~1.3%
The I3~ ion has large absorption coeflicients of 3.82x10*
and 2.5x10* M~'cm™! at 288 and 350 nm,> respectively.
The concentrations of I3~ were proportional to those of I»
in the presence of I” in large excess. Thus, the absorbance
of I3~ at 350 nm (or 288 nm) could be used as a monitor
for the kinetic measurements in this work. All of the kinetic
runs were carried out under conditions that the I” ion was in
at least 1000-fold excess over the I formed by the reaction.

Results and Discussion

Figure 1 shows plots of the absorbance of I3~ at 350
nm against the reaction time for a solution saturated
with air at different pH’s. The intercept values ex-
trapolated to t=0 were independent of the pH and O,
concentration, and were proportional to the iodide-ion
concentration added (refer to Figs. 1 and 2).

The intercept is accounted for by the following ele-
mentary reactions:

Cu®’t +1" 2 Cult (4)

Cult 41" 2 Cul 4T (5)

I'+I" 2L [K=104x10* M7 '|” (6)
2,7 — Ip 4207 )

2’ - I, (8)

The equilibrium constant for the reaction Cut +
I-2Cul is 9.1x10'! M~1.9 Reaction 1 is a grand total
of the above elementary reactions, being described as
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Fig. 1. Plots of absorbance of I3~ against ¢t (t£10

min). Conditions: 0.1 M KI, [CuSO4)addea=1x10"°
M, Air-sat., 25 °C, and Dark. pH=5.33 (@), 2.87
(D), and 1.82 (O).
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Fig. 2. Plots of [Is |t=0 vs. [[ ]added- Conditions:

[CuSO4]addea=1x10"% M, 0.01 M H2SOy4, Air-sat.
(A) and Ogz-sat. (O). The other conditions are as in
Fig. 1. [I37]¢t=0 were obtained by the extrapolation
to t=0 using plots at t=2—>5 min.

(1)=2(4)+2(5)+2(6) +(7), where (8)=2(6)+(7). All
of these reactions are thought to be rapid, and the
amount of I formed is dependent on the Cul™ concen-
tration, which is described as [Cult]= K4[Cu?*],4deq
x[I7]/(K4[I7]+1). Consequently, the intercept at ¢=0
in Fig. 1 and [I37]|;=o in Fig. 2 are independent of
the pH and O,, but dependent on [Cu?t],qqeq and
[T Jaddea- The proportional line in Fig. 2 indicates that
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K4[I7]<1.®) As far as the Cu®* ion dependence is con-
cerned, the results of Fig. 5 can be referred to as well.
It is noted here that the intercept in Fig. 3, i.e. [I37]t=0
in Fig. 5, is also dependent on the concentrations of
Cul™, which is due to the equilibrium reaction (vide
infra). As can be seen from Fig. 3, plots of the ab-
sorbance of I3~ at 350 nm against ¢ after 5 min were
rectilinear, and, thus, the formation rate of Iy (or I37),
i.e., =d[Iy]/d¢t=d[I3~]/dt, could be obtained with good
accuracy. For example, the coefficient of variation for
10 runs was 0.8%, i.e., V=(5.29£0.04)x107° Ms~! at
1x10~° M CuSO, under the conditions of plots O in
Fig. 3.

Dependence of the Concentrations of Cu?t
and Oa. The formation rate (V) increased pro-
portionally to the concentrations of the copper(II) ion
added, as well as O dissolved (see Figs. 3 and 4). Thus,
this reaction is applicable to the determination of traces
of the copper(II) ion or the Oy concentrations in aque-
ous media.

Effect of Acidity.  The formation rate of I (or
I37) is extremely affected by the acid concentration. As
can be seen in Table 1, Vincreased greatly with increas-
ing concentrations of acid; simultaneously, the noncat-
alytic reaction rate (Vp in Table 1) increased as well.
The values of (V—-V;) correspond to the copper(II)-
catalyzed reaction, and increased with increasing acid-
ity. The noncatalytic reaction corresponding to Eq. 2
showed straight lines as well in the plots of [I3 ™ ]formed
vs. t (see Fig. 7). The intercept at t=0 might be caused
by a copper(II) ion impurity in hydrochrolic acid.

