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Abstract

The production of phosphoric acid from natural phosphate rock by means of the
wet process gives rise to an industrial by-product named phosphogypsum (PG). About 5
tonnes of PG are generated per tonne of phosphoric acid production, and worldwide PG
generation is estimated to be around 100-280 Mt per year. Most of this by-product is
disposed of without any treatment, usually by dumping in large stockpiles. These are
generally located in coastal areas close to phosphoric acid plants, where they occupy
large land areas and cause serious environmental damage. PG is mainly composed of
gypsum but also contains a high level of impurities such as phosphates, fluorides and
sulphates, naturally occurring radionuclides, heavy metals, and other trace elements. All
of this adds up to a negative environmental impact and many restrictions on PG
applications. Up to 15% of world PG production is used to make building materials, as a
soil amendment and as a set controller in the manufacture of Portland cement; uses that
have been banned in most countries. The USEPA has classified PG as a
“Technologically Enhanced Naturally Occurring Radioactive Material” (TENORM).

This work reviews the different environmental impacts associated with PG storage
and disposal. The methods described in the literature to minimise the negative effects of
this waste are classified by treatment type, i.e. physical, chemical, thermal, etc., and

different suggested applications for PG are detailed.
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1. Introduction

Phosphogypsum (PG) is a waste by-product from the processing of phosphate
rock by the “wet acid method” of fertiliser production, which currently accounts for
over 90% of phosphoric acid production. World PG production is variously estimated to
be around 100-280 Mt per year (Yang et al., 2009; Parreira et al., 2003) and the main
producers of phosphate rock and phosphate fertilisers are in the USA, the former USSR,
China, Africa and the Middle East. The phosphate industry is also an important
contributor to national economies in many developing countries. The mineralogical
composition of phosphate ore, as described by various researchers (Carbonell-
Barrachina et al., 2002; Oliveira and Imbernon, 1998), is dominated by fluorapatite
[Ca;oF2(PO4)e:CaCOs], goethite and quartz, with minor amounts of Al-phosphates,
anatase, magnetite, monazite and barite. Heavy metals and trace elements such as
cadmium (Cd) and nickel (Ni) are also detected. Phosphate ores are naturally highly
radioactive and their radioactivity originates mainly from **U and ***Th.

In order to produce phosphoric acid, phosphate ore is processed either by dry
thermal or wet acid methods. The dry thermal method produces element phosphorus
using an electric arc furnace. The wet chemical phosphoric acid treatment process, or
“wet process”, is widely used to produce phosphoric acid and calcium sulphate —mainly
in dihydrate form (CaS04.2H,0) (eq. 1). A general scheme of the processes is shown in

Fig. 1.

CasF(PO4)3 + 5H2$O4 + IOHZO 4 3H3PO4 + SCaSO4.2H20 + HF (1)



The wet process is economic but generates a large amount of PG (5 tonnes of PG
per tonne of phosphoric acid produced) (USEPA, 2002). The nature and characteristics
of the resulting PG are strongly influenced by the phosphate ore composition and
quality. PG is mainly CaSO42H,O but also contains impurities such as H;POy,
Ca(H,PO4),.H,0, CaHPO4.2H,O and Ca3(POs),, residual acids, fluorides (NaF,
Na,SiFs, NazAlFs, NasFeFs and CaF,), sulphate ions, trace metals (e.g. Cr, Cu, Zn and
Cd), and organic matter as aliphatic compounds of carbonic acids, amines and ketones,
adhered to the surface of the gypsum crystals (Rutherford et al., 1996). Furthermore,
wet processing causes the selective separation and concentration of naturally occurring
radium (Ra), uranium (U) and thorium (Th): about 80% of ***Ra is concentrated in PG
while nearly 86% of U and 70% of Th end up in the phosphoric acid. Determining the
types of impurities present can be very important when defining waste management
processes and environmental policies.

Only 15% of world PG production is recycled as building materials, agricultural
fertilisers or soil stabilisation amendments and as set controller in the manufacture of
Portland cement. The remaining 85% is disposed of without any treatment. This by-
product is usually dumped in large stockpiles exposed to weathering processes,
occupying considerable land areas and causing serious environmental damage (chemical
and radioactive contamination), particularly in coastal regions. The USEPA has
classified PG as a “Technologically Enhanced Naturally Occurring Radioactive
Material” (TENORM).

This paper reviews the different environmental impacts associated with PG
storage and classifies the methods described in the literature for recycling and

minimising the negative effects of this waste.



2. Characterisation of phosphogypsum

PG properties are dependent upon the nature of the phosphate ore, the type of wet
process employed, the plant operation efficiency, the disposal method, and the age,
location and depth of the landfill or stack where the PG is dumped (Arman and Seals,
1990). PG is a powdery material that has little or no plasticity and is composed mainly
of calcium sulphate dihydrate (>90% gypsum) and sodium fluorosilicate (Na;SiF)
(Berish, 1990; Kacimi et al., 2006). Due to the residual phosphoric, sulphuric and
hydrofluoric acids contained within the porous PG, it is considered an acidic by-product
(pH <3). PG from filter cake usually has a free moisture content of 25-30%. The vertical
hydraulic conductivity of PG has been reported to range between 1 x 10> and 2 x 107
cm/s (Senes, 1987). The free water content may vary greatly, depending on how long
the PG has been allowed to drain after stacking and on local weather conditions. PG
solubility is dependent upon its pH, and it is highly soluble in saltwater (=4.1 g/l) (Guo
et al., 2001). Its particle density ranges between 2.27 and 2.40 g/cm’ (Senes, 1987) and
its bulk density between 0.9 and 1.7 g/cm3 (Vick, 1977; Keren and Shainberg, 1981;
May and Sweeney, 1984).

