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The adsorption equilibria of a radio-labelled europium ion and
other counterions on previously prepared, dried AgsS, Agl, AgBr
and AgCNS precipitates were investigated. The influence of tem-
perature and surface ion concentration on adsorption equilibria of
europium and barium ions was also investigated. Values (z — 2’)a
or a from the equation for the Schulze-Hardy rule in Mirnik’s ion
exchange theory have been calculated from the measured adsorbed
quantities of europium ion. Calculated values for (z — 2’)a or a for
the europium — other counterion couple show the valence effect.
Less pronounced differences in (z — z’)a or a values obtained for
counterions with equal valence depend on the counterion nature,
analogously to the lyothropic series at coagulation. The results ob-
tained are discussed considering the previously known values of a
constant from the Schulze-Hardy rule for particular counterion
couples, and the chemical behaviour of particular counterions in
the adsorption systems followed. The adsorption of europium ion
was followed by the radioactive tracer technique.

INTRODUCTION

The solid phase surfaces of low soluble silver salts have a significant ad-
sorption capacity for ions from solution. It is commonly assumed that crystal
structure defects cause the adsorption of surface ions,! i.e., constituent or
other ions? on the solid phase surface. By interaction of thus charged surface
and counterions from the solution the electrical double layer is formed. The
adsorbed quantity of counterions could be measured on the solid phase sepa-
rated from the solution. It was shown previously that the adsorbed quantity
of counterions follows the Langmuir type of isotherm,! which for the corre-
sponding concentration of counterions achieves the maximal quantity. Maxi-
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mal adsorption quantity for counterions depends on the solid phase charac-
teristics and on the presence of surface ions.? Two or more counterions in
solution would be adsorbed together onto the solid phase surface. The quan-
tity of each counterion adsorbed depends on its concentration, as well as on
the concentration of other counterion. This pointed to the counterion ex-
change on the solid phase surface. The equilibrium between the two ad-
sorbed counterions is expressed by the equation®*

log (¢’/c) = const. + log [x/(1 — x)] (1)

where ¢ and ¢’ are concentrations of two counterions, while x is the fraction
of the adsorbed counterion quantity with concentration ¢’. For the case when
x = 0.5, the characteristic counterion concentrations c,_y 5 are defined. It is
a well-known fact that numerous salts with significant ion surface adsorp-
tion, like silver salts for instance, form stable colloid solutions. Surface ions
act as stabilization ions, while counterions play the role of coagulation ions.

The critical coagulation concentration (c.c.c.) is the characteristic value
for colloid solutions. At this characteristic concentration, the aggregation of
particles occurs. The ratio of critical coagulation concentrations (c.c.c.) for
two counterions is formulated as the Schulze-Hardy rule. This empirical
rule was theoretically interpreted with the D.L.V.O. theory,>® which, how-
ever, did not completely explain the experimental results. Tezak’s” interpre-
tation was based on the ratio of Bjerrums distances. Mirnik deducted the
equation of the linear Schulze-Hardy rule for various characteristic magni-
tudes related to counterion adsorption in his ion-exchange theory®1? and
later works."13 The ratio of Bjerrums distances in Tezak’s interpretation
and the characteristic constant in Mirnik’s interpretation have the same
meaning.’

According to the ion-exchange theory,’ the Schulze-Hardy rule for differ-
ent surface phenomena can be formulated as:

log (¢/c) = (z — 2)a (2)

where ¢ and ¢ are characteristic concentrations of counterions, expressed®
in mol dm™ 271, and z and 2z’ are the corresponding charges. The constant -
a has the following meaning:

a=/.lA;ds/RT (3)

where pu A is the chemical potential of the adsorbed surface ion, while R and

T have their usual meaning.

Obviously, the Schulze-Hardy rule indicates a marked counterion va-
lence effect. In addition, it was shown that at a given counterion valence,
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the c.c.c. value depends too, but less significantly, on the counterion nature,
giving the lyothropic series.l'1415 This suggests that the counterion adsorp-
tion equilibrium might be dependent not only on the counterion charge, but
on their chemical characteristics as well. Since it has been shown? that a
greater counterion adsorption is obtained when surface ions form a salt of
lower solubility with other solid phase constituent ion, it can be assumed
that counterions that form a salt of lower solubility with the surface ion
would be adsorbed more strongly.

