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This paper reports the solubility and solubility products at 20 °C of five metallic azelates (calcium, copper,
nickel, lead, and zinc) that were synthesized and their stoichiometry controlled. The values of pKSP obtained
for Ca(CH2)7(COO)2, Cu(CH2)7(COO)2, Ni(CH2)7(COO)2, Pb(CH2)7(COO)2, and Zn(CH2)7(COO)2, are
respectively 5.59, 8.05, 3.97, 9.60, and 5.82. Using MINEQL+ software, conditional solubility curve of
each azelate was represented. By comparing the curves of azelates, it is possible to predict the selective
precipitation of metallic cations in solution. From a theoretical point of view, sodium azelate is able to
precipitate selectively Pb2+ from Pb2+ + Ca2+ or Pb2+ + Ni2+ mixtures and Cu2+ from Cu2+ + Ni2+ mixtures.

Introduction
Metallic carboxylates have considerable commercial

importance. They find applications in areas such as deter-
gents, driers in paints or inks, components of lubricat-
ing greases, stabilizers for plastics, fungicides, catalysts,
waterproofing agents, fuel additive,1,2 and recently as
corrosion inhibitor.3-6 Carboxylates are also used as col-
lectors in extraction processes by flotation7-9 and have
shown the possibility to remove lead from aqueous solu-
tions with sodium caprate.10 Some carboxylic acids and
sodium carboxylates find applications in separation pro-
cesses by solvent extraction (Ni + Ca mixtures)11 and
recovery processes by precipitation.12

We have shown in a previous work13 the possibility of
using carboxylates for performing selective precipitation
of metallic cations contained in a given mixture. In this
paper, we focus our attention on the interaction between
azelaic acid (or nonanedioic acid) and divalent metallic
cations. This dicarboxylic acid, mainly produced by oxida-
tion scission of fatty acid contained in vegetable oils,14-18

has various industrial uses: plasticizers, lubricants, cos-
metics, painting materials.19,20

There are few thermodynamic data concerning metallic
azelates in the literature. Before studying selective pre-
cipitation of metallic cations, it was necessary to determine
the solubility of these compounds in order to predict the
feasibility of separation.

The aim of this work was to measure the solubility of
five metallic azelates (calcium, copper, nickel, lead, and
zinc). First, metallic azelates were prepared and their
stoichiometry controlled using pH titration and chemical
analysis. From these experimental data, the solubility
product and the conditional solubility of each compound
were calculated. Finally, the theoretical feasibility of
selective precipitation for each binary mixture of cations
was discussed.

Experimental Section
Reagent and Solutions. All reagents and solutions

were prepared from Fisher Labosi or Acros Organics

analytical grade chemicals with a stated purity of at least
99 %. The conductivity of double-ionized water used never
exceeded 0.1 µS‚cm-1.

Synthesis of Metallic Azelates. The precipitation
reagent, a 0.1 mol‚L-1 sodium azelate solution (noted
Na2Az), was prepared by neutralization of azelaic acid
(CH2)7(COOH)2 with sodium hydroxide. Metallic cation
solutions, close to 0.1 mol‚L-1, were prepared from sulfate,
nitrate, or chloride salts. The metallic azelates were
prepared by adding sodium azelate to metallic cation
solutions. Throughout the experiments, the pulp was mixed
for 1 h with a magnetic stirrer at 500 rpm. The precipitates
were separated by filtration, washed thoroughly with pure
water, and dried at 105 °C.

Stoichiometry. The stoichiometry of copper, zinc, cal-
cium, and nickel azelates was verified by pH measurement
during the dissolution of each compound. A known mass
of solid was introduced in a beaker containing pure water.
The resulting pulp was titrated with 5.25‚10-2 mol‚L-1

aqueous H2SO4. For calcium azelate, 1.20‚10-1 mol‚L-1

hydrochloric acid HCl was used to avoid precipitation of
calcium sulfate. The experiments were carried out with a
combined pH electrode (Radiometer Analytical XC100)
using a pH meter (Meterlab PHM 210). Two ISO standard
buffers at pH 4 and pH 10 were used for calibration. The
sodium azelate was added with a buret Tacussel EBX 3.
Buret and pH meter were monitored by a personal com-
puter (PC).