From a morphological point of view, PG has a predominant particle size ranging
between 0.250-0.045 mm in diameter (May and Sweeney, 1984), depending on the
source of the phosphate rock and the reactor conditions (Becker, 1989). Milos and
Dragan, 2003, showed that PG has a marked crystal structure, mostly of rhombic and
hexagonal forms. Similar results can be observed in the micrographs (Fig. 2) obtained in
a morphological study of PG samples from Tunisia (Tayibi et al., 2008) using Scanning

Electron Microscopy (Jeol Field Emission JSM6500F). The micrographs reveal a



homogeneous and prismatic PG piling arrangement and a well-defined crystalline
structure with a majority of rhombic and orthorhombic shaped crystals.

The chemical composition of PG from different sources is listed in Table 1 (Taha
and Seals, 1992). According to this data the main components of PG are CaO, sulphates
(expressed as SOs3), SiO,, Al,Os, Fe;Os, P,Os, and F. Table 2 shows the trace metal
contents (arsenic, silver, barium, cadmium, chromium, lead, mercury and selenium) in
(mg/kg) in some PG sources. These elements are on the Environmental Protection
Agency (EPA) list of potentially toxic elements. It can be seen that PG generally has a
high total content of Ag, Au, Cd, Se, Sr, some light rare earth elements, and Y. PG from
Central Florida has higher Sb and As contents than Alberta PG (Idaho), but a lower
concentration of Ag, Ba, Cd and Sr. Meanwhile, Y, Zr, Cu, Ba and Ni levels are much
higher in South African PG than in Central Florida PG. Tunisian PG has been reported
to contain very high Cd, Hg and Zn levels (Rutherford et al., 1994; Choura, 2007).

With regard to radioactivity, as mentioned above PG contains relatively high
levels of U-series radionuclides naturally present in the phosphate rock. Depending on
the quality of the rock source, PG can contain as much as 60 times the levels normally
found prior to processing. The most important source of PG radioactivity is reported to
be *°Ra (Rutherford et al., 1994). The data presented in Table 3 shows that a wide
variation of **°Ra activity concentrations has been observed (from 15 to 1140 Bq/kg for
Sweden and Florida-USA, respectively), which can be attributed to the nature of the
phosphate rock, the depth of sampling, and some **°Ra migration (Dueiias et al., 2007).
Some authors have also reported high >**U and *'°Po activity. **°Ra produces radon gas
(***Rn), which has a short half-life of 3.8 days, an intense radiation capacity, and causes
significant damage to internal organs (USEPA, 2002). For this reason the USEPA has

classified PG as a “Technologically Enhanced Naturally Occurring Radioactive



Material” (TENORM) (USEPA, 2002) and PG exceeding 370 Bqg/kg of radioactivity

has been banned from all uses by the EPA since 1992.

3. Environmental impact

PG management is one of the most serious problems currently facing the
phosphate industry. Only 15% of worldwide production is recycled, while 85% is stored
in the vicinity of factories in coastal regions. The storage of PG without any prior
treatment requires large land areas and can cause serious environmental contamination
of soils, water and the atmosphere. Negative atmospheric impacts can be caused by the
erosion of PG piles and the release of highly polluting substances, due to the presence
of hazardous vapours containing heavy metals, sulphates, fluorosilicates, hydrogen
fluorides (Szlauer et al., 1990) and phosphorus, cadmium and **°Ra (Marvic and Sencar,

1995). Atmospheric agents can transport the contamination to neighbouring areas.

3.1. Atmospheric contamination.

Several studies have discussed the impact of PG radionuclides. Bolivar et al.,
2000, concluded that 90% of Po and Ra originally present in phosphate rock remain in
PG, whereas the remaining U percentage is well below 20%. Thus the potential problem

f ?’Rn from the alpha-decay of **°Ra, a radionuclide

of PG npiles is the emanation o
classified by the USEPA as a Group A human carcinogen, whose common presence in
PG led to the regulation of PG disposal under the National Emission Standards for
Hazardous Air Pollutants (NESHAP) and the National Emission Standards for Radon

Emission from PG Stacks (Federal Register, 1999). The EPA ruling restricts PG



exceeding 370 Bq/kg of ***Ra from being used on agricultural soil. The maximum
regulatory limit of *Rn exhalation (the flux density of **’Rn gas entering the
atmosphere from the surface of a **°Ra-bearing material) established by the EPA (1998)
is 0.74 Bg/m?/s.

According to Mas et al.,, 2006, PG stacks located on salt marshes in Huelva
(Spain) contain about 100 Mt of PG (area of approx. 1200 ha with average height of 5
m) and are generally not completely watertight or even covered with any inert material,
leading to a local gamma radiation level between 5 and 38 times the normal rate (0.74
Bg/m?/s). Measurements by CRIIRAD (Chayeyron, 2007) of the equivalent dose to one
square metre of soil showed a result of 2-7 times higher than the normal rate. In other
words, 9 minutes exposure per day is equivalent to an accumulated dose of more than
10 mSv/year. This value is well above the recommended worldwide exposure limit of
~2.4 mSv/year (UNSCEAR Report, 2000), and may thus pose a health threat to workers
on the site or people living nearby (EURATOM Council Directive, 1996). In the same
region, Duefas et al., 2007, made measurements of 222Rn exhalation over 24 h from
active PG stacks and from restored and unrestored inactive PG stacks, correlating the
results with various factors. The **?Rn exhalation of active PG stacks (0.523 Bg/m?/s)

222

was two times higher than that of unrestored inactive stacks, while the “““Rn exhalation

of restored PG stacks was eight times lower than that of active stacks. It should be noted
that all the recorded values were lower than the aforementioned EPA limit value (EPA,
1998) and that the authors found a correlation between the exhalation value and the

2°Ra activity concentration and soil porosity and density.

