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A number of analytical methods and techniques (X-ray dif-
fraction, FT-IR and electron paramagnetic resonance spectro-
scopy, ionic chromatography, scanning electron microscopy,
etc.) have been used to study the mode and sites of incorp-
oration of some common inorganic anions (SO4

2−, NO3
− and

Cl−) in the calcite crystal lattice. Calcite, the thermodyn-
amically stable calcium carbonate polymorph under standard
conditions, was prepared by spontaneous precipitation from
calcium hydroxide and carbonic acid solutions. The particu-
lar co-anion was added into the carbonic acid solution in the
form of a calcium salt before mixing the reactants. The sys-
tem prepared in such a way is particularly suitable for in-
vestigating the mode of foreign anion incorporation into the
crystal lattice of calcite. Apart from the constituent ions and
the products of water protolysis, this system contains only the

Introduction

In a previous paper, a whole range of different thermo-
dynamic and hydrodynamic parameters that could influence
physical-chemical properties of the precipitated calcium
carbonate was investigated.[1] Different processes were in-
volved in its formation and different products (polymorphs)
were obtained. Thus, even in the systems in which calcite
was found to be the only solid phase after the predeter-
mined period of time, its formation was the result either of
the recrystallisation of the precursor phase(s) (amorphous
calcium carbonate, vaterite) or the crystallisation. As a
consequence, the calcite crystals appeared with a range of
different physical properties (morphology, size etc.). The in-
fluence of foreign ions, primarily Mg2�, in conjunction with
some common anions (SO4

2�, NO3
� and Cl�) on the

physical and chemical properties of calcium carbonate pre-
cipitate was also described. The aim of these investigations
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co-anion examined. In order to study the local environment
in the calcite crystal lattice by EPR spectroscopy, Mn2+ was
used as a paramagnetic substitute for Ca2+. The experiments
were performed at 25 °C and the samples for analyses were
taken after a predetermined ageing time of 20 min. It was
found that the co-anions, when added in the concentrations
examined, did not affect the morphology of the calcite crys-
tals but were incorporated into the calcite structure. The larg-
est distortion of the calcite structure was obtained when sulf-
ate ions were added. The measured parameters of the calcite
unit cell are given, the results obtained are discussed and a
model that explains the possible mode and sites of sulfate
incorporation is presented.
( Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2004)

was principally to study the effects of both the cation and
the anions on the morphology of calcite. This work showed
that incorporation of magnesium into the calcite crystal lat-
tice depends on the nature of the co-anion present in the
system. It was also shown that there is a clear relation be-
tween the morphological properties of calcites containing
magnesium and the concentration of the corresponding
anion, as well as the amount of Mg2� incorporated into
calcite lattice. Besides, it was found that the addition of sul-
fate ions only, caused the formation of spherical aggregates
of the originally rhombohedral calcite crystals. Calcite was
chosen because it is the only thermodynamically stable po-
lymorph of calcium carbonate under standard conditions
to which the other two less stable polymorphs (aragonite
and vaterite) gradually transform. Moreover, extensive data
relating to calcite exist in the literature. These data are the
source of valuable information necessary for our findings
to be explained and for the model proposed, in which small
inorganic anions are incorporated into the calcite lattice. In
addition, calcite is of great interest because of its wide use
in industry (pigment and filler in paper, rubber, plastics,
paints etc.) and also because of its widespread occurrence
in the natural environment (biomineralisation, geological
scales). It also has significant impact on energy production
and water treatment (scaling). In all these instances, the
crystal size distribution and morphology of the crystals are
of great significance, as well as their chemical composition



D. Kralj et al.FULL PAPER
(degree of the additive incorporation into the crystal lat-
tice). Additives and impurities of both an inorganic and an
organic nature play an important role. In recent years, the
most intensively investigated additives concerning this mat-
ter were soluble polymeric and special functional low mo-
lecular weight additives,[2�7] as well as the protein macro-
molecules isolated from some living organisms.[8�11]

Among the inorganic ions and small molecules, the effects
of Mg2� and some organic acids[12�19] on the formation
and morphology of calcium carbonate polymorphs were
studied much more than the effects of anions and other
cations.[1,20�23] Only a few papers[1,20,22] have considered
anions as a possible way of controlling the calcite mor-
phology. The anions studied in our previous investigations
and in the present work were chosen because they are the
possible impurities in any precipitation system and some of
them, such as SO4

2� in seawater, can be present in rather
high concentrations.