The aim of this work is to reveal the effect of the counterion chemical
nature on the counterions adsorption equilibrium by determination of (z — 2’)a
values. These values were determined from the experimental data on the re-
lationship between the adsorbed quantity of the radio-labelled europium ion
and the concentration of the other counterion present in the solution. The
constant @ in freshly prepared silver-iodide and silver-bromide precipi-
tate®416.17 adsorption system has been determined in such a way. Since, in
the fresh precipitate, dispersity has pointed to the effect on the .adsorption
capacity,!” in this work, the counterion adsorption equilibria are investi-
gated on the previously prepared, dried, Ag,S, Agl, AgBr and AgCNS pre-
cipitate, as previously described.?

EXPERIMENTAL

Desorption of the europium ion with other counterions has been followed by the
radioactive tracer technique.2

0.0001 or 0.0002 mol of dried AgeS, Agl, AgBr or AgCNS precipitates was added
into 0.1 dm® of water solution, which contained all the components in their respec-
tive concentrations, including the radioactive marker 1%2Eu. The suspension was
mixed for an hour at 23 °C, and the solid phase was separated by filtration. The
precipitate on the filter paper was rinsed three times with 0.01 dm?® water and dried
at 60 °C. Radioactivity of the weighted solid quantity was measured. The adsorbed
europium ion quantity was calculated from the solid phase weight, from ?Eu ra-
dioactivity and from the total radioactivity of the system.

Preparatlon of dried AgsS, Agl, AgBr and AgCNS precipitates was as follows: 0. 5
mol dm™® Nal, NaBr or NaCNS, respectively, was added under stirring into 2 dm? _
of 0.5 mol dm™ AgNO3 solution, or gaseous hydrogensulphide was introduced until
the first signs of flocculation. The solution with the precipitate was stirred for sev-
eral hours. The clear supernatant was decanted afterwards and the precipitate was
rinsed repeatedly under stirring in doubly distilled water. Washing of the precipi-
tates was repeated until a constant conductivity of the washing solution was
reached. The washed precipitates were separated by filtration, dried at 60 °C,
ground and sieved in order to get the 0.15-0.25 mm particle size fraction.

Standard 0.1 mol dm™ salt solutions used were obtained by dissolving solid salts
(Merck p.a.) in doubly distilled water. Standardization of salt solutions was achieved
by standard analytical methods.
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RESULTS AND DISCUSSION

The total amount of two counterions adsorbed from the solution on the
solid phase surface in adsorption equilibrium equals the maximum possible
quantity adsorbed. The adsorbed quantity of each individual counterion is
proportional to its concentration according to the linear Schulze-Hardy rule
equation for the equilibrium of two adsorbed counterions.’

log (c'/c) = (z — 2)a + log [x/(1 — x)] (4)

In this work, the (z — z')a value is determined from equation (4) as an intercept
on the log (c'/c) axis in the graphic presentation of the linear equation log (c'/c)
vs. log [x/(1 — x)]. Values of log (c'/c) have been calculated from experimental
conditions, while the log [x/(1 — x)] values have been calculated from the
measured adsorbed amount of europium ion, expressed in mmol Eu®*/mol
of the solid phase, for the respective europium ion concentration ¢' and the
second counterion concentration c.

Europium ion concentrations ¢' giving the maximum possible amount ad-
sorbed? were chosen for experiments, as well as the second counterion con-
centrations ¢ where the fraction of the adsorbed europium ion x was between
0.150 and 0.850. The maximal estimated error of (z — z')a values determi-
nation is +0.1 under the experimental conditions used. Correlation coeffi-
cient values obtained for the (z — z')a calculation suggest a good linear relation-
ship of log c/c and log [x/(1 — x)] values calculated from experimental data.

The results for particular adsorption systems, together with the corre-
sponding experimental data, are presented in Tables I-IV.