222

Lysandrou et al., 2007, measured the “““Rn emanation rate of PG samples dumped

in a coastal area of Cyprus, placing them in a sealed plastic container and monitoring

222

radon activity growth as a function of time for about 80 h. The ““Rn emanation rate



ranged from 0.35 to 1.1 Bg/h, which is higher than the geological background radon
emanation rate in Cyprus. This could cause an increase in radon levels and thereby
generate excessive radiation exposure for humans, in extreme cases reaching values of
up to 17 mSv/year.

In Korea PG is generally used to manufacture boards for house construction, thus
exposing indoor occupants to a potential radiological impact. Jang et al., 2005,

estimated the 2%

Rn emanation from PG board and presented a mathematical model of
the emanation rate considering the back diffusion effect due to accumulation of ***Rn-
laden air. Two types of PG board of different thicknesses and Ra contents were
considered: PGl (2.2 cm and 259 Bg/kg) and PG2 (3.7 cm and 289 Bg/kg).
Measurements were made for times of up to 133 h and 144 h. The experimental ***Rn
emanation for PG1 was 78.07 Bg/m’ and the calculated value was 77.7 Bq/m’. With

222
1

regard to PG2, the experimental *’Rn emanation was 136.16 Bq/m’ and the calculated

value was 139.12 Bq/m’.

3.2. Water and soil contaminations.

Another matter of concern is the leachability of hazardous elements from PG and
thus the contamination of groundwater underlying PG stacks (May and Sweeney, 1982;
May and Sweeney, 1983; Carter and Scheiner, 1992; Berish, 1990). Since PG waste is
generally transported and disposed as an aqueous slurry, PG piles can be affected by
tidal variations and dissolution/leaching of the elements naturally present in the PG can
occur. Dissolved elements may be deposited in nearby soils or transferred to waters and
finally to living beings (Reijnders, 2007). The international limit prescribed by the

European Atomic Commission (EURATOM) is 500 Bg/kg (Sunil, 2002; EURATOM



Council Directive, 1996). **°Ra leachability from PG stockpiles has been evaluated by
several researchers.

Haridasan et al., 2002, conducted leaching studies on PG samples from Kochi,
India, using distilled water (pH = 6.0) and rainwater (pH = 5.0-5.8) as leachants in
different contact time and solid/liquid ratio conditions. The laboratory results indicated
that rainwater leached less *°Ra (0.09-0.28 Bq/l) than distilled water (0.08-0.38 Bq/l).
When PG was exposed to natural weather conditions (rain) the maximum **°Ra activity
in the leachate was 0.53 Bq/l while the minimum was 0.07 Bg/l. Most **°Ra values
determined in the leachates exceeded the limit value of 0.1 Bgq/l prescribed by the
Bureau of Indian Drinking Water Standards.

Azouazi et al., 2001, investigated **°Ra solubility from Moroccan PG in aqueous
solution. The initial **°Ra activity in phosphate rocks and PG was found to be around
1700 and 1420 Bg/kg, respectively. The leaching study involved mixing 20 g of PG
with 50 ml of distilled water for 20 h at various pH values (2.10-8.84). The results
showed an average “*°Ra leaching rate of 26.4%, which could be cut to 6% when the
leached PG was previously calcined at 800°C. When the calcined PG was leached with
acidified aqueous solutions, HCl (4 N) or H;PO4 (22.1 N), no ***Ra was detected.
Analysis of a water sample from an area close to the phosphate mine revealed the
presence of 0.2 Bg/l of **°Ra, which is below the radium chemical safety limit for water
(1 Bg/l).

Burnett and Elzerman, 2001, evaluated the migration of radionuclides from
Florida PG stacks. Sampling was carried out by means of monitor wells in the surface
aquifer close to PG stacks and in older PG piles. It was deduced that the stack solutions
were characterised by a very low pH of 2.4340.10, a high ionic strength, and a high total

dissolved solids content (~18,700 pg/kg), while the aquifer water around the stacks had
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a lower average total dissolved solids content (around 3,300 pg/kg) and a pH value of
6.33+0.65, comparable to the normal groundwater value in the area. From a
radiochemical point of view the stack solutions were more enriched in ***U (10-17
Bg/l), **Rn (300-1,200 Bg/l) and *'°Pb (7-70 Bq/l) than the aquifer water. With regard
to “°Ra, the specific activity in the stack fluid was low (0.1-0.2 Bq/l) but slightly higher
than normal groundwater values. Furthermore, most of the stack solutions displayed
lower **°Ra activity than the majority of the measurements made around the PG stacks,
which in no case exceeded the USEPA **°Ra in drinking water standard value (~0.2
Bg/l) (USEPA, 2000). However, in the case of U activity the “gross alpha” standard
(~0.6 Bqg/l) was exceeded. On the other hand, modelling of the environmental radio-
chemistry of U, Pb and Ra showed that within the stacks these radionuclides were
mainly in the form of complexes with sulphate and phosphate, which are relatively
mobile uncharged or negatively charged solution species. However, as the pH below the
stack increased, the precipitation of multi-component solid phases prevented the large-
scale migration of these radionuclides to the underlying aquifer.

