Acta Chemica Scandinavica A 38 (1984) '517—-522

On the Hydrolysis of the Copper(II)Ion, Cu®*,in 3M (Na)ClO,
Medium at High Copper(II) Ion Concentrations and 25 °C

ERZSEBET NEHER-NEUMANN

Department of Inorganic Chemistry, The Royal Institute of Technology (KTH),

S-100 44 Stockholm 70, Sweden

The complex formation equilibria in the system
Cu?*—H,0 have been studied by emf measure-
ments. The hydrogen ion concentration at
equilibrium, [H*]=h, was measured with a
glass electrode in the concentration ranges
1.9<-log h<3.3 and 0.3<[Cu(II)]=B<0.895 M.

The data may be explained by assuming the
equilibrium  ~ 2Cu?*+H,022Cu,(OH)** +H*
logf,;=—5.75+£0.10. The error quoted is max-
imum error evaluated graphically. The effects on
the constants of medium changes caused by the
replacement of a large part of Na* with Cu?*
were estimated by the specific ion interaction
theory (SIT).

The primary object of the present work was the
emf studies of the complex formation in the
Cu?*—H,0—-CO,(g) system. The H*-ion con-
centration range was: 1.9<-—log h<3.3 at the
constant total concentration of the copper(Il), B;
0.895, 0.525 M and different carbon dioxide
partial pressures (a): 0.959 and 0.297 atm at
25 °C. No formation of soluble
copper(II)—carbonate complexes could be de-
tected in the concentration range studied. The
data were then extended with titrations at
B=0.656 M and B=0.300 M without the presence
of CO,(g). Results from titrations at lower B, for
example B=0.100 M, could not be interpreted
with the same accuracy because of the small
effect of complex formation. Maximum 1 % of
the Cu(Il) is present in reaction product. At
B=0.100 M the expected Z [defined in eqn. (8)]
is the same order of magnitude as the ex-
perimental error in the pH range studied. The
experiments without CO,(g) show that the pre-
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sence of it in earlier titrations did not effect the
pH-range where the precipitate appears. The
data could be explained with the formation of a
single hydrolysis product Cu,OH?*. The exist-
ence of this complex has been subject to some
controversy. !

The hydrolysis of the copper(II) ion has earlier
been studied by other investigators.!>?
Pedersen’s studies' included investigations at
18 °C using the glass electode in Cu(NOs),
solutions of the concentrations: ca. 1, 2, 5, 10, 20,
50, 100 and 1000 Mm Cu®** of varying ionic
strength. The experimental data could be ex-
plained assuming the equilibria:

Cu?*+H,02CuOH*+H*
pky=7.97 )

2Cu?* +H,0=22Cu,(OH)** +H*
pk,=6.819 ?

2Cu?* +H,02Cu,0** +2H*
pk;=10.89 €)

The values of pk given are valid at infinite
dilution. Pedersen determined k5 and the sum of
the constants, (k,+Bk;,), accurately. k; was then
calculated in the total copper(II) concentration
range 0.1=B=0.001 M assuming a rough value
for k,. On the other hand k, was calculated when
12B20.01 M using a rough value for k;.
Berecki-Biedermann’s 2 emf studies of the hyd-
rolysis of the copper(Il) ion were carried out
using glass-electrode measurements at 25 °C at
10<B<100 mM, in the acidity range: 2.5<
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—log h<5.7 using a 3 M (Na)ClO, ionic medium.
The range of Z covered was 0<Z<0.1, where Z
is the average bound OH™ per one mol
copper(Il)=h—H/B, and H is the total (analyti-
cal) concentration of H* ion in excess of H,0O
and Cu®*. Her results could be explained with
the formation of a single “core + links"*®
complex:

2 Cu** +2H,0«2Cu((OH),Cu)** +2H* )

with the equilibrium constant log k=-10.6%0.1.
She recalculated? Pedersen’s data using Sillén’s
systematic approach.*> The experimental results
could again be explained with the presence of the
single complex Cu((OH),Cu)?* with an equilib-
rium constant log k=-—10.95%0.10. Pedersen
gave —10.89 for the same constant at infinite
dilution.