Differences obtained in (z — z')a determination for the same counterions
in different adsorption systems, or counterions with equal valence in the
same adsorption system, clearly show that the values of a for various euro-
pium — other counterion couples are not constant. Various values of a are
reported in discussions of Mirnik's ion exchange theory, depending on the
examined phenomenon, system and counterion couple. Values among
1.2-1.7 are reported for adsorption equilibria on fresh silver — iodide3* pre-
cipitates, while a values of 1.0-1.9 are reported for various phenomena on
silver halides and silver — rhodanide.”'® The theoretical value for silver —
iodide!? is reported to be 1.65. Values 1.3—-2.0 for coagulation of silver — sul-
phide have been reported.!® According to these data, the average value of @
is +1.5 in the adsorption equilibrium of two counterions whose charge differs
by one unit.

As can be seen from Tables II and III, thorium ion shows lower values,
like those that would respond to the counterion with charge number lower
than 4+. Such thorium behaviour has been observed and explained by for-
mation of a complex with anion and by hydrolysis.?-22
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TABLE I

Adsorption system silver-sulphide
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Second CAg,S CH,S CHNO, C'Eu(NO,), @ - 2
COERGETION: mol dm™ mol dm™3 mol dm™  mol dm™3 z!

Al3+ 0.002 0.001 0.001 0.0003 -0.605
Cr3+ 0.002 0.001 0.001 0.0003 -0.270
Lad* 0.002 0.001 0.001 0.0003 -0.102
BaZ* 0.002 0.001 0.001 0.0003 -1.360
Co?+ 0.002 0.001 0.001 0.0003 -1.500
Mn2* 0.002 0.001 0.001 0.0003 -1.728
Ni+ 0.002 0.001 0.001 0.0003 -1.618
Zn2* 0.002 0.001 0.001 0.0003 -0.420

For the couple europium — other 3+ charged counterion, the (z — z')a
value has to be zero. Significant differences from zero value for aluminium
and chromium ions can be seen from Tables I to IV. The aluminium and
chromium aberrations can be explained, like in coagulation processes, by hy-

TABLE II

Adsorption system silver-iodide

Second

CAgl

CNal

CHNO,

C'Bu(NOy),

counterion E=ale
mol dm™ mol dm™ mol dm™  mol dm™ 271
Th+ 0.002 0.001 0.001 0.0003 1.395
A3+ 0.002 0.001 0.001 0.0003 -0.376
Ce3+ 0.002 0.001 0.001 0.0003 0.022
Cr3+ 0.002 0.001 0.001 0.0003 -0.202
La3+ 0.002 0.001 0.001 0.0003 —-0.096
Ba2+ 0.001 0.001 0.001 0.0001 —1.498
Baz+(70 °C) 0.001 0.001 0.001 0.0003 -1.470
BaZ* 0.001 0.000005 0.001 0.0003 -1.369
Cdz+ 0.002 0.001 0.001 0.0003 -1.527
Hg2+ 0.002 0.001 0.001 0.0003 —-0.288
Pb2+ 0.001 0.001 0.001 . 0.0001 -1.076
Cs* 0.002 0.001 0.001 0.0003 —2.246
Nat 0.002 0.001 0.001 0.0003 —2.668
HySOy4 0.002 0.001 0.001 0.0003 -2.596
HNO3 0.002 0.001 0.001 0.0003 -2.501
HC10,4 0.002 0.001 0.001 0.0003 -2.826
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TABLE III

Adsorption system silver-bromide

Second CAgBr CNaBr CHNO,4 CEu(NO,),

counterion (& ~2)a
mol dm™3 mol dm™ mol dm™3  mol dm™3 21
Tht+ 0.001 0.001 0.001 0.0002 0.679
AlS* 0.002 0.001 0.001 0.0003 -1.004
Crd+ 0.002 0.001 0.001 0.0003 -0.684
Las+ 0.001 0.001 0.001 0.0002 -0.152
BaZ* 0.001 0.001 0.001 0.0002 -1.705
Pb2+ 0.002 0.001 0.001 0.0003 -1.044
Na* 0.001 0.001 0.001 0.0002 -3.239
T+ 0.002 0.001 0.001 0.0003 -0.842

drolytic reactions?32* diminishing their charge number. The values for lan-
thanum ion in the AgBr system (Table III) are slightly higher than the ex-
perimental error.