The results of studies carried out by Bolivar et al., 2000, on the aquatic
environment of the estuary formed by the rivers Tinto and Odiel (Huelva, Spain)
indicated the presence of severe contamination by U-series radionuclides contained in
PG stacks located close to the estuary’s tidal prism. The average *'°Po concentration
detected was 10+£3 mBgq/l, which greatly exceeds the normal values found in
uncontaminated estuarine waters (2 mBg/l). The average “°U contents were 43+7
mBgq/l and 38+3 mBg/l in low and high tides, respectively, quite similar to the value of
40 mBg/l obtained in uncontaminated sea water. Pérez-Lopez et al., 2007, evaluated the
mobility of metals from phosphate rock to PG and later to the estuary. Their results

showed that in general the studied metals were efficiently transferred from the
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phosphate rock to the PG waste as a mobile fraction, with an average transfer factor of
140+22%. The total mobile content of Cu and Ni from the phosphate rock and the U
and Ni content from PG waste end up in the bioavailable fraction. Furthermore, due to
the exposure of PG to weathering conditions, the effluents resulting from leaching of
this waste may also present a high concentration of these metals. Taking into account
the total mass of PG (100 Mt), the water-soluble metals released into the estuary were
estimated to be: Ba (6,509 t), Zn (6,726 t), Ni (232 t), Cu (1,158 t), Cd (667 t) and Sr
(54,219 t). This means serious contamination, which can be extended a long way around
the coast by tide and wave action.

The leachability of Cd, Cu, U and Zn in Syrian PG was studied by Al-Masri et al.,
2004. Continuous and batch leaching experiments using distilled water and dilute
H,SO4 (0.1-1 mol/l) and sequential leaching with distilled water and various selective
extractants were performed. The test samples were from 11 combined PG samples,
previously dried at 80°C for 24 h, sieved (555 pm sieve) and homogenised. The
prepared sample was then fractionated into 6 different particle sizes (45-555 um) in
order also to determine the effect of particle size on PG leachability. In the case of
continuous leaching for 60 min, the amount of Cu, Zn and Cd dissolved in distilled
water exceeded 50%, while only 20% of U was dissolved. The leachate resulting from
batch leaching experiments using distilled water (varying the stirring time between 10
and 120 min) showed that Zn, Cu, Cd and U were the most easily transferred elements
in the aqueous phase, with transfer percentages of 97, 68, 57 and 31%. With regard to
the sequential leaching of PG with concentrated acids, the results showed that trace
elements were dissolved in the following order: U (31%), Cd (25%), Zn (10%), and Cu

(10%). Increasing the H,SO4 concentration resulted in an enhancement of U, Cd, Zn
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and Cu solubility. With regard to the effect of particle size, fine particles (45-75 pum)
yielded a relatively high solubility.

Lysandrou and Pashalidis, 2008, studied the potential impact of the solution
composition (e.g. acidity and salinity) on U leachability from PG stacks using de-
ionised water and seawater. Samples were taken from three areas with different acidity,
salt contents and PG ages. Al and A2 were from aged and fresh PG respectively, while
A3 was characterised by its high salinity originated by seawater. The U concentration in
the PG stacks was found to be 75, 30 and 40 Bq/kg in A1, A2 and A3, respectively. The
U concentration in the stack solutions was 2, 81 and 282 pg/l, respectively.
Furthermore, the solubility of PG, particularly in terms of Ca and U leachability, was
enhanced by up to three orders of magnitude by increasing the salinity, as a
consequence of the effect of ionic strength on PG solubility. Therefore a high U content
was found in PG from Al (75 Bg/kg), compared to 40 Bg/kg in PG from A3, where U
is leached by the seawater and consequently caused an important migration of U to the

adjacent sea.

4. Phosphogypsum treatment for different applications

In view of the aforementioned characteristics of PG (more than 95% is
CaS04.2H,0) and its attractive economic potential, as well as continuously increasing
concerns about environmental pollution, nowadays there is great interest in using PG as
an alternative raw material for many applications. PG has been used in the cement
industry as a setting regulator in place of natural gypsum (Akin and Yesim 2004) and in
the gypsum industry to make gypsum plaster. PG also has been used as agricultural

fertilisers or soil stabilisation amendments (Papastefanou et al., 2006; Degirmenci et al.,
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2007; Reijnders, 2007), and as a fly ash-lime reaction activator with wide application in
the manufacturing of building materials (Weiguo et al., 2007). The total use of PG in
building materials is probably well below 15% of world PG production (Kelly and al.,
2002). In the United States this use was banned in 1990 (Federal Register, 1990) and in
the European Union it was discontinued in 1992. The presence of impurities has given
rise to many restrictions on the potential applications of PG. Studies have shown that
phosphates and fluorides delay the setting time and reduce the early strength
development of cement, and has been found that a relatively high level of ALF™
negatively affects several aspects of gypsum crystal formation (Koopman, 2001). Thus,
processes based on washing, drying, and chemical and thermal extraction have been
recommended by numerous researchers to make use of PG.

The PG treatment methods described in the literature can be classified as follows:

4.1. Methods involving chemical or physical treatment

In order to render PG harmless and suitable for later applications, researchers
have proposed methods such as washing, wet sieving, neutralisation with lime, and
treatment with a mixture of sulphuric acid and silica or hot aqueous ammonium sulphate
solutions.

Manyjit et al., 1993 tested an aqueous ammonium hydroxide solution (5-20%) to
reduce phosphate and fluoride contents in PG before its use in the cement industry.
Each sample was shaken with different ammonium hydroxide concentrations (for 24 h
at 35°C) then filtered, washed firstly with 0.5% ammonium hydroxide solution and then
with water, and finally dried at 42°C. The method achieved a decrease in all types of

impurities. In follow-up work, Manjit, 2002 shook PG samples with 2-5% aqueous
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citric acid solution instead of ammonium hydroxide solution for 15-25 min at 30°C. The
impurities were removed as water-soluble compounds: H3;PO4, Na3(CsHsO7),, HF,
H3SiFg, H3AlFs and HsFeFq. The optimum aqueous citric acid solution concentration
was 3-4%.