The reaction between metallic azelates and protons can
be written as follows:

The equivalence point allows the determination of the mole
number of azelate contained in the precipitate. At the end
of the titration, the solution was recovered in a volumetric
flask, and concentrations of dissolved metallic cations were
measured by atomic absorption spectrometry (AAS) using
a spectrometer Unicam 969 SOLAAR. The molar ratio
nM

2+/nAz
2- leads to the stoichiometry of the compound.

Titration of lead azelate was not possible because of the
low solubility of this compound. Consequently, the stoichi-
ometry of this compound was determined by pH measure-
ment during lead precipitation.
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(CH2)7(COO)2M(s) + 2H+ T M2+ + (CH2)7(COOH)2(s) (1)
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Solubility Study. The solubility measurements were
performed with freshly precipitated metallic azelates. To
obtain a saturated solution, a sufficient quantity of azelate
was added to 50 cm3 of pure water. The solution was
covered with a double layer of Parafilm to prevent absorp-
tion of CO2 from the atmosphere. The pulp was maintained
at 20 (( 1) °C in a thermostated chamber and mixed with
a magnetic stirrer at 500 rpm throughout the experiments.

For each compound, the time required to reach the
equilibrium was determined by following the conduct-
ance using a Radiometer Analytical XE100 cell and a
Radiometer Analytical CDM 210 conductivity meter. At the
end of the experiment, the pH was measured, and the
solution was filtered through a Millipore filter (0.22 µm,
White GSWP, 47 mm) for AAS analysis. To determine
uncertainty of measurement,21,22 each experiment was
replicated five times.

Theoretical Metal Speciation

The reaction corresponding to the solubility equilibrium
of divalent metallic azelates in water is

The solubility product constant, noted Ksp, is given by

In pure water, in the case of slightly soluble compounds,
we assume that activities and concentrations are equiva-
lent. The solubility product constant is then

For a given pH value, the metallic cation can exist in
different forms such as MOH+, M(OH)2, or M(OH)x

(x-2)-,
and the azelate anion reacts with H+ leading to (CH2)7-
(COOH)(COO-) or (CH2)7(COOH)2. In these conditions, Ksp

is replaced by the conditional solubility product noted
Ksp

cond. In our case, Ksp
cond will be written as follows:

where [M] represents the total concentration of different
species of the metal and [Az] represents the sum of the
concentrations of the different acido-basic forms of azelaic
acid.

According to Ringbom,23 the conditional solubility prod-
uct Ksp

cond can be calculated with the following equation:

The side reaction coefficients RM and RAz are expressed in
the form:

By substituting in both these expressions the acidity
constants24 of M2+ and (CH2)7(COOH)2 according to the
reactions below:

we obtain

and

Results and Discussion

Stoichiometry. The pH measured during the dissolution
of calcium, copper, nickel, and zinc azelates was presented
in Figure 1. The equivalence point of each curve allows to
determine the mole number contained in the precipitate.
Metal concentration measured by AAS leads to the mole
number of cation in the compound. These values were used
to calculate the molar ratio nM

2+/nAz
2+ presented in Table

1.
The pH titration of the precipitation of lead is shown in

Figure 2. The precipitation was performed by adding
9.7‚10-2 mol‚L-1 sodium azelate to 6 mL of 1.46‚10-1

mol‚L-1 Pb(NO3)2 slightly acidified with HNO3. The dif-
ference between the second equivalence point (correspond-
ing to the formation of lead azelate) and the first one
(relative to the neutralization of free acidity of the solution)
was equal to 9.05 mL. In these conditions, the value of the
nPb

2+/nAz
2+ ratio is 1.00. To confirm this value, 175.6 mg of

lead azelate was digested with concentrated HNO3, and

(CH2)7(COO)2M(s) T (CH2)7(COO)2
2- + M2+ (2)

Ksp ) R(M2+)‚R((CH2)7(COO)2
2-) (3)