Effect of Concentration of I".  As can be seen

0.6 T T T T T T

Absorbance at 350 nm

t / min

Fig. 3. Plots of absorbance of I3~ against ¢. Condi-
tions: 0.01 M H2SO4 (pH 1.85), O2-sat. [Cut]adgea=
0 (@), 4x107° (A), and 1x107° M (O). The other
conditions are the same as in Fig. 1.
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Table 1. Effect of Acidity on the Formation Rate®

Concn of acid added V/107°Ms™! Vo /107°Ms™H ) (V —Vp) /107°MsT!
0 (pH 4.5—6.8) 0.00°) 0.00°) 0.00

0.01 M H,SO4 (pH 1.85) 5.70% 0.179 5.53

0.016 M HCI (pH 1.9) 5.30°) — 5.30

0.02 M HCI 7.40% 0.35% 6.95

0.02 M H,S04 12.29 0.29% 11.9

0.05 M HClI 11.69 0.79 10.9

0.05 M H,S04 15.5%) 1.29 13.2

0.10 M HCI 17.89 13.7 3.419 209 2.7 059 158 11.0 2.82%
0.10 MH,S04 24.7 2.5 22.2

0.20 M HCI 23.3 6.18% 3.9 0329 19.4 5.86%
0.50 M HCl 4.1 11.39 149 199 292 949

0.80 M HCI 63.5 15.49 255 3.29 38.0 12.29

1.0 M HCI 17.39 4.89 12.59

a) 0.1 M KI, 1x10~% M CuSOy4, O2-sat., dark, 25 °C, p=1.0 M. b) No copper(II)

added; the other conditions are the same as in a).
d) Air-sat., and the other conditions are the same as in a) or

the same as in a) or b).

b).

V/107°Ns?

[Cu®*]uadea / 107°¢ X

Fig. 4. Plots of V vs. [Cu®*]addea. Conditions are the
same as in Fig. 3; except for the air-saturated (A)
and the oxygen-saturated (O).

in Table 2, V has a maximum at around 0.075—0.1 M
of I=. The decrease in V at higher concentrations of
I~ might have been caused by the formation of more
inactive species, such as Culy or Culo~ which may be
formed under conditions of the higher concentrations of
I-.

Ionic Strength Dependence. The formation
rate of I (or I37) is dependent on the ionic strength
(1) of the reacting solutions, and the plots of log V vs.

c) p=0.1 M; the other conditions are

[Is7]eao / 107 M

[Cu*]idaea / 107° M

Fig. 5. Plots of [I37]t=0 vs. [Cu®*]added- [Is™]t=0 were
obtained from the intercept of straight lines in the
plots of [I3 ™ Jtormed vs. t at t=5—60 min. Plots A and
@ indicate air-sat. and Ns-sat., respectively. Other
conditions are the same as in Fig. 3.

p/2 /(14p1/?) are rectilinear with a slope value of —1
(see Fig. 6).

Temperature Dependence. The temperature
dependence on the rate was examined under conditions
of the plots O in Fig. 3. The values of V/107% Ms™!
are 0.62, 1.09, 1.43, 2.19, 3.40, 5.29, 6.11, and 7.79 at
0, 5, 10, 15, 20, 25, 30, and 35 °C, respectively. Plots
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Table 2. Effects of Concentrations of the Iodide Ion
on the Rate®
[I7] added V/10~°Ms™!
M Air-sat. O2-sat.

0.01 0.00 0.00
0.025 0.00 0.05
0.05 1.40 3.30
0.075 1.50 5.30
0.10 1.40 5.15 5.70°)
0.125 0.90 4.20
0.15 0.73 3.10
0.175 0.52 2.75

a) 0.01 M HSO4 and p=0.2 M; the other conditions
are the same as in Table 1. b) p=0.1 M; the other
conditions are the same as in a).
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Fig. 6. Plots of log V vs. u'/2/(144'/?). The ionic

strengths (p) are adjusted by adding KCl (O), KNOs
(@), NaClO4 (4A), MgCl, (O), and CaCl, (@). 0.01
M H2SO4 (pH 1.6—1.9), 1x10™° M CuSO4. The
other conditions are the same as in Fig. 3.

of log V vs. T~! are rectilinear with 50 kJmol~! as an
activation energy. ‘
Effect of Radical Scavengers and Chelate
Reagents. Although acrylamide and acrylonitrile
did not seriously affect the formation rate of iodine, the
rate decreased remarkably upon the addition of eth-
ylenediaminetetraacetic acid, which is capable of com-
plex-forming with the copper(II) ion (see Table 3). It
is noted that not only the slope (i.e., V), but also the
intercept in plots of [I3 ™ ]formed VS. ¢ decreased upon the
addition of ethylenediaminetetraacetic acid, which effi-
ciently masks the copper(II) ion to inhibit the forma-
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Fig. 7. Formation of I (or Is™) by the molecular oxy-
gen at [Cu®*]aadaea=0. Conditions are the same as in
b) of Table 1. Concentrations of HCl are 0.1 M (A),
0.2 M (00), 0.5 M (O), and 0.8 M (A).