In further research by Manjit et al., 1996 another purification process based on
wet sieving and hydrocyclone trials was investigated. In the first case, the PG sample
was wet sieved through a 300 micron sieve, washed and dried at 42°C. The results
showed that impurity concentrations were lower in the fine fraction that passed through
the sieve (85%) than in the coarse fraction retained in sieving (15%), dropping from
1.28 to 0.41% for P,Os, from 1.80 to 0.57% for fluorides, and from 1.58 to 0.34% for
organic matter. In the case of hydrocyclone purification treatment, PG was mixed with
water (in a proportion of 1:3 by volume) for 30, 50 and 65 min in order to solubilise the
impurities. Underflow (collected at the bottom of the hydrocyclone) and overflow
samples were collected from the PG slurry and dried at 42°C. Comparatively to the
overflow samples, the underflow samples were characterised by high pH values (5.8-
6.0), a high SO; content, and a lower level of P,Os, fluorides, organic matter and alkalis.
These results are similar to those obtained with wet sieving treatment.

The PG purification process employed by Al-Jabbari et al., 1988, consists of
washing PG with water, sieving it through a 100 micron sieve, and calcining it at
different temperatures (low and high). In order to improve the setting time and the
compressive strength of the resulting material, accelerators (such as calcium hydroxide)
were added to the calcined PG. The purified PG was chemically analysed and
physically tested. The results indicated that the best and cheapest method of purifying
PG was by washing with water, sieving through a 100 micron sieve, and then

neutralising with calcium hydroxide.
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Potgieter et al., 2003, studied the effect of chemical and physical treatments of PG
incorporated in clinker to obtain cement with a SO3; content of 2.3%. Two PG samples
(one dried directly at 50°C and the other washed with water for 10 min and then dried at
the same temperature) were subjected to different treatments using acidic and basic
additions (HCI, H,SO,4 and NH4OH) during the washing stage. The resulting PG was
washed and dried at 45°C and then interground with clinker. Reference samples were
prepared with natural gypsum. The results showed that except for the PG treated with
HCI, the initial and final setting times were shorter for cement with unwashed PG than
with washed PG. The best setting time reduction was obtained with sulphuric acid
treatment (165 and 210 min for the initial and final set, respectively). With regard to
mechanical strength, the unwashed PG achieved a slightly lower strength than the
washed PG, although the difference between the various treatments was not significant.
Moreover, it seems that all the treatments resulted in an increase in the final strength of
the cement. On the other hand, the physical treatments involved the milling of different
amounts of slaked and unslaked lime (between 1 and 2%) with PG for 15 and 30 min
before being slurried in tap water and subjected to ultrasonic vibration for 15-30 min.
The resulting treated PG was then mixed with the clinker to obtain cement. The results
showed that compared with natural gypsum reference, the incorporation of unslaked
lime in the cement provided an increase in the setting times and decreased the
mechanical strength (except in the case of 1% unslaked lime). Slaked lime had the
reverse effect on cement behaviour, improving its mechanical strength and providing
acceptable setting times for cement applications. In this case the best results were
obtained by adding 1.25% of slaked lime. The results obtained with ultrasonically
treated PG were similar to those obtained with slaked lime, and the short ultrasonic

treatment time of 15 min was the most appropriate.
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Olmez and Erdem, 1989, studied the removal of impurities using several methods
based on the neutralisation of water-soluble impurities in PG with water and lime milk,
the removal of P,Os substituted in the gypsum crystal lattice, and a calcining process.
The purified PG was mixed with Portland cement instead of natural gypsum and the
prepared specimens were kept for 28 days at 20°C. The treatment of PG samples by
washing with tap water once and twice at 20°C removed most water-soluble impurities,
reducing the amount of P,Os from 1.02% to 0.84% and fluoride from 0.79% to 0.61%.
However this treatment cannot effectively reduce the final retarding action of the tested
cement paste. The best results were obtained when PG was washed with lime milk, due
to the inactivation of the all water-soluble impurities. The setting time of cement pastes
prepared with PG, heated at 140°C and 150°C for 30 min and then washed with lime
milk were similar to the control samples. For the same purpose, in another study Olmez
and Yilmaz, 1988, washed PG in water or lime milk and then exposed it to thermal
treatments at 140-150°C for 30 min and at 130-150°C for 60 min to improve its
chemical and physical properties. The results showed that all water-soluble impurities
can be removed by simple washing treatment with water or lime milk, but the P,Os,
substituted in the PG crystal lattice, and other impurities cannot be removed by the
washing process and require thermal treatment.

To reduce the levels of metal salts, phosphates and radioactive compounds,
Kovler and Somin, 2004, focused their work on the use of a topochemical reaction with
an unspecified agent, solubilising phosphates and radioactive and other metal salts at
temperatures between 140 and 350 °C. They claimed that the **Ra content of PG can be

decreased by a factor of 20-50% and the P,Os content by a factor of 16-28%.

4.2. Methods including thermal treatments
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The heat treatment of PG has been considered by several authors and treated PG
has been found to have fewer impurities than the untreated material. Furthermore, the
results show that the heat treatment of PG not only allows the inertisation of impurities
but also the production of anhydrite which has a wide application in the manufacturing

of building materials and cement industry.