In order to investigate the role of anions separately from
the foreign cations in the calcium carbonate precipitation
system in this investigation, calcite was precipitated from a
system in which calcium hydroxide and carbonic acid solu-
tions were used as reactants. Thus, any possible effects of
ions other than the constituent ions or products of autopro-
tolysis of water (Ca2�, CO3

2�, HCO3
�, H3O�, OH�) on

the precipitation of calcite were avoided. Calcite prepared
in such a way can be used as a reference material for a
number of different studies. After that, foreign anions were
added to the precipitation system in the form of calcium
salts [CaSO4, Ca(NO3)2 and CaCl2] and a relatively narrow
range of the co-anion concentrations was investigated at a
relatively low initial supersaturation.

The aim of the present work was to shed more light upon
the mode and sites of incorporation of these anions into
the calcite lattice. For this purpose X-ray powder diffraction
(XRD), FT-IR and electron paramagnetic resonance (EPR)
spectroscopy, scanning electron microscopy (SEM) and ion
chromatography (IC) were used. In order to study the local
environment in the calcite crystal lattice by EPR spec-
troscopy, Mn2� was used as a paramagnetic substitute for
Ca2�. Mn2� is a particularly appropriate probe for such a
study because it readily substitutes for Ca2� in the calcite
structure and gives a strong EPR signal at room tempera-
ture providing abundant information even in the solid
state.[13,24�29]

Results and Discussion

All experiments were performed on the precipitation sys-
tem in which the total initial concentrations of calcium and
carbonate ions in solution were, respectively, ci(Ca2�) � 5.0
� 10�3 mol·dm�3 and ci(CO3

2�) � 9.0 � 10�3 mol·dm�3

and the initial pH was approximately 8.7. The initial super-
saturation of this system S � (Π/Ksp

o )1/2, defined as relative
supersaturation, S-1, where Π is the ion activity product
Π � a(Ca2�)·a(CO3

2�) and Ksp
o is the thermodynamic equi-

librium constant of calcite dissolution (Ksp
o � 3.313 � 10�9

 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org Eur. J. Inorg. Chem. 2004, 4579�45854580

at 25 °C), was calculated to be S-1 � 10.38. The detailed
calculation procedure, which takes into account the respect-
ive protolytic equilibria and equilibrium constants as well
as the charge and mass balance equations, has been given
previously.[1,30]

Figure 1 (a) shows typical crystal size distributions of cal-
cite precipitated in a pure system. A relatively narrow distri-
bution was obtained exhibiting a maximum at about 7 µm.
This is consistent with the previous findings[1] according to
which the crystals obtained at relatively low supersatu-
rations [(S-1) � 20], formed by heterogeneous nucleation
and slow crystal growth, are small in size and considerably
monodispersed. This also confirms the observation that the
crystal size distribution depends primarily on supersatu-
ration and not on the initial molar ratios ci(Ca2�)/
ci(CO3

2�), since such distributions are obtained regardless
of carbonate or calcium ions being in excess in the system.
The presence of a co-anion (sulfate, nitrate, chloride), added
in the system in concentrations mentioned above, did not
change the size distribution significantly. Figure 1 (b) shows
such a distribution obtained when the highest of the CaSO4

concentrations examined in this work (ci � 1.0 � 10�3

mol·dm�3) was added into the precipitation system. Slight
differences between the distribution curves shown in Fig-
ure 1 (a and b) reflect the appearance of a certain portion
of smaller calcite crystals obtained in the system with the
additive.