Ksp ) [M2+]‚[(CH2)7(COO)2
2-] (4)

Ksp
cond ) [M]‚[Az] (5)

Ksp
cond ) Ksp‚RM‚RAz (6)

RM )
[M]

[M2+]
)

1 +
[MOH+]

[M2+]
+

[M(OH)2]

[M2+]
+ ... +

[M(OH)x
(x-2)-]

[M2+]
(7)

RAz )
[Az]

[(CH2)7(COO)2
2-]

)

1 +
[(CH2)7(COOH)(COO)-]

[(CH2)7(COO)2
2-]

+
[(CH2)7(COOH)2]

[(CH2)7(COO)2
2-]

(8)

Figure 1. pH metric following of dissolution of zinc, nickel, copper,
and calcium azelate by various volume of H2SO4. 2, CuAz; b,
CaAz; 1, NiAz; 9, ZnAz.

M2+ + H2O T MOH+ + H+ Ka1

MOH+ + H2O T M(OH)2 + H+ Ka2

l l l l l

MOHn-1
(n-3)- + H2O T M(OH)n

(n-2)- + H+ Kan (9)

(CH2)7(COOH)2 T (CH2)7(COOH)(COO)- + H+

Ka1 ) 10-4.55

(CH2)7(COOH)(COO)- T (CH2)7(COO)2
2- + H+

Ka2 ) 10-5.42 (10)

RM ) 1 +
Ka1

[H+]
+

Ka1‚Ka2

[H+]2
+ ... +

Ka1‚Ka2 ... Kan

[H+]n

(11)

RAz ) 1 +
[H+]

10-5.42
+

[H+]2

10-9.42
(12)
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lead was measured using AAS. The calculation of the mass
percentage of lead in the compound gives 53.3 % for a
theoretical value of 52.7 %. The ratios obtained for all
cations confirm the exclusive precipitation of M(CH2)7-
(COO)2 type compounds.

Solubility. The variation of conductance, presented in
Figure 3, gives the time required to reach the equilibrium.
This time was obtained when the conductance reaches a
plateau. The curves indicate that a time of 8 h is sufficient
to reach the equilibrium. Table 2 presents the metal
concentrations and the pH measured for each compound.

According to the mathematical relation between solubil-
ity and solubility product, Ksp was determined by calculat-
ing the Ksp

cond from experimental solubility and by replac-
ing the values of [H+] ) 10-pH in RM and RAz expressions.
These calculated values are given in Table 3. The solubility
products Ksp were calculated on the basis of concentrations,

assuming activity coefficients equal to 1. Corrected values,
noted Ksp

corr, were determined taking ionic strength into
account, which was calculated for each filtrate. Activity
coefficients were calculated with the Debye-Hückel equa-
tion:

As expected, the values of Ksp and Ksp
corr are very close for

slightly soluble compounds such as CuAz or PbAz. On the
other hand, the results obtained for CaAz and NiAz clearly
show that the equivalence between activities and concen-
trations is not valid.

Theoretical Calculation of Conditional Solubility

The values of pKsp
corr presented in Table 3 were added to

the database MINEQL+ software,25 a widely used chemical
equilibrium modeling interface. The solubility curves were
plotted taking the possible formation of metallic hydroxides
into account. Figure 4 presents the solubility of zinc azelate.
Then, all curves are gathered in Figure 5.

Figure 5 allows us to predict the feasibility of a separa-
tion from a theoretical point of view. We consider a
separation of binary mixture M1-M2 as possible when 99
% of the cation M1 is precipitated without embedding more
than 1 % of the cation M2. The separation is effective when
log([M2]/[M1]) > 2. Table 4 presents all the M1-M2 mix-
tures. From both solubility curves the highest difference
between log M2 and log M1 is determined. Log ([M2]/[M1])

Table 1. Experimental Ratios between M2+ and Az2- in
Calcium, Copper, Nickel, and Zinc Azelates

Zn2+ Ni2+ Cu2+ Ca2+

mass of metallic
azelate/mg

102.6 167.4 171.8 171.8

equivalent
point/mL

7.25 11.53 13.20 11.45

moles of azelate 3.81‚10-4 6.05‚10-4 6.93‚10-4 6.84‚10-4

moles of cation 4.09‚10-4 6.17‚10-4 7.06‚10-4 7.06‚10-4

ratio nM
2+/nAz

2+ 1.07 1.02 1.02 1.03

Figure 2. pH metric following of lead azelate formation by
addition of volume (V) of sodium azelate.

