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The complexation of Fe3� and Ca2� ions by -gluconate (DGL) in alkaline solutions was studied by potentiometric
titration. Stability constants for the complexes were determined by mathematical treatment of the data with the
computer program BEST. Depending on the concentration of ligand, complexes of Fe3� : DGL stoichiometry 1 : 1,
1 : 2 and 2 : 2 were identified. In the presence of Ca2� ions mixed binuclear complexes are formed with the Ca2� :
Fe3� : DGL stoichiometries 1 : 1 : 1 and 1 : 1 : 2. The complex system was studied with cyclic voltammetry and with
constant current electrolysis experiments. The uptake of Ca2� into the FeIIIDGL complexes results in a distinct
change of the electrochemical properties of the iron(/)-redox couple. A shift of the formal redox potential towards
more negative values is observed. The Ca2� : Fe3� : DGL complexes can be regarded as models for an iron(/)-redox
system whose electrochemical behaviour is determined by the concentration of an electrochemically inactive ion.

Introduction
Iron-complexes with saccharic acids are of importance in
numerous different applications e.g. in corrosion inhibition,1,2

as complexing agents in textile auxiliaries 3,4 and in biological
systems.5 Iron(/)-complexes with -gluconate (DGL) have
been studied with regard to medical applications 5 and com-
plexes with DGL have been proposed as mediators for indirect
electrochemical reduction of dyestuffs in textile dyeing
processes.6–9 Due to their general importance complexes with
sugar-type ligands have been investigated in detail.10–12 The
preparation and isolation of such compounds was first achieved
by mixing stoichiometric amounts of Fe3�-salts, -gluconic
acid and sodium hydroxide solution.13 Traube described the
isolation of the basic “calcium-ferri-gluconate” [C6H7O7FeIII]Ca
after addition of CaCl2 to previously formed [C6H8O7FeIII]-
Na. Adding an excess of -gluconic acid the readily soluble
“calcium-ferri-digluconate” [C12H19O14FeIII]Ca was isolated.13

Despite the fact that the formation of FeIIIDGL complexes
has been well known for several decades the scientific data
about the composition of the complexes are still contradictory.
Pecsok 14 and Escandar 15 describe for alkaline solutions the
formation of mononuclear FeIIIDGL complexes with a Fe3� :
DGL molar ratio of 1 : 1 and various states of deprotonation
[FeIIIH�xDGL]y� with 0 > x > �4 and �2 > y > �2.14,15 Nagy
investigated solid FeIIIDGL complexes by means of spectro-
scopic methods and described the formation of binuclear
species of composition [FeIII

2H�4DGL2]Na2.
16,17 Gonzales-

Velasco proposed mononuclear and binuclear complexes on
the basis of ionic mobility measurements with the system
FeIIIDGL.18

In this article investigations describing the complexation of
Ca2� by the FeIIIDGL system are presented. Formation con-
stants calculated from potentiometric titration experiments
with the complex systems FeIIIDGL and CaFeIIIDGL are given.
The calculations were performed with the computer programm
BEST.19 Such information is required as a basis for a detailed
understanding and discussion of the influence of Ca2�-ions on
the redox behaviour of FeIIIDGL complexes. The uptake of Ca2�

into the FeIIIDGL complexes results in a distinct change of the
electrochemical properties of the FeIII/II-redox couple and in a
shift of the formal redox potential. The change in the redox

behaviour of FeIIIDGL due to complexation of Ca2� ions is
investigated with CV-experiments and the formal redox poten-
tials were studied in constant current electrolysis experiments
with parallel analytical determination of c(Fe2�) and c(Fe3�).

The data given in this article form a basis for an improved
understanding of the electrochemical behaviour of such mixed
complex systems formed between Ca2�, Fe3� and sugar type
acids.

Experimental
The Fe(NO3)3�9H2O, Fe2(SO4)3�5–6H2O, Ca(NO3)2�4H2O,
CaCl2�2H2O, HNO3, KNO3, NaOH, KOH, potassium hydro-
gen phthalate were analytical grade chemicals (Merck, Riedl-
de-Haen). Sodium -gluconate (NaDGL) with more than 99%
purity was used (Merck).