Figure 1. Volume distributions of calcite crystals obtained in the
precipitation system ci(Ca2�) � 5.0 � 10�3 mol·dm�3, ci(CO3

2�) �
9.0 � 10�3 mol·dm�3 at 25 °C, containing CaSO4: a) 0 mol·dm�3;
b) 1.0 � 10�3 mol·dm�3

Rather uniformly shaped crystals were obtained with or
without the addition of the co-anions. As an example, Fig-
ure 2 shows scanning electron micrographs of calcite crys-
tals obtained in the systems with increasing concentrations
of sulfate ions. At the highest concentration of sulfate ions,
a slight tendency towards the formation of aggregates of
smaller rhombohedral calcite crystals, as shown in Figure 2
(d), could be sporadically observed. This is consistent with
the findings represented in Figure 1. It should be noted that
the effect of sulfate ions on the calcite morphology is more
pronounced in the precipitation systems, in which the initial
supersaturation, and consequently the growth rate and the
aggregation tendency is much higher (S-1 � 30, pHi �
10.5). In such cases, the formation of spherical aggregates



Incorporation of Inorganic Anions in Calcite FULL PAPER

Figure 2. Scanning electron micrographs of calcite crystals isolated
from the system ci(Ca2�) � 5.0 � 10�3 mol·dm�3, ci(CO3

2�) � 9.0
� 10�3 mol·dm�3 at 25 °C, to which the following concentrations
of CaSO4 were added: (a) 1.0 � 10�4 mol·dm�3, (b) 3.0 � 10�4

mol·dm�3, (c) 6.0 � 10�4 mol·dm�3 and (d) 1.0 � 10�3 mol·dm�3

of the originally rhombohedral calcite crystals could be ob-
tained.[1] In order to minimise the influence of the kinetic
factors, a relatively narrow range of the co-anion concen-
trations was investigated at a relatively low initial supersatu-
ration. Such precautions were necessary since changes in
nucleation and/or crystal growth rates can cause changes
in the growth mechanisms and, consequently, influence the
mode and extent of the co-anion incorporation. Therefore,
the initial supersaturations in the systems with and without
the addition of co-anions were also kept approximately
the same.

In order to establish the possible incorporation of sulfate
into the calcite lattice and to find out the possible sites and
mode of their incorporation, the samples were analysed by
EPR spectroscopy, IC and XRD. Figure 3 shows a com-
parison of an EPR spectrum of Mn2�-doped pure calcite
(spectrum a) with the EPR spectra of Mn2�-doped calcite
samples obtained when the highest concentration of co-
anions used in this work were added to the precipitation
system, i.e. 1.0 � 10�3 mol·dm�3 NO3

� (spectrum b), 1.0
� 10�3 mol·dm�3 Cl� (spectrum c) or 1.0 � 10�3

mol·dm�3 SO4
2�, (spectrum d). The lines in spectrum b re-

main similar in structure and linewidth to those in spectrum

Table 1. EPR spectroscopic parameters [axial unit cell distortion, D�; parallel (∆W||) and perpendicular (∆W�) hyperfine linewidths of
mMn � �5/2; ‘‘wing lines’’ broadening, RH] of pure calcite and calcite samples prepared with the addition of different concentrations of
Cl�, NO3

� and SO4
2� ions

c [mol·dm�3] D� [mT] ∆W|| [mT] ∆W� [mT] P Q RH � P/Q

0 1.72 � 0.02 0.17 � 0.02 0.24 � 0.03 1853.0 290.3 6.4
Chloride 0.0010 1.80 � 0.05 0.20 � 0.03 0.26 � 0.03 1760.8 221.2 8.0