4.2.1 Construction and Building applications

Different authors have proposed different temperatures to produce anhydrite.
Manjit and Garg, 2000, developed the production of stable, high strength anhydrite
cement according to USA Standards. PG was exposed to 500, 600, 700, 800, 900 and
1000°C for 4 hours, and after cooling, the different anhydrites obtained were grounded
in a ball mill. X-ray diffraction and scanning electron microscopy studies indicated that
the optimum temperature to produce a stable anhydrite from PG waste was 1000°C.
Moreover, data showed that anhydrite cement produced from PG has lower energy
requirements than other traditional building materials. The results of addition of several
types of chemical activators, such as sodium sulphate, ferrous sulphate, ammonium
sulphate, potassium sulphate, potassium dichromate, calcium chloride and calcium
hydroxide, showed that compressive strength improved in all cases with curing time and
mainly exceeded the USA Standard limit value of 17 MPa at 28 days. The maximum
compressive strength (38.90 MPa) was obtained with the use of a mixture of Na,SO4
and FeSOy, as activator (Zielinski and Cyrkiewicz, 1994). In 2005, Manjit and Mridul
explained in further work based on the results of the above study, how the anhydrite
plaster produced by heating PG at 1000°C for 4-5 h can be used to manufacture flooring

tiles by mixing with catalysed monomers, glass fibre, pigments, fly ash/red mud, etc.
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The anhydride was previously finely ground and sieved through a 75 pum IS sieve and
then mixed with sulphates, chlorides and hydroxides of alkali and alkaline earth
materials to promote quick setting. The floor tiles obtained using the anhydrite plaster
were characterised by a flexural and compressive strength of 11-15 and 30-40 N/mm?,
respectively. The water absorption value was found to be between 2.0 and 3.5% and the
wear resistance between 2.0 and 4.0 mm. All these values were conforming to Indian
Standards.

Mridul et al., 1996, reported that a cementitious binder made with calcined PG
(hemihydrate), fly ash and hydrated lime in proportions of 40, 40 and 20% respectively,
and cured for 28 days at 50°C can have different applications as a building material. In
contrast, the binder materials cured at 27°C exhibited higher strength, better water
resistance and low porosity, which is attributed especially to the high amount of
hydration products such as ettringite and tobermorite. The durability test involved
various cycles of alternate wetting and drying on the one hand, and heating and cooling
on the other hand by increasing the temperature from 27 to 60°C. When the
cementitious material was cured at 50°C, contrarily to those cured at 27°C, a lower fall
in strength and weight loss was observed with the alternate wetting and drying cycles.
Moreover, in the case of alternate heating and cooling cycles no strength variation or
weight loss was noted.

On the other hand, studies have been focused on the development of several
applications of PG with cement, fly ash and lime in the construction industry. Min et al.,
2008, studied the potential of using calcined PG as an activator of fly ash-lime binders
to increase early strength. PG used was heated at 135°C for 3 h and then crushed in a
roller mill for 8 min before being incorporated in different proportions (0, 5, 8, 10, 12

and 15% by weight) to the fly ash and lime mixture. The specimens obtained were
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cured in two conditions: some at room temperature and the others firstly at 45°C and
90% humidity for 12 h and then at room temperature. The study showed that the
specimens showed different behaviour according to their curing conditions. In the case
of the specimens cured at room temperature, compressive strength was significantly
improved by the incorporation of 8% calcined PG. Also, for the same fly ash content
(75%) and an increasing PG content, the early strength (1, 3 and 7 days) improved,
while the late strength (after 7 days) decreased. The strengths at different ages of
samples cured first at 45°C in 90% humidity were considerably improved. The
mineralogical study of the specimens with calcined PG confirmed the formation of
ettringite and gypsum, which accelerated the pozzolanic reaction of fly ash and
consequently greatly enhanced the mechanical strength.

Sunil, 2003, performed a perspective research on calcined PG-fly ash-lime hollow
blocks as an alternative to conventional wall bricks. The procedure involved firstly
mixing calcined PG and fly ash in different weight proportions and then incorporating
the hydrated lime slurry to the mix. The study showed that the compressive strength of
the hollow blocks increased by extending the curing time from 24 to 120 days. For a
specific proportion of PG (20-30%), the compressive strength improved when
increasing the amount of fly ash, reaching a maximum value at a fly ash content of 35-
40%. Also, for the same proportion of fly ash, when the PG content was reduced from
30 to 20% the hollow blocks exhibited lower strength. Concerning the durability of PG -
fly ash-lime hollow blocks in sulphate environments, it was reported that they have
sufficient strength for use as a construction material.

In research work carried out by Degirmenci, 2008a, cementitious binder
specimens were composed of different percentages of PG and fly ash and 10% of

hydrated lime. Two types of PG were used: PG calcined at 150°C for 2 h, and PG air-
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dried and then sieved through a 4.75 mm sieve (raw PG). The obtained specimens were
cured in two different conditions: water and air at 20°C for 28 days. It was found that in
both curing conditions an increase in the raw PG percentage caused a reduction in
compressive strength down to the lowest value of 2.29 MPa for 50% raw PG. In
contrast, the addition of calcined PG improved compressive strength, with a maximum
value of 13.76 MPa obtained for 50% calcined PG in both curing conditions. However,
it was observed that in general the specimens cured in water showed lower strengths
than those cured in air, with a pronounced effect in the case of raw PG. On the other
hand, the increase in the PG content caused an increase in water absorption; although
the raw PG specimens showed higher values (28-40%) than the calcined PG specimens
(10-23%). Also, the specimens made of raw PG and cured in water exhibited
considerable expansion and crack formation, while negligible expansion was observed
when the specimens were cured in air. Therefore, the calcined PG showed better
mechanical behaviour, lower water absorption and a lower unit weight, making it
suitable for building applications. In 2008b, Degirmenci tested the stabilisation of adobe
material, characterised by poor mechanical properties and low resistance to moisture
and water attack, with PG and natural gypsum (NG) for building applications. The
increasing PG and NG rates (0, 5, 10, 15, 20 and 25%) applied to the adobe soil resulted
in a significant enhancement of compressive strength at 28 days from 1.01 MPa for
untreated adobe soil (0% PG) to a maximum value of 4.34 MPa for 25% PG. All the
strength values obtained were considerably greater than the limit values required by
standards. Moreover, development of the adobe soil water resistance and sample unit
weight and the reduction of drying shrinkage were found to be associated with