For the determination of complex formation constants the
following stock solutions were prepared: c(Fe(NO3)3�9H2O) =
0.01 mol dm�3 in c(HNO3) = 0.02 mol dm�3, c(DGL) = 0.01 mol
dm�3, c(Ca(NO3)2�4H2O) = 0.01 mol dm�3 and c(KNO3) =
1 mol dm�3. Aliquots of stock solution of ligand, metal ions,
KNO3 and KOH were diluted to the final volume of 50 ml in
order to obtain a final concentration of c(Fe3�) = 1.0 × 10�3 mol
dm�3, c(Ca2�) = 1.0 × 10�3 mol dm�3 and c(DGL) = 1.2 ×
10�3 mol dm�3 or 2 × 10�3 mol dm�3 respectively, with an initial
pH of 11.5.

The titrations were perfomed as back titrations with a titro-
processor (Orion Autochemistry System 960, Orion, Boston,
MA) using a Hamilton Flushtrode pH-electrode (Hamilton,
Bonaduz, CH). The addition of HNO3 (c(HNO3) = 0.1 mol
dm�3) was performed at time intervals of 120 seconds. Titration
was performed in the pH-interval between 2 and 11.6 by record-
ing 50 data points. The temperature was maintained at 20 ±
0.1 �C and the ionic strength was adjusted to 0.1 mol dm�3 by
addition of KNO3 stock solution.

The KOH solution was standardised against potassium
hydrogen phthalate and Gran’s plot was carried out to ensure
that the base was not contaminated by CO2. The calibration of
the pH-meter readings was performed to read �log[H�].

To compare the results of the back titration with the equi-
librium measurements, in the case of the FeIIIDGL system,
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Fig. 1 Species distribution (ionic strength µ(KNO3) = 0.1 mol dm�3, T  = 20.0 ± 0.1 �C) calculated for the system (a) FeIIIDGl with a molar ratio
1 : 1 c(Fe3�) = 0.01 mol dm�3, c(DGL) = 0.01 mol dm�3; (b) FeIIIDGl with a molar ratio 1 : 2, c(Fe3�) = 0.01 mol dm�3, c(DGL) = 0.02 mol dm�3;
(c) Ca2�FeIIIDGl with a molar ratio 1 : 1 : 1 c(Ca2�) = 0.01mol dm�3, c(Fe3�) = 0.01 mol dm�3, c(DGL) = 0.01 mol dm�3; (d) Ca2�FeIIIDGl with
a molar ratio 1 : 1 : 2, c(Ca2�) = 0.01mol dm�3, c(Fe3�) = 0.01 mol dm�3, c(DGL) = 0.02 mol dm�3.

solutions corresponding to 40 different titration points were
prepared and pH was measured after a storage time of approx.
48 hours at 20 �C.

The stability constants were calculated using the computer
program BEST.19,20 The quality of the approximation of the
measured potentiometric equilibrium curve is given by the par-
ameter σfit (standard deviation in pH-units 19). The results are
given as formation constants according to the definitions given
by Martell.19

Potentiometric titration experiments shown in Fig. 2 were
performed by adding 0.6 mol dm�3 HCl to 100 ml of a solution
containing c(Fe(NO3)3�9H2O) = 0.01 mol dm�3, c(DGL) =
0.02 mol dm�3, c(NaOH) = 0.05 mol dm�3 in the presence of
c(CaCl2) 0.01 mol dm�3. Experiments were performed by means
of a titroprocessor (Orion Autochemistry System 960, readings
60 s after each increment of HCl).

The CV-experiments were performed at a HMDE-electrode
(EG&G potentiostat 264A with 303A polarographic analyser
EG&G, Princeton, NJ). The potential values are related to a
Ag/AgCl, 3M KCl reference electrode. The investigated mix-
tures were prepared by mixing defined volumes of solution (A)
containing c(Fe3�) = 0.01 mol dm�3, c(DGL) = 0.02 mol dm�3

and solution (B) containing c(Fe3�) = 0.01 mol dm�3, c(DGL) =
0.02 mol dm�3 and c(Ca2�) = 0.01 mol dm�3. Both solutions A
and B, were adjusted to the desired pH by addition of sodium
hydroxide solution (c(NaOH) = 0.2 mol dm�3). The detailed
composition of the investigated solutions is given in Table 2.
The samples were deoxygenated for at least 8 min with N2. The
experiments were performed at room temperature.