Figure 3. Conductometric following of metallic azelate solubilities
determination as a function of time.

Table 2. Metallic Azelate Solubilities

compound
total M2+/
mol‚L-1

confidence interval/
mol‚L-1 pH

PbAz 1.89‚10-5 0.39‚10-5 6.1
CuAz 1.24‚10-4 0.24‚10-4 6.0
ZnAz 1.89‚10-3 0.13‚10-3 6.7
CaAz 1.17‚10-2 0.10‚10-2 6.9
NiAz 3.72‚10-2 0.02‚10-2 6.9

Table 3. Solubility Products of Metallic Azelates

CaAz CuAz NiAz PbAz ZnAz

Ksp 1.32‚10-4 1.10‚10-8 1.35‚10-3 2.69‚10-10 3.35‚10-6

pKsp )
-log Ksp

3.88 7.96 2.87 9.57 5.48

ionic strength/
ol‚L-1

4.70‚10-2 4.96‚10-4 1.49‚10-1 7.50‚10-5 7.56‚10-3

γM ) γAz 0.44 0.90 0.28 0.96 0.67
Ksp

corr 2.55‚10-6 8.91‚10-9 1.06‚10-4 2.48‚10-10 1.50‚10-6

pKsp
corr 5.59 8.05 3.97 9.60 5.82

log γi ) -
0.5zi

2xI

1 + xI
(13)

Figure 4. Conditional solubility of zinc azelate as a function of
pH.
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is then calculated (column 2), and the corresponding pH
value is given in column 3. The last column indicates the
theoretical residual concentration of M1 in the solution after
precipitation of M1Az.

Conclusion

This work is devoted to the measurement of the solubility
of calcium, copper, nickel, lead, and zinc azelates. Metallic
azelates have been synthesized from sodium azelate and
metallic cation solutions. Their stoichiometry has been
controlled using pH titration and chemical analysis. The
solubilities have been determined in pure water at 20 °C,
and the solubility products were calculated. The values of
Ksp for Pb(CH2)7(COO)2, Cu(CH2)7(COO)2, Zn(CH2)7(COO)2,
Ca(CH2)7(COO)2, and Ni(CH2)7(COO)2 are respectively
2.48‚10-10, 8.91‚10-9, 1.50‚10-6, 2.55‚10-6, and 1.06‚10-4.
The superimposing of solubility curves, drawn with
MINEQL+ software, can be used to predict the feasibility
of the separation of two given cations. From a theoretical
point of view, sodium azelate could be used to perform the
following separations: Pb2+ + Ca2+, Pb2+ + Ni2+, and Cu2+

+ Ni2+.
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Figure 5. Conditional solubility of divalent metallic azelates as
a function of pH. 2, CuAz; b, CaAz; 1, NiAz; 9, ZnAz; f, PbAz.

Table 4. Theoretical Feasibility of Selective
Precipitation for Cations Mixture M1-M2

M1-M2
mixture

max value of
log([M2]/[M1])

max pH
value

theor residual
concn of M1/(mg‚L-1)

Pb2+ + Cu2+ 0.79 6.4 3.6 mg‚L-1

Pb2+ + Zn2+ 1.89
Pb2+ + Ca2+ 2.49
Pb2+ + Ni2+ 2.79
Cu2+ + Zn2+ 1.12 6.3 6.5
Cu2+ + Ca2+ 1.72
Cu2+ + Ni2+ 2.03
Zn2+ + Ca2+ 0.60 7.6 84.8 mg‚L-1

Zn2+ + Ni2+ 0.90 7.3 84.8 mg‚L-1

Ca2+ + Ni2+ 0.30 7.3 410.3 mg‚L-1
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