increasing PG and NG contents.
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Weiguo et al., 2007, studied the effect of incorporating PG in a new type of lime-
PG-fly ash binder for a road base material application to replace a lime-fly ash binder
characterised by low early strength. The results showed that PG has a more pronounced
binder action than lime and promotes a rapid reaction between lime and fly ash.
Therefore, lime-PG-fly ash binders reached higher strengths than those manufactured
with only lime-fly ash. Compared to the mechanical behaviour of some other road base
materials such as cement soil, cement-lime soil, lime-fly ash soil, etc., the lime-PG-fly
ash binder showed the highest values for all ages. These results were corroborated by
the microscopy study which, in the case of lime-PG-fly ash, confirmed the presence of
large amounts of needle like crystals (hydration products) surrounding the fly ash
particles and therefore enhancing the joins between the different particles in the binder.
No significant hydration products were observed in the case of the lime-fly ash binder.

Guo et al., 2001, produced PG-Class C fly ash-Portland type II cement composites
for a marine application using dried PG. The samples were cured at room temperature
and 100% humidity for 2 weeks. The samples were then exposed to a tidal current in a
marine environment at a temperature of 16-31°C, salinity of 15-26%o0 and pH of 7.8-8.5.
Other composites were subjected to a dynamic leaching test with saltwater. In contrast
to the control samples, a stronger calcium carbonate coating embedded with fly ash
particles was identified in both the immersed and leached samples. This layer was found
to be a product of chemical interactions between the composites and the saltwater and
resulting from the precipitation of calcite on the block surface, encapsulating the
composites and increasing their survivability by covering the more sulphate resistant
surfaces. The results in this research indicated that the 62%-35%-03% PG-Class C Fly
ash-Portland type II cement composite survived in saltwater for more than two years. It

was further concluded that the effective diffusion coefficient is a good indicator for the
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long-term survivability of stabilised PG-Class C Fly ash-Portland type II cement
composites. In contrast, the reverse result was obtained when Kelly et al., 2002,
investigated the resistance in marine environments of composites made with dried and
sieved PG (passed through a 2 mm sieve), class C fly ash and dried lime instead of
Portland type II cement. The results obtained differ completely from those of the above
research, although the composite manufacturing conditions were very similar. The
composites immersed in saltwater exhibited surface ruptures from the first 3 weeks,
allowing the intrusion of saltwater and consequently an increase in PG dissolution and
then the formation of additional ettringite by multiple reactions between the sulphate
ions (from PG) and calcium aluminium oxides (from C fly ash), causing an erosion of
the boundaries and severe degradation. The percent diameter expansion ranged from 2.3
to 17%, which exceeded the selected threshold and also the maximum percent
diametrical expansion of 1.8% determined when Portland type Il cement was used. The
high active lime content (>3%) had a negative effect on the composite behaviour,
increasing their percent diametrical expansion, promoting ruptures and neutralising the
benefit of any CaCOj. Therefore, the survivability potential of the PG composites in the
marine environment was negatively affected because of the high development rate of
ruptures throughout the composites. And even if the calcium carbonate coating was
formed on their surfaces, it could not protect them from saltwater intrusion. The PG-
Class C Fly ash-lime composites survived for only 15 weeks in marine conditions,

while the PG-Class C Fly ash-Portland type II cement composites survived for 2 years.

4.2.2 Cement industry applications
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Other researchers have tested the effect of PG as a mineralizer on burning
temperature of clinker and as a set controller in Portland cement and its effect on the
cement properties. and its effect on cement setting and mechanical properties.

In 1977, Mehta and Brady proposed to reduce the temperature of clinker
formation by adding and mixing the PG with the raw mix before clinkering. Four types
of cement were made by one hand, intergrinding PG and reagent gypsum with the raw
mix to obtaine a clinker with 2% SO; content, which was burning at 1285°C for 1h and
then cooling by air. On the other hand, by grinding PG and the reagent gypsum (control
sample) added directly to the clinker. The data indicated that cement prepared with the
PG which was mixed with the raw mix before clinkering required the lowest time of
milling (55min), while the ones made by incorporating PG directly to the clinker
required 90min. This confirmed the negative effect of the impurities on the grinding
process. PG also used as mineralizer, decreased the retarding effect from 155min for the
control sample to 75min and increased more than twice time the early strengths for 1
day from 8.1MPa (control sample) up to 17.3MPa, whereas after 28 days, the strength
increase was only 8%. Moreover, the cement made by incorporating PG before
clinkering and in comparison with that made by adding PG directly to cement plant
clinker allowed to a very efficient energy savings by reducing heat energy required for
the clinkering process as well as decreasing the power consumed for the grinding
operation. The positive effect of the PG on the formation of clinker minerals by
decreasing the thermal energy consumption was also confirmed by Mehta, 1979. He
reported that the addition of 5% of calcined PG at 900°C to 90% Portland cement in the
presence of 5% silica fume improves the hydraulic properties of cement as well as its
mechanical properties for up to 90 days. Valenti, 1987, demonstrated the fluxing and

mineralising properties of PG by analysing the behaviour of mixtures of CaCOs, Al,O3
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and CaS04.2H,0 (from PG and pure gypsum) in stoichiometric ratio to synthesise
3Ca0.3A1,0;.CaSO4 at temperatures ranging from 950 to 1350°C and for times
between 30 min and 10 h. It was found that the addition of PG to the mixtures made it
possible to decrease the unconverted lime content and consequently the completed
synthesis at a low burning temperature, between 1050-1100°C within only 30 min.
However, the temperatures and times required by mixtures with pure gypsum to
complete the synthesis process were significantly higher (1350°C and 3 h) than those of
PG.