The electrochemical reduction experiments were performed
in a laboratory scale multi-cathode electrolyser described in
more detail in the literature 21,22 (volume of catholyte 1 dm3,
volume of anolyte 0.4 dm3, anolyte: c(NaOH) 1 mol dm�3;
cathode material: stainless steel, cathode area 4320 cm2, separ-

ator: cation exchange membrane 100 cm2 area, stainless steel
anode 100 cm2 area; cell current 0.6–0.9 A, cathodic current
density 0.14–0.2 mA cm�2). The redox potential in the catholyte
was measured outside the cell in the catholyte reservoir using a
Pt-electrode and a potentiometer (Metrohm, pH meter 654,
Metrohm, Herisau, CH). The potential values given are related
to a Ag/AgCl, 3M KCl reference electrode. The experiments
were performed at room temperature. According to the planned
technical application Fe2(SO4)3�5–6H2O, and CaCl2�2H2O were
used as the metal salts. The composition of the catholyte is
given below.

The formation of the FeII-complex and the determination
of the total iron concentration were observed with photometry
at 520 nm after complexation with 1,10-phenanthroline at
pH 4.5.23

Results and discussion

Potentiometric titrations: complex stability

As a basis for the study of the CaFeIIIDGL system a set of
stability constants for the complex system FeIIIDGL had to be
determined as the data given in the literature were not
sufficient.13–18 For the calculations complexes with the FeIIIDGL
molar ratios 1 : 1, 2 : 1 and 2 : 2 and various states of deproton-
ation of the complexes were considered.13–18 The formation of
Fe3�–hydroxo species also was considered.24

During the calculations a reduction of the relevant species
was performed. The stoichiometry of the major species and
calculated formation constants are given in Table 1.

The calculated species distribution in a solution containing
a FeIIIDGL stoichiometry of 1 : 1 is shown in Fig. 1a; in
Fig. 1b the species distribution for 1 : 2 stoichiometry is
shown.
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Table 1 Formation constants and stoichiometry of the formed complexes (FeIIIDGL σfit = 0.015–0.022, CaFeIIIDGL σfit = 0.012–0.018), ionic
strength 0.1 mol dm�3, 20 �C

Species Formation constant (log (β))

Stoichiometry

  Ca2� Fe3� H� DGL�

DGLH 3.66 0 0 1 1
[FeIIIDGL]2� (10.51) 0 1 0 1
[FeIIIH�1DGL]� 9.03 0 1 �1 1
[FeIIIH�2DGL] 6.35 0 1 �2 1
[FeIIIH�3DGL]� 1.78 0 1 �3 1
[FeIIIH�4DGL]2� �8.4 0 1 �4 1
[FeIIIDGL2]

2� 22.23 0 1 0 2
[FeIIIH�1DGL2]

� 18.22 0 1 �1 2
[FeIIIH�2DGL2]

� 15.30 0 1 �2 2
[FeIIIH�3DGL2]

2� 9.84 0 1 �3 2
[FeIIIH�4DGL2]

3� �1.15 0 1 �4 2
[FeIIIH�5DGL2]

4� (�20.0) 0 1 �5 2
[FeIII

2H�7DGL2]
3� �1.42 0 2 �7 2

[CaFeIIIDGL]4� 16.26 1 1 0 1
[CaFeIIIH�1DGL]3� 13.89 1 1 �1 1
[CaFeIIIH�2DGL]2� 11.21 1 1 �2 1
[CaFeIIIH�3DGL]� 7.13 1 1 �3 1
[CaFeIIIH�4DGL] �0.99 1 1 �4 1
[CaFeIIIH�5DGL]� �11.01 1 1 �5 1
[CaFeIIIDGL2]

3� 20.96 1 1 0 2
[CaFeIIIH�1DGL2]

2� 22.47 1 1 �1 2
[CaFeIIIH�2DGL2]

� 19.06 1 1 �2 2
[CaFeIIIH�3DGL2] 14.82 1 1 �3 2
[CaFeIIIH�4DGL2]

� 6.68 1 1 �4 2
[CaFeIIIH�5DGL2]

2� �2.63 1 1 �5 2
Fe(OH)� a �2.9 0 1 �1 0
Fe(OH)2

� a �6.00 0 1 �2 0
Fe(OH)4

� a �21.6 0 1 �4 0
Fe2(OH)2

4� a �3.0 0 2 �2 0

Species with β value in parentheses are present in very low concentration.a Ref. 24. 