0.0006 1.80 � 0.05 0.15 � 0.03 0.23 � 0.03 1681.4 233.5 7.2
0.0003 1.80 � 0.05 0.16 � 0.03 0.22 � 0.03 1189.8 182.3 6.5

Nitrate 0.0010 1.71 � 0.02 0.19 � 0.02 0.25 � 0.03 990.0 158.2 6.3
0.0006 1.79 � 0.02 0.20 � 0.02 0.26 � 0.03 978.0 163.8 6.0
0.0003 1.71 � 0.02 0.18 � 0.02 0.24 � 0.03 1550.0 240.6 6.4
0.0001 1.74 � 0.02 0.15 � 0.02 0.25 � 0.03 1161.4 192.0 6.0

Sulfate 0.0010 1.82 � 0.05 0.24 � 0.03 0.41 � 0.03 577.4 11.1 52.0
0.0006 1.82 � 0.05 0.24 � 0.03 0.35 � 0.03 530.0 15.2 34.9
0.0003 1.80 � 0.05 0.18 � 0.03 0.27 � 0.03 635.6 32.4 19.6
0.0001 1.71 � 0.03 0.21 � 0.03 0.24 � 0.03 962.0 84.2 11.4
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Figure 3. EPR spectra of 55Mn2� in (a) pure calcite (the ‘‘wing
lines’’ are denoted) and calcites prepared in the presence of 1.0 �
10�3 mol·dm�3: (b) NO3

�, (c) Cl� and (d) SO4
2�; the measured

parameters of the spectra are given in Table 1

a. Spectra c and d exhibit broader lines and a larger broad-
ening of the wing lines. Results of the EPR spectroscopic
analyses are summarised in Table 1. It can be seen that the
addition of Cl� or SO4

2� is reflected in the spectra as an
increase in the parameter D� from 1.7 mT to 1.8 mT. On
the other hand, the addition of NO3

� did not show any
effect of this kind. Parameter D� reflects the distortion of
the calcite lattice from axial symmetry. The increase of D�
may be accompanied by the uniaxial strain of the threefold
axis, expressed in the EPR spectra by broadening of the
wing lines (RH parameter). Uniaxial strain is produced by
defects in the crystal lattice due to the different charges or
sizes of the impurity ions, the co-anions in this case. Any
of these cannot affect the spectroscopic hyperfine linewidths
(∆W). The RH parameters measured in the samples to
which SO4

2�, Cl� or NO3
� were added are displayed in

Figure 4 as a function of the co-anion initial concen-
trations. A pronounced increase in the RH parameter upon
the addition of SO4

2� suggests that although these anions
match the charge of the calcite CO3

2� groups, they produce
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Figure 4. Plots of the RH parameter, broadening of the wing lines
in the EPR spectrum, as a function of co-anion concentration (a):
sulfate (solid squares), chloride (open squares) and nitrate (solid
triangles); the P and Q parameters are denoted on the magnified
image of the wing lines shown in Figure 3 (b); from these param-
eters RH � P/Q was calculated

larger uniaxial strain than NO3
� or Cl�. As uniaxial strain

has its effect on the threefold axis of the crystal symmetry
alone, one would expect it to have a larger effect on the
symmetry of only one of the crystal axes, that is, along the
c axis of the calcite lattice.

Figure 5 compares the X-ray diffraction pattern of pure
calcite with those of the samples prepared with the addition
of the highest concentration (1.0 � 10�3 mol·dm�3) of co-
anions examined in this work. All the diffraction patterns
reveal the presence of calcite as the unique calcium carbon-

Figure 5. Powder X-ray diffraction pattern of (a) pure calcite and
calcites prepared in the presence of 1.0 � 10�3 mol·dm�3: (b) sul-
fate, (c) nitrate and (d) chloride