As it can be seen from Tables I to IV, for the couple europium — other 2+
charged counterion, only cobalt in Ag,S system; barium and cadmium in Agl
system, and barium in AgCNS system satisfy the presumed (z — 2’)a = -1.5
value. Manganese and nickel in AgyS system, as well as barium in AgBr and
AgyS systems have (z — 2’)a value close to —1.5. Significant differences ob-
tained for other counterions with 2+ charge would correspond to the behav-
iour of some counterion with charge number greater than 2+. This means

TABLE IV

Adsorption system silver-rhodanide

Second CAgCNS CNaCNS CHNO, CEu(NO,),

counterion ( ~2a
mol dm™ mol dm™ mol dm™  mol dm™ 2!
A3+ 0.002 0.001 0.001 0.0003 ~0.394
Bi3* 0.002 0.001 0.001 0.0003 0.102
Crdt 0.002 0.001 0.001 0.0003 -0.298
Las* 0.002 0.001 0.001 0.0003 -0.049
Ba%* 0.002 0.001 0.001 0.0003 ~1.446
Cu?t 0.002 0.001 0.001 0.0003 -0.066
Hg2+ 0.002 0.001 0.001 0.0003 -0.585
Pb2* 0.002 0.001 0.001 0.0003 -0.627
Na* 0.002 0.001 0.001 0.0003 —92.748

dki 0.002 0.001 0.001 0.0003 -1.556
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that these counterions have a higher adsorbability than the europium ion
with which they are in adsorption equilibrium.

High concentrations of the desorbing ion and respective anion could have
influence on the maximal adsorbed quantity in the cases of europium ion
desorption with 1+ valence counterions. Taking this into consideration, the
(z = 2")a values obtained for sodium ion (Tables II, III, and IV) are close to
the expected value of —3. The caesium ion behaviour in the AgCNS system,
and particularly thallium ion in AgBr and AgCNS systems (Tables III and IV)
differ a lot from the expected values.

Desorption of the europium ion with hydrogen ion from HNO,;, HCIO,
and H,SO, acids in Agl system has been examined because of the possible
influence of the corresponding anion. For all three cases, the (z — z’)a values
for the hydronium ion were slightly lower than 3.

Previous research? shows that the europium ion behaves like a simple 3+
charged ion in adsorption systems. This means that the differences in (z — 2")a
values, obtained for counterions of the same kind or of the same valence in
the same or different adsorption systems, depend on their chemical proper-
ties, which are expressed in the particular adsorption system. These differ-
ences can be clearly seen from Tables I-IV.

Values of (z — 2’)a must depend on the counterion valence solely if the
linear Schulze-Hardy rule is valid. Differences between different adsorption
systems could be expected due to different surface ions, whose chemical po-
tential is contained in constant a. The differences in constant a values ob-
served previously, as well as the existence of counterion lyothropic series,
can be explained by the chemical effect (adsorbability, structure and hydra-
tion of ions).'* Adsorbability is the characteristic of a particular counterion,
while the structure and hydration of counterions depend on the adsorption
system conditions as well. Significant aberrations of calculated the (z — 2")a
values from the expected ones refer to counterions which are subject to hy-
drolysis and/or form salts of low solubility with the surface ion under the
experimental conditions. These counterion chemical properties are not in-
cluded into the Schulze-Hardy rule, so (z — 2’)a or a values are different for
counterions of the same valence.

The Schulze-Hardy rule is basically defined for critical coagulation con-
centrations, which is a criterion of the colloidal system stability. The elec-
trostatic repulsion between of dispersed colloidal particles depends on the
surface charge and/or the potential. Surface charge of the observed adsorp-
tion systems is defined as being due to the adsorption of the potential — de-
terming ions.?® Counterions adsorbed on such electrically charged surface di-
minish the surface charge and lead to coagulation. This is the reason why
the lyothropic effect is explained by the differences in electrochemical double
layer on the solid-liquid interface for different counterions.!41%27-29
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The electrical double-layer structure on the solid-liquid interface in Ag,S
and Ag-halide adsorption systems is equal to the electrical double layer of
AgoS or Ag-halide electrode for the same conditions. Accordingly the char-
acteristic magnitudes of the respective electrode and adsorption system can
be qualitatively compared.