Scheme 1

As can be seen in Fig. 1a and 1b the stoichiometry of the
FeIIIDGL complexes changes from 1 : 1 to 1 : 2 when the con-
centration of the ligand c(DGL) exceeds c(Fe3�). The form-
ation of the species [FeIII

2H�7DGL2]
3� which has been proposed

in the literature 18 could also be confirmed by the calculations.
The formation of the depronated forms of 1 : 1 stoichiometry is
in agreement with results published by Pecsok.14 The formation
of a series of 1 : 2 complexes formed at higher concentrations
of DGL explains the differences in the results published for
FeIIIDGL, because only 1 : 1 complexes have been considered
until now.

In Scheme 1 the reactions for complex formation in the
FeIIIDGL and CaFeIIIDGL systems are summarised.

In Fig. 1c and 1d the species distribution for the Ca2� : Fe3� :
DGL molar ratios 1 : 1 : 1 and 1 : 1 : 2 are shown.

As long as a molar ratio of 1 : 1 or 1 : 1 : 1 is adjusted in
solution complexes of a 1 : 1 and 1 : 1 : 1 stoichiometry are
formed (eqn. (2)–(6) and (14)–(19)). The deprotonation of the
species is then dependent on the pH, appropriately �log[H�].
Only in the case of the binary system FeIIIDGL is the form-
ation of a binuclear system [FeIII

2H�7DGL2]
3� found (eqn. (7)).

When DGL is present in higher concentrations 1 : 2 and 1 : 1 : 2
species are formed, which is in agreement with the product
isolated by Traube (eqn. (8)–(12) and (20)–(25) in Scheme 1).13

At higher concentrations the formation of Ca2� containing
complexes can be directly observed in the potentiometric
titration curves (Fig. 2).

Experiments 1 and 2 in Fig. 2 show the result of a potentio-
metric titration of the FeIIIDGL complexes. The titration
experiment starts after the addition of five equivalents of
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Table 2 Composition of solutions investigated in the CV experiments: solution A: c(Fe3�) = 0.01 mol dm�3, c(DGL) = 0.02 mol dm�3; solution B:
c(Ca2�) = 0.01 mol dm�3, c(Fe3�) = 0.01 mol dm�3, c(DGL) = 0.02 mol dm�3

 No. Volume of solution A/ml Volume of solution B/ml c(Ca2�)/mol dm�3

pH = 9  (pH = 9.4) (pH = 8.9)  
 9–0 10 0 0
 9–4 6 4 0.004
 9–8 2 8 0.008
 9–9 1 9 0.009
 9–10 0 10 0.010

 
pH = 11  (pH = 10.9) (pH = 11.4)  
 11–0 10 0 0
 11–4 6 4 0.004
 11–8 2 8 0.008
 11–9 1 9 0.009
 11–10 0 10 0.010

 
pH = 12  (pH = 12.1) (pH = 12.2)  
 12–0 10 0 0
 12–4 6 4 0.004
 12–8 2 8 0.008
 12–9 1 9 0.009
 12–10 0 10 0.010

NaOH. [FeIIIH�4DGL2]
3� is present in solution as the main

complex species. After the addition of 1 equivalent CaCl2

(c(Ca2�) = 0.01 mol dm�3) an additional equivalent of NaOH is
consumed through the formation of [CaFeIIIH�5DGL2]

2� (Fig.
2, experiments 3 and 4). The formation of [CaFeIIIH�4DGL2]

1�

occurs in the pH interval from 10 to 7.
These results describing the formed complexes are required

as a basis for the understanding and discussion of the electro-
chemical behaviour of the complexes.

Cyclic voltammetry and batch electrolysis experiments

The changes in the electrochemical properties of the complexes
were studied with cyclic voltammetry and batch electrolysis
experiments.