The effectiveness of PG valorisation as a mineraliser in the production of clinker
Portland cement by improving the technological parameters of the clinker has been
established by Kacimi et al., 2006. Different PG percentages between 0 and 10% were
mixed with the raw material and heated for 30 min at a heating rate of 30°C/min up to
1450°C to produce clinker. The incorporation of PG resulted in an increase in the initial
limestone decarbonation temperature from 750°C for the clinker raw material without
PG to 900°C. Furthermore, at this temperature it was observed that PG had a
mineralising effect on the decarbonation process, since the mixtures containing a higher
PG content presented a higher amount of free lime. At 950°C, an adverse effect was
observed due to the catalytic effect of PG which accelerates the lime combination
process and the free lime content was more significant in the mixture with a lower PG
content. When the heat temperature reached 1000°C, the mixtures containing a higher
amount of PG showed the lowest free lime proportion, demonstrating that
decarbonation was completed. At low temperature (1150°C), alite was formed and its
content was associated with the amount of PG. However, the clinker formation
temperature decreased in relation to the PG content. Therefore, PG-clinker with 10%

PG contained a higher alite percentage (56%) and a negligible free lime content (0.4%),
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in spite of the low burning temperature of 1200°C, while the ordinary clinker (control
sample) contained 52% alite at 1470°C. In comparison with ordinary clinker, the PG-
clinker was characterised by a high SO3 content and the presence of small crystals and a
low amorphous phase. The grinding time was decreased from 26 min for the ordinary
clinker to 19 min for the PG-clinker. Moreover, despite their lower early strength (2
days) (10 MPa), mortars made by cement from PG-clinker exhibited a higher long age
strength which reached a value of 45.15 MPa at 28 days and exceeded the strength
values of ordinary cement.

Taher, 2007, attempted to make PG suitable for the manufacturing of Portland
slag cement. The process consists of burning PG for 2 h in a muffle furnace at 200, 400,
600 and 800°C with a heating rate of 10°C/min. After calcining, PG is cooled, crushed
and ground in an agate mortar machine. It is then sieved through a 90 um sieve before
being mixed and homogenised with Portland cement clinker and blast furnace slag
(previously crushed and ground in the same way as the PG). The results obtained
indicated that increasing the temperature of the PG treatment reduced the P,Os and
fluorides content. Consequently the initial and final setting times of the pastes were
decreased while their mechanical strength was improved. So, the maximum
compressive strength value was attained with calcined PG at 800°C and its microscopic
study confirmed the presence of a dense structure with interlocking arrangements and a
high degree of hydration. Therefore, the hydraulic properties of Portland slag cement
can be effectively improved with the incorporation of 6% of thermally calcined PG at
800°C.

Smadi et al., 1999, manufactured concrete using normal PG and calcined PG at
170, 600, 750, 850 and 950°C for 3 h after washing with water and unwashed. The

concrete was prepared at a water/cement ratio of 0.6 with different replacements of
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untreated PG and calcined PG. The results showed that impurities present in the
untreated PG drastically delayed the setting time and reduced the rate of early strength
development of the cement to a greater extent than pure gypsum. The amount of P,Os in
the washed samples calcined at 170°C was 0.41% and decreased to 0.32% after
enhancing the calcining temperature up to 950°C. Increasing the calcining temperature
from 170 to 950°C also caused the fluoride content to decrease from 0.89% (170°C) to
0.27% at 950°C. By increasing the calcining temperature from 170 to 950°C, no
significant decrease in the P,Os content was observed with the unwashed samples,
although the amount of fluoride decreased from 2.12 to 0.16%. It has also been found
that the setting times increased when using either uncalcined or calcined PG samples
and the flexural strength improved with the use of thermally treated PG.

Mun et al., 2007, investigated the effect of treating PG in activating waste lime-
granulated blast furnace slag to manufacture Non-Sintering Cement (NSC). The PG
treatment process involved washing with 0.5% lime milk at 20°C for 5 min at PG/lime
milk ratio of 14% by weight and then drying at 80°C. The dehydrate PG obtained was
calcined at 450°C in order to obtain anhydrite. The effect of the dehydrate PG and the
anhydrite on the mortar behaviour was different. Generally, as the amount of dehydrate
PG was increased, both the setting time and compressive strength tended to be enhanced
up to a dehydrate content of 17%. However, in the case of increasing the anhydrite
content, the setting time decreased while the compressive strength tended to increase up
to a limit anhydrite content of 12%. Thus the optimum amount of dehydrate PG and
anhydrite required were found to be 17.5% and 12% respectively. The ettringite and
calcium-silicate hydrates are the major hydration products. The largest amount of

ettringite was formed in the early ages and its early age hydration was affected by the
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pH. However, the strength gain at later ages and its hydration was attributed to the

formation of calcium-silicate-hydrates.

5. Conclusions

The use of PG poses unsolvable and troublesome problems. Environmental
concerns are related with the large stockpiles of PG and their negative impact on
surrounding land, water and air. More than 85% of all PG generated each year is
dumped on land or in the sea. Data from the reviewed studies underlines the impact of
certain chemical parameters related with PG stacks. Research on impurity removal and
on pollutant concentrations linked with PG stacks could allow PG to be used more
effectively. Furthermore, PG recycling is not only an engineering or scientific problem,
but also an economic and political concern.

In recent years new disposal facilities are being planned and constructed and
existing facilities are being retrofitted to meet stricter environmental standards that
enable on-land PG disposal to be achieved in an environmentally sound manner.
Furthermore, considerable research focused on finding commercial uses for PG has
been carried out, although much more needs to be done in the future. A cut in fertiliser
consumption would obviously help to avoid continuously mounting PG stockpiles, but
it would also mean hard changes in farming methods in developed countries, and
especially in developing countries who defend their right to the same lifestyle as

developed countries.
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