Table 3. Effect of Radical Scavengers and the Chelat-
ing Reagent EDTA on the Rate®

Substances added V/107° M s7!
None 5.30
Acrylamide :

0.5 (w/w) % 3.90
1.5 (w/w) % 3.45
Acrylonitrile

0.5 (v/v) % 3.40
1.0 (v/v) % 3.75
5x107° M EDTA 2.47
1x1075 M EDTA 1.01
2x107° M EDTA 0.32

a) 0.016 M HCl, u=0.1 M, and substances added; the
other conditions are the same as in Table 1.

tion of Cult by the reaction of Cult +EDTA—[Cu-
(edta)]2—+1".

Mechanism of Reaction.  All of the results ob-
tained at =5 min are accounted for by the following

mechanism together with reactions 3—8:
Cul + 02 2 Cult + 0,7 [slow] 9)

O;” +H' 2 HO;" [pK. = 4.8]” (10)

Cul + HO;" 4+ H* — Cul* + H20, (11)
217 + 2H' 4+ H02 — I + 2H0  [slow] (12)
L™ 4+ 02 +H" - I, + HOy' (13)
I"+H" 4+ 0, - I +HO;" [slow] (14)
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I" +H" + HO;  — I' + H,0, (15)

The overall reaction 2 is described by these reactions
ie., (2)=2(5)+3(6)+(8)+(9)+(10)+ (11)+5(12) +
3(13)+(14)+4(15) in the presence of copper(II) ion and
(2)=(6)+(8)+2(12)+(13)+(14)+2(15) in the absence
of copper(IT) ion. The former case corresponds to the
copper(II)-catalyzed reaction, which is represented by
V as its rate, and the latter one to the noncatalyzed
reaction, which is Vp in Table 1. This relationship indi-
cates that the copper(Il) ion is a homogeneous catalyst
for reaction 2, comprising the Cu(I)/Cu(II) cycle being
initiated by Cul* with Eq. 4. All of the reactions, ex-
cept for the forward reactions 9, 12, and 14, may be fast,
and forward reactions 9 and 14 are thought to be the
rate-determining step in the catalyzed and uncatalyzed
reaction, respectively.

When the equilibrium reaction 4 is so fast as to main-
tain equilibrium while carrying out all other reactions
under the given conditions, the formation rate of I,
(or I3~) should be determined by the concentrations
of Cul*, keeping the Cul/Cul* cycle with the relation-
ship ks[Cul™]|[I7]=ke[Cul][O5]. It is thus described as:

d[Iz])/dt = d[I37]/dt = V = ko[Cul][O2] = ks[Cul™][I"]
= ks K4[Cu®"Jadaed[I7]?/(Ka]I7] + 1). (16)

The right-hand side of Eq. 16 should be constant un-
der conditions with [I5]formed <[I ™ Jadded, being in agree-
ment with the results obtained in Figs. 3 and 4. The
results given in Table 2 might deviate from Eq. 16. This
deviation might be due to the formation of Cul,™, de-
pending on the larger concentrations of I~. The ionic-
strength dependence in Fig. 6 with a slope of —1 might
be due to a counterbalance effect on K4 and k_g, which
can change the steady-state concentration of Cul™.

Considering the following redox potentials,® all of the
above reactions are likely to occur to the right-hand side
in the stronger acid solutions containing higher concen-
trations of I7; i.e., these data suggest that reaction 5
can occur without an appreciable activation energy, and
that reaction 13 can also occur easily in large concen-
trations of HY.

For brevity, an essential scheme of a reaction con-
taining the Cul*/Cul cycle can be described as follows
(Scheme 1):
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{r,HY}
I Cul* HO, ———— {L+H0}
121, Cul 0,+H*
Scheme 1.
I; 42~ 22" [E°=0.54 V] (17)
L+e 21,7 [E°=0.11V] (18)
Cu®t +1" +e” 2 Cul [E°=0.86 V] (19)
Cu®t +e- 2 Cut [E°=0.15 V] (20)

HO; +HY +e” 2 H,0, [E° =150 V] (21)
02 +HY +e” 2 HO," [E° =-0.13 V] (22)
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