 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org Eur. J. Inorg. Chem. 2004, 4579�45854582

ate crystalline phase. It is evident that the presence of ni-
trate ions in the precipitation system does not have an effect
on the diffraction pattern of the precipitated calcite which
is similar to that of pure calcite. The presence of chloride
ions also has no effect on the diffraction peak positions but
results in a slight increase of the diffraction peak full width
half maxima (FWHM) as the co-anion concentration in-
creases. Since this effect indicates a reduction in the overall
crystallinity, it could be related to the incorporation of chlo-
ride ions into the calcite structure. The effect of sulfate ions
is more pronounced. These ions are not only incorporated
in the calcite structure but, at the same time, they induce a
reduction in the phase crystallinity. Although the differ-
ences among the diffraction patterns presented are minimal,
they can be considered as relevant because the trend in the
increase of line broadening follows the increase of the initial
co-anion concentration in solution.

Additional support to the previous conclusions is pro-
vided by the differential thermal analyses (DTA) of the
samples. An endothermic peak at 810 °C was obtained for
pure calcite, denoting its decomposition by loss of CO2. The
samples prepared with the addition of 1.0 � 10�3

mol·dm�3 CaSO4 showed a shift in this peak by 15 °C to-
ward lower temperatures. These observations suggest that
such a shift could be induced by incorporation of sulfate
ions in the calcite structure causing a destabilising effect.

Since SO4
2� showed the largest effect on the calcite crys-

tal symmetry, most emphasis will be given to this anion in
the following discussion.

Figure 6 shows the content of sulfate ions in the calcite
crystals, determined by ion chromatography, as a function
of the initial concentration of sulfate ions in the precipi-
tation systems. The incorporation of sulfate ions in the solid
phase increases linearly with the increase in the amount of
CaSO4 added. This is consistent with the XRD measure-
ments of the calcite unit cell parameters (i.e. a, c and unit
cell volume), as shown in Table 2. The changes in the a and
c axes are also linearly dependent on the quantity of sulfate
ions added to the precipitation systems, the change in the c
axis being larger than that in a axis. Figure 7 shows these
changes as a relative scale, i.e. as (asample/areference) � 100.

Figure 6. Sulfate ion content in the calcite crystals, determined by
ion chromatography, as a function of the initial concentration of
sulfate ions added as CaSO4 in the precipitation systems
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Table 2. Calcite unit cell parameters and full width half maxima (FWHM) of two diffraction peaks as a function of sulfate ion concen-
tration added to the precipitation system

ci(SO4
2�) a c V FWHM (006)[a] FWHM (300)[a]Sample

[mmol·dm�3] [Å] [Å] [Å3] (2θ) (2θ)

Ref. data[31] 4.989 17. 062 367.78
00[b] 0.00 4.9917(2) 17.069(9) 368.34(3) 0.09 0.10
S 01 0.10 4.9899(1) 17.085(5) 368.43(1) 0.12 0.10
S 02 0.30 4.9931(2) 17.081(8) 368.8(3) 0.12 0.10
S 03 0.60 4.99258(7) 17.10(1) 369.2(9) 0.13 0.11
S 04 1.00 4.996(4) 17.11(1) 370.0(5) 0.15 0.13

[a] Miller index of the calcite structure according to a rhombohedral unit cell.[31] [b] Pure calcite obtained from the precipitation system.

Figure 7. Relative changes of calcite crystal cell a (open squares)
and c (solid squares) axes shown as a function of the initial concen-
tration of sulfate ions added as CaSO4, in the precipitation systems

The observed similarity in the crystal size distributions
(Figure 1) and morphologies (Figure 2) of the investigated
systems, as well as the linear dependence of the amount of
anion incorporated in the calcite crystals on its concen-
tration in solution (Figure 6), give additional assurance that
the extent and mode of anion incorporation (SO4

2� in par-
ticular) are predominantly functions of thermodynamic fac-
tors (e.g. chemical nature of the ions, ionic radii, coordi-
nation properties, hydration free energy etc.).