Differences in the Agl electrode capacity for caesium and barium ions
relative to other ions of the same valence®® are congruent with the differ-
ences in (z — 2’)a for caesium and barium ions relative to other counterions
of the same valence in the Agl adsorption system (Table II).

The congruence of the cobalt and zinc selectivity constant for Ag,S elec-
trode®! with the differences in (z — z')a values for the same ions in the Ag,S
adsorption system (Table I) can be also seen. All the aforementioned data
suggest that the chemical nature of counterions, besides the charge, influ-
ences the effects which are a consequence of counterion adsorption in the
same manner.

According to Eq. (3), constant a depends on the chemical potential of the
adsorbed surface ion and on the temperature. The difference in (z - z")a val-
ues amounts to 0.129 for barium in Agl adsorption systems, which signifi-
cantly differs in iodide ion concentrations at 23.0 °C (Table II). This value
is almost equal to the experimental error.

Differences in (z — z')a values for barium in Agl adsorption systems at
23.0 °C and 70.0 °C are less than the experimental error, which can be seen
from Table II. Significant changes were determined?®’ for other electrokinetic
magnitudes of the double layer on the Agl/electrolyte interface for the same
difference in temperature.

It is obvious that, for constant a determination by the experimental
method from two counterion adsorption equilibrium, the influence of the pa-
rameters contained in Eq. (3) cannot be resolved.

CONCLUSION

The influence of counterions on certain surface phenomena, coagulation
in the first place, is defined as the Schulze-Hardy rule. Counterion adsorp- .
tion, in fact the equilibrium of certain adsorbed species in the electrical dou-
ble layer is the basis for all these surface phenomena. The solid phase in
adsorption systems acts as a counterion ion exchanger, so the Schulze-Hardy
rule is interpreted in terms of the ion exchange theory.® In this work, the
(z — 2)a values and constant a have been determined from the two counte-
rion adsorption equilibrium in four adsorption systems with several counte-
rions. The results of constant @ determination®*%!21819 and the knowledge
of the impact of counterion chemical properties!*!>?! have been respected.
Evaluation of the calculated values for the europium — other counterion



ON THE COUNTERION ADSORPTION EQUILIBRIUM 1157

equilibrium revealed the fact that this value is not solely influenced by the
counterion charge. The (z — z’)a values for counterions, which in the adsorp-
tion system are not in the simple ion form, should not be taken into account.
Due to the experimental method used, determination of characteristic con-
centrations and constant a from the two adsorbed counterions equilibrium
cannot give relations as precise as those obtained by the determination of
critical coagulation concentrations. Nevertheless, differences in the calcu-
lated (z — 2’)a values for equivalent counterions, whose solubilities of salts
with surface ion differ significantly, are visible in this work. It should be
mentioned that in later citing of the Schulze-Hardy rule with regand to the
ion exchange theory,!'1% or interpretations related to the D.L.V.O. theory,??
the counterion chemical properties are not considered at all.
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SAZETAK
O adsorpcijskoj ravnotezi protuiona
Mihovil Hus

Prouc¢avane su adsorpcijske ravnoteze obiljezenog europijeva iona i drugih pro-
tuiona na prethodno pripravljenim, suhim talozima AgsS, Agl, AgBr i AgCNS.
Takoder je proucen utjecaj temperature i koncentracije povrsinskog iona na adsor-
pcijske ravnoteze europijevih i barijevih iona. Vrijednosti (z — 2")a ili @ iz jednadzbe
za Schulze-Hardy-jevo pravilo u Mirnikovoj teoriji ionske zamjene izraéunane su iz
izmjerenih koli¢ina adsorbiranog europij iona. Izradunate vrijednosti (z — 2")a ili a
za par europij — drugi protuion pokazuju efekt valencije. Manje izraZzene razlike u
vrijednostima (z — 2')a ili @ za jednakovalentne protuione ovisne su o prirodi protuio-
na, analogno liotropnoj seriji kod koagulacije. Dobiveni rezultati diskutirani su uzi-
majudi u obzir otprije poznate vrijednosti konstante a Schulze-Hardy-jeva pravila za
pojedine parove protuiona kao i poznato kemijsko ponaSanje pojedinih protuiona u
ispitivanim sustavima. Adsorpcija europijevih iona odredivana je tehnikom radioak-
tivnih obiljezivaca.





