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Phosphogypsum is a waste by-product of the phosphate fertilizer industry, which is usually disposed in
the environment because of its restricted use in industrial applications. Physico-chemical conditions
existing in stack fluids and leachates are of major importance and determine solubility and redox
stability of phosphogypsum, as well as radionuclide release from stacks to terrestrial environments. The
aim of this study is to assess the effect of key parameters (e.g. ionic strength, temperature, pH) on the
solubility of phosphogypsum. Phosphogypsum sampling and in-situ measurements were carried out at
a coastal stack in Cyprus, solubility experiments were performed in simulated laboratory systems and
thermodynamic calculations by means of MINTEQA2, an equilibrium speciation model. Generally,
increasing ionic strength and temperature leads to increased phosphogypsum solubility, with the former
being much more effective. The increased solubility of phosphogypsum in saline solutions is attributed
solely to ionic strength effects on the activity of ionic species in solution and no solid phase trans-
formations could be observed. The effect of pH on phosphogypsum solubility seems to be insignificant at
least in a pH range between 4 and 8. Regarding uranium levels, there is a strong correlation between
salinity and uranium concentration and linear correlation between phosphogypsum solubility and
uranium levels in stack solutions, indicating the incorporation of uranium into the gypsum lattice and
the formation of a solid solution.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Phosphogypsum (PG) is an acidic by-product of the phosphate
fertilizer industry, produced during the production of phosphoric
acid from phosphate rock. Worldwide, large amounts of phospho-
gypsum have been produced up to now and it is estimated that
if historic trends continue, production will increase to several
hundred million metric tonnes annually. However, because of
economic restraints (e.g. the price of the land) and pressing envi-
ronmental issues the development of a safe disposal procedure is
necessary. It is primarily the presence of toxic trace elements, as
well as the radioactivity of radium (Ra) and uranium (U), which
make this material a disposal and storage concern and have
restricted its use in agriculture and construction industry (Ruth-
erford et al., 1994; Burnett and Elzerman, 2001).

Although, the best option for dealing with the PG problem appears
to be the commercial use of this material in the agriculture
(e.g. amelioration of acid soils) and construction industry (building/
road construction), only a relative small portion of the
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phosphogypsum produced (14%) is reprocessed, a significant part is
dumped into water bodies (28%) and the main part of the material is
accumulated in large sludge ponds and retaining stockpiles (Ruth-
erford et al., 1994).

Regarding the geochemistry of PG there are several studies on
acidic runoff and hazardous material dispersion in the near-field of
PG stacks. These studies show that in some situations groundwater
pollution under a phosphogypsum stack is possible (Rutherford
et al., 1994). Modelling of the environmental radiochemistry of
uranium of Florida phosphogypsum showed that within the stacks
uranium exists mainly in the form of complexes with sulfate and
phosphate, which are relatively mobile uncharged or negatively
charged solution species. However, with increasing pH below the
stack precipitation of multicomponent solid phases occurs pre-
venting large-scale migration of uranium to the underlying aquifer
(Burnett and Elzerman, 2001; Lysandrou and Pashalidis, 2008).

In order to better understand the impact of the physico-chemical
conditions existing in phosphogypsum stacks it is necessary to study
separately the impact of each physico-chemical parameter (e.g. ionic
strength, T, pH, and Eh) on the (phospho)gypsum stability and solu-
bility. This study is focused on the effect of ionic strength (salinity),
temperature and pH on the (phospho)gypsum solubility and is based
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Table 1
Composition of the main constituents (mean values) in the stack solutions from
three different areas of the Vasiliko phosphogypsum stack.

A1 A2 A3

pH 4.3 2.4 2.6
EC (mS) 9500 35100 57 300

Anions in mg/l
[Cl�] 1420 8830 16 300
[SO4

2�] 2620 3860 6730
[NO3

�] 260 2880 80
[PO4

3�] 875 1865 275
[F�] 20 176 35

Cations in mg/l
[Naþ] 1100 6310 9125
[Ca2þ] 860 210 1500
[Mg2þ] 115 1135 1135
[Kþ] 80 255 1500

[U] in mg/l 2� 1 80� 2 280� 2
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on stack fluid measurements and chemical analysis of laboratory
(simulated) solutions. Moreover, thermodynamic calculations were
performed by MINTEQA2, to support the experimental data.