Berecki-Biedermann also considered the possi-
ble formation of the complex Cu,OH**. How-
ever, the Z-curves in the B, log h concentration
ranges studied were practically the same for the
model including Cu,OH3* and that without this
complex. Hence, no conclusions about the exist-
ence of a complex Cu;OH>* could be drawn from
the experimental data.

In Ref. 3 the species Cuy(OH),>* was found
with the equilibrium constant log B,=-10.75
and the other doubtful species CuOH™ with log
P11=-7.22 in 3 M NaClO4 medium at 25 °C.

In the present work a series of emf titrations
were carried out under different experimental
conditions. The hydrogen ion concentration at
equilibrium, [H*]=h, was calculated from the
emf of the cell:

—RE | Test solution S l GE+

saturated with CO,(g)

where GE denotes a glass electrode and the
reference halfcell (RE) had the composition

0.010 M Ag*
2.990 M Na*
3.000 M ClO,

RE=Ag,

AgCl(s) 3 M NaClO,.

In order to ensure a reasonable constancy of the
activity factors of the reacting species in all the
solutions the [ClO,7] was kept at 3 M by addition
of NaClO, stock solution. The emf in mV of the
cell at 25 °C can be written:

E=E,+59.16 log h+E; )

where E, is constant and Ej is the liquid junction
potential between the test solution S and 3 M
NaClO,. The activity factors of the species
involved are assumed to be constant. E; is a
function of both & and [Cu?*]. Under the present
experimental conditions the concentration of the
free copper(Il) ions at equilibrium, [Cu?*]=b,
can be approximated by B. As B is kept constant
during the experiments the term constant x B of
E; is included in the constant E,. Thus E; can be
estimated from the equation ®

E=169hmV. (6)

The constant E, was determined at the end of the
titrations, in solutions were the hydrolysis of
Cu?* can be neglected: 0.013<h<0.030 M. From
these measurements

Z=(h-H-[HCO5])/B

was calculated as a function of log h (Fig. 1).
Here H is the total (analytical) concentration of
H* ion in excess of H,0, CO, and Cu?*, and can
be calculated as

VoHo—V1Cr+p+
Vo+Vr+V

» M ™

Here V,=the initial volume of the cell solution in
ml, H, its hydrogen ion concentration,
Vr=ml~0.1 M NaHCO;, 3 M NaClO, added,
Cr=the concentration of NaHCO; solution,
ug+=number of mmoles of H* generated by
electrolysis or H* added from a burette (V). All
concentrations are expressed as molarities.

EXPERIMENTAL

Reagents and solutions. Sodium perchlorate
and dilute perchloric acid solutions were prepared -
and analyzed as usual in this laboratory.” Analy-
ses were made with an accuracy of £0.1 %.

Copper(Il) perchlorate solution was prepared
by dissolving CuO (Merck p.a. product) in a
slight excess of hot HCIO, (Merck p.a. 70 %).
The solution was filtered through a sintered glass
filter G3. The product did not contain any
chloride impurities and could be used without
further purification. The copper(Il) content of
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0.100 M Ag* ~
—Ag(s)  [2.900 M Na* 3 M NaClO,
3.000 M ClO,

Scheme 1.

the stock solution was analyzed by electro-
deposition.® The results of the electrogravimetric
determinations of copper agreed to better than
+0.1 %.

The hydrogen ion content of the copper(II)
perchlorate stock solution was determined by
adding a weighed amount of the solution to 50.00
ml 3 M NaClO, solution and titrated poten-
tiometrically by addition of H* ions generated by
a coulometer. The experimental points were
evaluated with the help of a GRAN plot.°
[H,*]=15.166 10~ M. An attempt to determine
the hydrogen ion excess using the ion-exchange
method was not successful.

NaHCOs solutions used were made of a Merck
p.a. product. The crystalline substance was tested
against standardized HClIO, solution. The
molecular weight found is 84.10. The accuracy is
better than +0.1 %. The theoretical value is
84.007.