Based on the results of EPR spectroscopic, IC and par-
ticularly the XRD analyses, a simplified model can be pro-
posed which attempts to explain the mode and site of sul-
fate incorporation in the calcite crystal lattice. A schematic
presentation of a calcite crystal lattice, in which one calcium
ion is coordinated with six carbonate ions, is shown in Fig-
ure 8 (a). If a planar carbonate is replaced by a sulfate ion,
three of the sulfate’s apical oxygen atoms in the tetrahedral
structure could be accommodated in the place of the planar
trigonal carbonate, as shown in Figure 8 (b). In this case,
the sulfur and the fourth oxygen atom of the sulfate are out
of the carbonate plane which induces an increase in the
calcite c axis. A small increase in the a axis can also be
expected, since the three apical oxygen atoms of the sulfate
occupy a slightly larger surface (256.4 Å2) in the plane com-
pared with the carbonate ion (212.1 Å2). In accordance
with the proposed model, the effect of distortion of the cal-
cite structure, caused by sulfate substitution, should be
more evident along the c axis. At the highest isomorphic
substitution of sulfate ions obtained, the distortion of the

Eur. J. Inorg. Chem. 2004, 4579�4585 www.eurjic.org  2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 4583

Figure 8. Schematic representation of the model showing: (a) the
calcite crystal lattice cell and (b) the possible mode and site of
sulfate ion incorporation

unit cell axes, with respect to the pure calcite, was about
0.05 Å (0.3%) and 0.01 Å (0.1%) for the c and a axes,
respectively. The XRD broadening of peaks, detected in the
calcite samples prepared with the additions of sulfate ions,
confirms the crystal lattice disorder induced by the presence
of sulfate ions (Table 2). This effect, related to the size of
the crystalline domains, is quite evident in the (00l) reflec-
tions but is smaller in the (h00) reflections. This suggests a
higher degree of disorder induced in the calcite structure by
sulfate ions along the c direction.

These crystallographic observations agree well with the
EPR spectroscopy and provide evidence of the importance
of the sulfate ions in destabilising the calcite structure.

Conclusions

The extent and mechanism of incorporation of some
common inorganic anions (SO4

2�, Cl�, NO3
�) into the cal-

cite crystal lattice and their influence on the physical and
chemical properties of the precipitate were investigated in
the precipitation system under conditions of a moderate
relative initial superstaturation (S-1 � 10.4) at 25 °C.

In order to avoid the presence of any undesirable chemi-
cal species (except Ca2�, CO3

2� and the products of their
hydrolysis, as well as H� and OH�) the precipitation was



D. Kralj et al.FULL PAPER
initiated by mixing calcium hydroxide (ci � 5.0 � 10�3

mol·dm�3) and carbonic acid (ci � 9.0 � 10�3 mol·dm�3)
solutions. For the same reasons, no pH or ionic strength
adjustments were made.

Under the given experimental conditions, calcite crystals
were formed by heterogeneous nucleation and were small in
size and considerably monodispersed.

The co-anions (chloride, nitrate or sulfate) were added
into the system in the form of an appropriate calcium salt
and the addition of any of the co-anions did not cause sig-
nificant changes in the physical or chemical properties of
the precipitate.

According to the X-ray diffraction, ion chromatographic
and EPR spectroscopic analyses of the calcite samples, the
respective co-anions were incorporated into the calcite crys-
tal lattice to a certain extent, the incorporation of sulfate
ions being the most extensive.

A model of sulfate incorporation into the calcite lattice
can be proposed: carbonate ions are partially substituted by
sulfate ions, thus causing a distortion of the calcite unit cell.
The degree of disorder along the c axis is much higher than
along the other two crystallographic directions as a conse-
quence of substitution of the tetrahedral sulfate for the
planar carbonate ions.