In a series of CV-experiments, voltammogramms were
recorded for solutions containing c(Fe3�) = 0.01 mol dm�3,
c(DGL) = 0.02 mol dm�3 and c(Ca2�) = 0–0.01 mol dm�3. The
influence of the pH was studied at pH-values of 9, 11 and 12.
The composition of the solutions is given in detail in Table 2.
The voltammograms recorded at a scan rate of 50 mV s�1 for
the different pH values are shown in Fig. 3–5.

In the presence of Ca2� ions a distinct change in the shape of
the voltammograms is observed.

pH 11. From the species distribution curves in Fig. 1d the
cathodic current maximum (Ip)c at (Ep)c �1080 mV can be
attributed to [CaFeIIIH�5DGL2]

2� with a redox reaction accord-
ing to eqn. (26).

Fig. 2 Potentiometric titrations: (1) and (2) 100 ml solution containing
c(Fe(NO3)3�9H2O) = 0.01 mol dm�3, c(DGL) = 0.02 mol dm�3,
c(NaOH) = 0.05 mol dm�3; (3) and (4) in the presence of c(CaCl2) = 0.01
mol dm�3.

With increasing concentration of Ca2� the CV-curves show
an increase of (Ip)c which indicates the formation of the
Ca2�-complex [CaFeIIIH�5DGL2]

2�. A linear relation between
the cathodic current and the Ca2� concentration is not observed
because following the reduction step according to eqn. (26)
redox reactions between cathodically formed [CaFeIIH�5-
DGL2]

3� and non-reduced FeIII-complexes e.g. [FeIIIH�4DGL2]
3�

can increase the cathodic current.7

pH 9. From the species distribution shown in Fig. 1d it
can be seen that in a solution with pH 9 several species are
expected to be present [CaFeIIIH�3DGL2], [CaFeIIIH�4DGL2]

�,
[CaFeIIIH�5DGL2]

2�.
The uptake of Ca2� by the Fe3�-complexes causes distinct

changes in the shape of the voltammogram and an increase
of the cathodic current at a potential of ca. �1000 mV. As
the current increases with c(Ca2�) this reduction can be
attributed to the formation of Ca–FeIII–DGL complexes. The
cathodic current at c(Ca2�) = 0.004 mol dm�3 is higher than
expected from a linear relation between current and Ca2� con-
centration, which again can be attributed to coupled redox
reactions.7

Fig. 3 Cyclic voltammograms of solutions 9–4, 9–8, 9–9, 9–10
(c(Fe3�) = 0.01 mol dm�3, c(DGL) = 0.02 mol dm�3, c(Ca2�) = 0.00–0.01
mol dm�3), pH 9, in the potential range �360 mV to �1360 mV at a
scan rate of 50 mV s�1.

[CaFeIIIH�5DGL2]
2� � e�  [CaFeIIH�5DGL2]

3� (26)

2686 J. Chem. Soc., Dalton Trans., 2002, 2683–2688



Table 3 Composition of the catholytes used for the constant current electrolysis tests

Experiment c(Fe3�)/mol dm�3 c(DGL)/mol dm�3 c(NaOH)/mol dm�3 c(Ca2�)/mol dm�3 pH-start pH-end

A 0.1 0.2 0.50 – 12.49 12.79
B 0.1 0.2 0.59 0.1 12.43 12.73

pH 12. At pH 12 besides [CaFeIIIH�5DGL2]
2� with (Ep)c =

�1080 mV an additional species is detected in the CV with
(Ep)c = �1400 mV. Due to the high pH-value the stoichiometry
of this species could not be derived from the potentiometic
titrations.

According to the species distribution curves (Ip)c attributed
to the reduction of [CaFeIIIH�5DGL2]

2� (eqn. (26)) increases
from pH 9 to pH 11 and decreases at pH 12 because the concen-
tration of [CaFeIIIH�5DGL2]

2� is lowered due to the formation
of the complex species with (Ep)c = �1400 mV.

Good linearity of (Ip)c at (Ep)c = �1080 mV vs. square root of
scan rate is observed at all investigated pH-values (Fig. 6). As

Fig. 4 Cyclic voltammograms of solutions 11–4, 11–8, 11–9, 11–10
(c(Fe3�) = 0.01 mol dm�3, c(DGL) = 0.02 mol dm�3, c(Ca2�) = 0.00–0.01
mol dm�3), pH 11, in the potential range f �360 mV to �1360 mV at a
scan rate of 50 mV s�1.