Carbon dioxide or CO;—N, mixture of accur-
ately known composition and nitrogen was taken
from a cylinder (AGA Special Gas, Liding6) and
passed through wash bottles of 10 % H,SO,,
H,0 and 3 M NaClO, respectively.

The emf  measurements.
Ag,AgCl(s) electrodes were

Electrodes.
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Test solution S
saturated with CO,(g)

Pt(s)+

electrolysis.'” The glass electrodes were Met-
rohm type EA 109 electrodes.

The coulometric circuit in Scheme 1 was used.

The coulometer was Constant Current Power
Supply Model C633 (Electronic Measurements),
which was calibrated against a manganin stan-
dard resistence type A.C. 1046 (Sullivan and
Griffiths).

For the emf measurement a cell arrangement
usual in our laboratory !! was employed. The emf
of the cell was measured with a Digital Voltmeter
type DM 2022 S. Emf values stable to 0.1 mV
were reached a few minutes after each addition of
reagent solution. The titrations were carried out
in such a way that V,, ml initial solution saturated
with CO, of the chosen pressure was alkalified
first by the addition of V- from a Metrohm piston
Burette until the boundary of precipitation was
reached (—log h~3.3). Then the [H*] was
increased either by coulometrical generation of
H* ions (titrations denoted (*) in Figs. 1 and 2)
or by burette additions. The E, values were
determined in solutions at ~—log h<1.9 by
replacing COx(g) by Ny(g).

logh

.Fig. 1. Z=average number of OH™ bound per one mole Cu?* as a function of log k. Points:
experimental data. The full drawn curves represent the theoretical Z functions calculated with the

constant log K;;=-5.72.
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Fig. 2. Graphical determination of K,,. F=(h-H-K,ah™")h/B? as a function of AL

TREATMENT OF THE DATA AND
RESULTS

The experimental results are presented as
functions of Z=(h—H—Kp,;-h'a)/B namely the
[OH] bound in Cu®* containing reaction pro-

ducts, against log k& (Fig. 1). Z is defined as
7= h—H—Kouh_la -
B

Z Zqﬁqup_ lh—qf ;zf %uz‘*f ;Y+ (8)
P 9

where the different §,, values are the formation
constants of the complexes Cu,,(OH),f‘H’ , where
p and g are integers. f; denotes the activity
coefficient i on the molar scale. Ko;1=Kp,,
(where r is the number of CO, bound in one mol
HCO3) defined as in eqn. (10) and was calculated
using the first dissociation constant!? (log
Bo11=—7.98710.001) of the CO,(g)+H,O system
and the activity coefficients as calculated in the
next section.

At each B level studied, less than 1 % of the
Cu?* is present as reaction products. Then we
can use the approximation b=B. Moreover, in
the general expression (8) the activity coefficients
may be considered as constants in the first
approximation. Thus eqn. (8) can be written

Z=Y 34K, B"'h? ©)
P q

where

qu=ﬂqu53f5u2+ﬁﬁ (10)

The measurements (presented in Fig. 1) have
been made at much lower Z-values (0<Z<2- 10~
3) than in the previous investigations. By using
high values of B the precision is nevertheless
quite good, the reproducibility in Z is within
3-107* Z-units. The largest errors are obtained in
solutions where —log h<2.5. The Z(log h)g
curves are the functions of B which means that
the dominating species are polynuclear.

Assuming the 3pro:tsence of the species
Cu,(OH)%, Cu,0OH** and CuOH* the function
(h—H-Ko1h a)h/B? was plotted as a function of
K (Fig. 2):

F= (h—H _K()l lh'la)h/ B 2=
2Kph '+ Ky +Ky4/B (11)
From Fig. 2 it is obvious that the F function is

constant within the experimental error, inde-
pendent of B in the concentration ranges investi-
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Table 1. The equilibrium constants obtained graphically and with the SIT.?