Experimental Section

Materials: All solutions used were prepared from analytically pure
chemicals and deionised water of high quality (conductivity � 0.1
µS·cm�1). For the experiments, a thermostatted double-walled
glass vessel of 400 mL capacity was used. Precipitation of calcite
was initiated by pouring 150 mL of carbonic acid solution into
the same volume of calcium hydroxide solution of the appropriate
concentration. During precipitation, the system was continuously
stirred at a constant rate by means of a flat-bladed stirrer with two
perpendicular blades and the extent of the reaction was determined
by measuring the pH of the solution. All experiments were per-
formed at 25 °C.
The carbonic acid stock solution was prepared by bubbling a high-
grade carbon dioxide stream into water until the apparent con-
stancy of the pH was obtained. The exact concentrations of freshly
prepared carbonic acid stock solutions were determined by
potentiometric titration using a standard NaOH solution (c � 0.10
mol·dm�3). The calcium hydroxide stock solution was prepared by
adding an excess of calcium hydroxide into water. The suspension
was then filtered through a 0.22 µm membrane filter and the satu-
rated solution was kept under nitrogen. The exact concentration
was determined by potentiometric titration using a standard HCl
solution (c � 0.10 mol·dm�3) and the total calcium content was
additionally checked by complexometric titration with EDTA.
Foreign anions were added to the system in the form of a calcium
salt (calcium sulfate, calcium nitrate or calcium chloride). The re-
quired amount of the foreign anion was always added into the
freshly prepared carbonic acid solution of known concentration
[ci(CO3

2�) � 9.0 � 10�3 mol·dm�3, diluted from the stock solu-
tion] and the total initial concentration of the foreign anion in the
system was varied [ci(anion) � 1.0 � 10�4, 3.0 � 10�4, 6.0 � 10�4

or 1.0 � 10�3 mol·dm�3]. The total initial calcium concentration
in the system was kept the same [ci(Ca2�) � 5.0 � 10�3 mol·dm�3]
in all experiments.
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The samples for analyses were taken after a predetermined ageing
time of 20 min, when the total volume of suspension was filtered
through a 0.22 µm membrane filter, thoroughly washed with small
portions of water and dried at 105 °C. In the system in which no
additive was added [ci(Ca2�) � 5.0 � 10�3 mol·dm�3 and
ci(CO3

2�) � 9.0 � 10�3 mol·dm�3], the precipitate consisted en-
tirely of calcite crystals and the amount of crystals obtained in one
preparation was just sufficient for all types of analyses to which the
solid phase was subjected to.

Methods: The precipitate composition was characterised by a com-
bination of FT-IR spectroscopic (Mattson), thermogravimetric
(Mettler TG 50 thermobalance with TC 11 TA processor), differen-
tial thermal (Netzsch differential thermal analyzer), and scanning
electron microscopic (Philips XL-20) analyses. TGA and DTA were
carried out with a heating rate of 20 °C/min and 10 °C/min, respec-
tively, and Al2O3 was used as the reference substance for DTA. For
the SEM observations, the dried samples were glued by a carbon
tape on an aluminium stub and were gold-coated.
Crystal number and size distributions were determined by means
of an electronic counting device (Coulter Electronics Ltd.) fitted
with a 50-µm orifice tube. This aperture-size diameter enabled crys-
tals in the size range between about 1 and 30 µm to be measured.
The instrument was calibrated with standard latex spheres (13.3
µm in diameter). The total content of calcium and sulfate ions in
the solid phase was determined by means of an ionic chromatogra-
phy system (Dionex DX100 fitted with a CD20 conductivity detec-
tor). The chromatographic data were collected and processed with
the Dionex Peaknet 5.1 program.
The possible incorporation of the co-anion into the calcite struc-
ture was evaluated by measuring the calcite unit-cell parameters by
XRD. The sample for the X-ray data collection was manually
ground in an agate mortar. The powder was mounted on a 1.5 mm
thick flat Al holder using the front loading technique and the data
collection was performed using a powder diffractometer (Philips
PW 1050/81 equipped with a secondary graphite monochromator;
Cu-Kα radiation at 40 kV and 40 mA). The instrument was config-
ured with a 1° divergence and 0.2 mm receiving slits. The presence
of impurities was checked and excluded by a preliminary qualitative
analysis of the X-ray powder pattern. The phase identification
was possible using the ICDD-PDF-2 database.[32] The unit cell
parameters and their standard deviations were calculated using the
CellSize computer program.[33] The number of significant figures
of the data obtained depends on the material crystallinity. The dif-
fraction peak full width half maxima (FWHM) were calculated
using the computer program WinFit.[34]