2. Materials and methods

2.1. Study area and sampling description

The research reported here covers the phosphogypsum stack at the Vasilikos
site, which is a coastal area in front of a former fertilizer plant in Cyprus. Despite its
small size, the phosphogypsum disposal site (about 50 000 m2) can be distinguished
into three sub-areas (A1, A2 and A3) determined by the age of phosphogypsum and
its composition (mainly salt content). The area is shown schematically in Fig. 1. The
salt (NaCl) originates from seawater, which covers adjacent sub-area (A3) of the
stack in winter and evaporates in summer leaving behind its salt content. Several
observation boreholes have been drilled into the stack (to a maximum depth of 5 m)
and stack solutions were sampled from the boreholes using a submersible pump and
filtered in the field immediately after collection. Sample preparation and analysis as
well as data of the physico-chemical characterisation of the phosphogypsum and the
stack solution are given elsewhere (Lyssandrou et al., 2006; Lysandrou and Pasha-
lidis, 2008).

2.2. Laboratory experiments

Dissolution experiments were performed by contacting phosphogypsum
powder (1 g) with 100 ml aqueous solution (saturated systems) of different salinity
in PE vessels. The salinity of the solutions was varied upon addition of NaCl to
produce solutions of defined NaCl concentration (0.1, 0.7, 1.0 M). The dissolution
experiments were performed under normal atmospheric conditions, 23� 2 �C and
constant pH (5.7� 0.1). In addition, experiments were also performed at varying
temperatures (25, 30, 50 and 70 �C) to investigate the temperature effect on the
phosphogypsum solubility. Ca ion concentration and sulfate ion concentration in the
test solutions were determined by flamephotometry (Janway flame analyzer P.F.P7)
and turbidimetry (Shimadzu, UV–Vis Spectrophotometer UV-2401 PC), respectively,
after calibration of the methods.

2.3. Speciation calculation software

Speciation calculation has been performed using a commercially available
chemical speciation software MINTEQA2 (Version 1.50, Allison Geoscience Consul-
tants Inc.). Calculations were performed based on the physico-chemical composition
of stack fluids as well as based on the experimental conditions and composition
corresponding to the laboratory systems.
3. Results and discussion

3.1. Field/stack fluid measurements

The mean concentrations of the main constituents determined
in phosphogypsum stack solutions, which were obtained from the
three different areas, are summarized in Table 1. According to the
data in Table 1, the concentration of the marine impurities (e.g.
NaCl) differs significantly from one area to another. The differences,
Fig. 1. Phosphogypsum sub-areas and the location of observation boreholes.

Please cite this article in press as: Papanicolaou, F., et al., Experimental and
Environ. Radioact. (2009), doi:10.1016/j.jenvrad.2009.06.012
which are basically attributed to marine inputs are discussed
elsewhere (Lysandrou and Pashalidis, 2008).

According to a previous study (Lysandrou and Pashalidis, 2008),
which was focused on the uranium leachability from phospho-
gypsum, there was a significant effect of the salinity on the uranium
leachabiliby and the solubility of phosphogypsum. Based on that
the presented study was initiated to investigate in more detail the
impact of the salinity/ionic strength on the phosphogypsum solu-
bility. As key indicator for the phosphogypsum solubility has been
used the sulfate concentration in solution, because the calcium ion
concentration is governed by the fluoride concentration in the
respective solutions. The effect of fluoride on the calcium ion
concentration is shown particularly, in the stack solutions of BH2.
Hence, the calcium ion concentration calcium can’t be used as
indicator for the phosphogypsum solubility.

Fig. 2 shows a correlation between the salinity of the stack
solution (here given as chloride concentration) and the phospho-
gypsum solubility (here given as sulfate concentration). According
to the data in Fig. 2, the sulfate concentration increases almost
exponentially with the chloride concentration indicating the strong
effect of the salinity on the phosphogypsum solubility. The increase
of solubility can be attributed solely to ionic strength effects and the
changes associated with the ion activity in saline solutions as
indicated also by dissolution experiments (see below).