BM alatm log Ko11 log Ky log B
0.895 0.972 -8.30 -5.74 -5.76
0.656 0 -8.21 -5.77 -5.79
0.525 0.959 -8.17 -5.70 -57
0.525 0.297 -8.17 -5.66 -5.67
0.525 0.297 -8.17 -5.74 =5.75
0.525 0.299 -8.17 -5.79 -5.81
0.300 0 —-8.09 -5.79 -5.80
Average —5.7240.10 -5.75+0.10

“ The error quoted is maximum deviation from the mean value appearing in Fig. 2.

gated. Hence, only one species Cu,OH** is
formed. The formal equilibrium constant for the
reaction

2Cu?* +H,022Cu,0H** +H* (12)

is presented in Table 1 for the different B levels.
The average value of the constant is equal to log
K51=-5.72+0.10. The error quoted is the max-
imum deviation from the mean value. The most
uncertain experimental values corresponding to
acidity levels —log £<2.45 have been excluded
from Fig. 2.

The theoretical Z curves (Fig. 1) calculated
with the constant K,;=1.88-107° fit to the ex-
perimental points within the experimental error.
The presence of the species Cu(OH),Cu®* is
negligible (calculated with the constant of Ref. 2)
under the present experimental conditions.

The evaluation of medium effects on the equilib-
rium constants. The effect on the constants of
medium changes caused by the replacement of a
large part of Na* with Cu®* were estimated by
SIT.'>8 The specific ion interaction approach
for evaluation of activity factors was outlined by
Brgnsted® and elaborated by Guggenheim '
and Scatchard.'> Examples of applications in the
field of equilibrium analysis can be found in Ref.
16—18.

We will calculate the equilibrium constant in 3
M NaClO, solvent (B,,) at trace copper(Il)
concentrations. This involves evaluation of activ-
ity factor changes when part of NaClO, is
replaced by Cu(ClO,),. We assume that besides
Cu?*, Na*, ClO," all other species are present in
trace concentrations, so their interactions with
species i may not be taken into account.
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According to Ref. 17 the molar activity coeffi-
cient f; of the species i, defined so that f—1 as [i]
{M)—0 in the solvent 3 M NaClO,, may be
expressed — in NaClO, — Cu(ClO,), mixtures of
ionic strength I mol/l — as

log fi=—z{[D(I)-D(3)]+
&1,Na*){[Na*]-3}+
&(i,Cu?*)[Cu®*] 13)

In equation (13) z; is the charge of i, D is the

Debye Hiickel term

_05109v I (14)
1+1.5V I

for a solution of ionic strength =3 Xm;z?
i

(m; is the molality of i). D(I) represents the
corresponding function when I expressed in the
molar scale. D(3) refers to 3 M NaClO, solu-
tions. &®i,x) is the interaction coefficient (liter
solvent/mole solute) between the species i and x,
in the molar scale.

Using expression (13), the activity coefficients
in eqn. (10) will be:

log fu+=—[D()-D(3)] (15)
log few+=—4[D(1)—D(3)] (16)
log fou=—[D()—-D(3)]+

&Na™ ,HCO3){[Na*]-3}+

+HCu?*, HCO3)[Cu?*] (17)

log f1=-9[D(1)-D(3)] (18)



522 Erzsébet Néher-Neumann

In eqn. (17) the interaction coefficient £#Na*,
HCO3)=0.01 is from Ref. 17. For #&Cu?*,
HCO3) no experimental value is available. We
can assume &Cu?*, HCO3)=#Cu?*, ClO,
~)=0.389 liter solution/mole solute as calculated
from® g(Cu?*, Cl0,)=0.32 kg solvent/mole.
Using eqn. (10) and the appropriate function of
(15)—(18), Ky1; and the equilibrium constant 5,
in 3 M NaClO, can be calculated for each B level
used. The results are presented in Table 1. The
average value of the constant is log
B1=—5.75+0.10. As seen, only small effects on
the constant 8,; occur when changing a large part
of Na* with Cu?>*. On the other hand the
medium effects on the constant fy;; are quite
remarkable. This constant becomes somewhat
uncertain because only an approximated &Cu?*,
HCOj5") value could be used in eqn. (17). The
constant found is one order of magnitude larger
than the one published in Ref. 1.

Due to the small effect of complex formation
definitive conclusions are difficult to make, and
further work may be needed, to obtain a better
insight into the system Cu?* —H,0, where the pH
changes over a wide range.
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