Apart from XRD, the interaction of foreign anions with the calcite
crystals was also studied by EPR spectroscopy (Varian E-9 spec-
trometer equipped with a dual microwave resonant cavity). In this
case, the local environment of Ca2� in the crystal lattice of calcite
was studied using Mn2� ions as a paramagnetic substitute for
Ca2�. The calcite crystals were prepared by adding carbonic acid
solution (150 mL of 9.0 � 10�3 mol·dm�3) into an equal volume
of calcium hydroxide solution (5.0 � 10�3 mol·dm�3). Manganese
(2.0 � 10�7 mol·dm�3) was added into the carbonic acid solution
prior to mixing the reactants, so that the Mn2� substitution for
Ca2� took place during the precipitation of calcite.[13] After the
initial mixing of the reactants, the system was agitated mechanically
with a flat-bladed stirrer for 20 min at a constant rate and then
aged for 30 d without further stirring. The calcite thus obtained
was filtered, washed several times with small portions of water,
dried at 105 °C and stored in a desiccator. The EPR spectrum of
such Mn2�-doped calcite crystals was used as a reference. The up-
take of Mn2� by such a method (as determined by IC) was approxi-
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mately 0.005 mol%.[13] This amount does not cause any measurable
change in the unit cell parameters of calcite. This was established
by our own XRD analyses and has also been reported by other
researchers.[29] A qualitative interpretation of the EPR spectro-
scopic parameters proposed by Angus et al.[29] was applied. These
authors reported that the axial distortion parameter D� of the cal-
cite unit cell depends on temperature, pressure and the concen-
tration and nature of the impurity ions incorporated into calcite.
In a magnetic field and in the absence of any ligands, Mn2� ions
give six lines in the EPR spectrum due to the hyperfine interaction
of the high-spin electron state of five electrons, S � 5/2, with the
nuclear spin of 55Mn2� nuclei, I � 5/2. The crystal field of the
CO3

2� ligands in the calcite unit cell splits these spectral lines
further, giving rise to a multi-line EPR spectrum. Thus, the spec-
trum contains information about the CO3

2� symmetry in the cal-
cite lattice. Any axial distortion of the CO3

2� ligands around Mn2�

in the calcite lattice changes the crystal field parameter D� in the
spectrum. This parameter is best regarded as a measure of the sep-
aration of the parallel and perpendicular components of each of
the six main hyperfine lines in the EPR spectrum of calcite and is
largest for the high-field hyperfine line mMn � �5/2. The line
shapes, ∆W, of the Mn2� spectra are expected to be Lorenzian
because of homogeneous line-broadening. Deviations from these
ideal line shapes, giving rise to an inhomogeneous line broadening,
can be caused by many factors. As suggested by Barberis et al.,[28]

a random distribution of oxygen atoms of the CO3
2� groups about

their equilibrium positions in the calcite lattice can be induced by
the impurity ions. In the EPR spectra, this is reflected as a broaden-
ing of all spectral lines and is measured by the parallel (∆W||) and
perpendicular (∆W�) linewidths of the hyperfine line mMn � �5/2
at half-height from the baseline. On the other hand, the com-
pression along the threefold axis, or random electric fields pro-
duced by impurities with different charges or sizes, cannot affect
the linewidth of the main lines but does broaden the outer so called
‘‘wing lines’’.[29] This is expressed as the so-called RH parameter.
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