Fig. 5 Cyclic voltammograms of solutions 12–4, 12–8, 12–9, 12–10
(c(Fe3�) = 0.01 mol dm�3, c(DGL) = 0.02 mol dm�3, c(Ca2�) = 0.00–0.01
mol dm�3), pH 12, in the potential range �360 mV to �1460 mV at a
scan rate of 50 mV s�1.

the cathodic current at this potential is attributed to the
irreversible reduction of [CaFeIIIH�5DGL2]

2� the shape of
the graphs for pH 9, 11 and 12 in Fig. 6 is comparable. The
absolute height of the cathodic current is different because
the concentration of [CaFeIIIH�5DGL2]

2� varies with pH.
To investigate the redox potential formed in solution during

cathodic reduction of the complexes constant current elec-
trolysis experiments were carried out with the alkaline solutions
of the complexes. In Table 3 the composition of the catholytes
A and B used for electrolysis experiments is given. The catho-
lytes were adjusted to the same pH-value before electrolysis to
minimise disturbing influences due to the pH-dependence of
the redox potential.

Using a divided flow cell a defined amount of FeII-complex
can be formed by cathodic reduction. Starting with the FeIII-
form of the DGL-complex part of the complex is reduced to
the FeII-form without distinct changes in the composition of
the electrolyte. Parallel to the measurement of the redox poten-
tial the ratio FeII : FeII/III was determined photometrically using
1,10-phenanthroline.23

The slow formation of the FeII-complex permits the com-
plexes present in the catholyte to achieve chemical equilibrium
with regard to the reactions given in Scheme 1. The formal
redox potential E measured at the Pt-electrode can thus be
understood as a sum parameter describing the redox potential
determined by the present set of FeIII- and FeII- complexes.

Fig. 7 shows the redox potential measured in the different
electrolytes A and B as function of the ratio FeII-form/total
FeII/III-complex. As expected from the results of the CV-
experiments the uptake of Ca2� causes a distinct shift of the
redox potential towards more negative potential values. The
formal redox potential measured in the constant current electro-
lysis experiment for the FeII/III–DGL system is near �600 mV
while at the same FeII/III ratio the Ca–FeII/III–DGL system shows
a redox potential of ca. �800 mV.

Conclusions
The investigation of the system Ca2�–Fe3�–DGL by potentio-
metric titration indicates the formation of binuclear complexes
with a Ca2� : Fe3� stoichiometry of 1 : 1. Depending on the
concentration of DGL complexes with a Ca2� : Fe3� : DGL
molar ratio of 1 : 1 : 1 or 1 : 1 : 2 are present. The deprotonation
of the complexes is dependent on the pH of the solution. The

Fig. 6 Dependence of cathodic peak current (Ip)c ((Ep)c = �1080 mV)
on the scan rate at pH 9, pH 11, pH 12.
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formation of the 1 : 1 : 2 complexes is favoured instead of the
formation of two separate 1 : 1 complexes e.g. CaDGL and
FeIIIDGL.

The formation of mixed binuclear complexes instead of two
different mononuclear complexes (CaDGL and FeIIIDGL) pro-
vides an explanation for the unexpected finding that Ca2�-ions
can change the electrochemical properties of an iron-complex.

The uptake of Ca2� into the complexes causes a distinct
change of the electrochemical behaviour of the FeII/III redox
couple which can be demonstrated by CV-experiments. On the
basis of the species distribution curves at pH 11 [CaFeIII-
H�5DGL2]

2� is proposed as the predominant electrochemically
active complex with (Ep)c = �1080 mV. The formal redox
potential of the FeII/IIIDGL complexes is shifted approx.
�150 mV towards more negative values by the uptake of Ca2�

which can be demonstrated by constant current electrolysis
experiments.

Generally the observed shift in formal redox potential caused
by an uptake of Ca2�-ions into the FeII/IIIDGL complexes can
be understood as a model for the interaction between an elec-
trochemically inactive ion (Ca2�) and the redox properties of
FeII/III-complexes, which thus represents a Ca2�-sensitive redox
couple.
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