Furthermore, Table 1 reveals that increased solubility of phos-
phogypsum in saline stack fluids is associated with increased
uranium levels in the respective solutions. The latter was exten-
sively investigated in a previous study (Lysandrou and Pashalidis,
2008), however the linear correlation between the sulfate and
Fig. 2. Phosphogypsum solubility (here given as [SO4
2�]) as a function of the stack

solution salinity (here given as chloride concentration).
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Fig. 3. Uranium levels in stack fluids as a function of phosphogypsum solubility (here
given as [SO4

2�]). Fig. 5. Difractograms of phosphogypsum samples contacted for six months with NaCl
solutions of varying concentration (e.g. 0.0 and 1.0 M).
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uranium concentration in solution (Fig. 3) shows a strong depen-
dence between phosphogypsum dissolution and uranium concen-
tration in solution and indicates possible incorporation of uranium
in phosphogypsum (e.g. formation of solid solution). The latter is
supported by the fact that uranium concentration in these stack
solutions is far below saturation and hence its concentration in
solution depends solely by the solubility of phosphogypsum.

3.2. Laboratory solution measurements and thermodynamic
calculations

For comparison, the effect of the ionic strength and temperature
on the phosphogypsum solubility (here given as sulfate concen-
tration) has been determined by laboratory experiments and
calculated using MINTEQA2 a species calculation software. The data
obtained from the laboratory experiments and theoretical calcu-
lations are graphically summarized in Fig. 4.

According to the data in Fig. 4, the effect of ionic strength on the
solubility of anhydrite (CaSO4), which is used here as model solid
phase for phosphogypsum, is significantly higher than the
temperature effect and determines basically the solubility of CaSO4

in saline solutions. Increasing ionic strength (salinity) up to 1 M
NaCl results in gradual decreasing of the activity coefficients of
dissolved ionic species. Hence, according to the thermodynamic
definition of the solubility product:

Ksp ¼ gCa2þ$
h
Ca2þ

i
$gSO2�

4
$
h
SO2�

4

i

Fig. 4. Calculated and experimentally determined solubility of phosphogypsum (here
given as [SO4

2�]) as a function of ionic strength and temperature.

Please cite this article in press as: Papanicolaou, F., et al., Experimental and
Environ. Radioact. (2009), doi:10.1016/j.jenvrad.2009.06.012
(where gi is the activity coefficient and [ ] the molar concentra-
tion of the ionic species involved), the molar concentration of the
ionic species involved (e.g. Ca2þ and SO4

2�) has to increase
accordingly. The sole effect of the ionic strength on the phos-
phogypsum solubility is supported also by XRD measurements of
phosphogypsum samples contacted for six months with NaCl
solutions of varying concentration (e.g. 0.1, 0.7 and 1.0 M). Cor-
responding data (summarized in Fig. 5) indicate a single phase
and no formation of secondary solid phases.

The differences between measured and calculated phospho-
gypsum solubility can be ascribed to a) non-dissolution equilib-
rium and b) differences in the solubility properties between the
phosphogypsum used in the laboratory experiments and the
reference system used in the calculations (e.g. anhydrite). Signifi-
cant differences between measured and calculated solubility in
similar systems are observed also by other investigators
(James, 1992). Regarding the effect of pH, both experimental data
and calculations don’t indicate any effect of pH at least in the pH
range between 4 and 8.
4. Conclusions

Experimental and theoretical results obtained from this study
lead to the following conclusions:

� The increased solubility of phosphogypsum in saline solutions
is basically attributed to ionic strength effects and temperature
changes have relatively small impact.
� The effect of pH on phosphogypsum solubility is insignificant at

least in a pH range between 4 and 8.
� Linear correlation between uranium concentration and phos-

phogypsum solubility in stack solutions, indicates the incor-
poration of uranium into the gypsum lattice and the formation
of a solid solution.
� The fate of phosphogypsum stacks close to sea will be governed

by marine inputs
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