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The main objective of this study is to control the hydration reaction rate of cement during
its production process as phosphogypsum could be used as a substitute to natural gypsum
in cement industry. However, the phosphogypsum impurities are pushing towards
developing an efficient way to clean it due to their negative effect in hindering its use as an
additive to the cement industry. The aim of this article is to treat phosphogypsum to be used
in cement industry. To fulfil the purpose, samples from the Jordanian phosphogypsum were
treated by washing with calcium hydroxide solution and then analyzed using X-ray
Fluorescence Spectrometer. The analyses result of the treated samples indicated that the
P2Os percentage was reduced by around 16% after three times washing, whereas 100%
removal of U was achieved. The reduction of SiO2 and Al.Oz were 42% and 20%,
respectively. Ti content was reduced by 20%. According to the analyses, the radiation from
phosphogypsum was negligible. Therefore, the treated Jordanian phosphogypsum can be
used in cement industry. This will contribute to the reduction of waste phosphogypsum
which considered as environmental concern from one side and provide cement industry with

low cost raw material on the other side.

1. INTRODUCTION

Jordan is considered as one of the world’s top countries
which produce phosphate rock [1]. Phosphates resources are
mainly used in fertilizers industry which has a great
contribution in the Jordanian economic branch [2]. In Jordan
phosphogypsum is a by-product of phosphate industry, where
more than 40 million tons of phosphogypsum produced at a
rate of three million tons per year from Agaba and Eshidiya
fertilizers plants. Figure 1 shows the Jordanian phosphate
location map and the Jordan Phosphate Mines Company
(JPMCs) [3]. The method of disposal used in Jordan is
stacking in Agaba [4]. The Jordanian phosphogypsum
contains about 30% sulfur which is considered very large
amount [5].

Hydrate calcium sulfate (phosphogypsum, CaSO4.2H,0) is
produced as result of the phosphoric acid production when
sulfuric acid is added to limestone. Phosphogypsum is a type
of gypsum consists of calcium sulfate (CaSO.) as a major
component with small quantities of silica usually as quartz,
and unreacted phosphate rock. Uranium and radium, in
addition to minor amounts of toxic metals, namely, barium,
arsenic, chromium, cadmium, mercury, lead, silver and
selenium and fluoride and aluminum are also found in
phosphogypsum and its pore water [6]. In addition, it contains
impurities of phosphoric acid (P20s) and fluorine compounds
(F-) which poses a serious challenge for the phosphogypsum
recycling process [7]. Generally, the composition of
phosphogypsum varies due to the source of the phosphate rock
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(phosphorite) and the reactor conditions. Basically, phosphate
rock contains 18-40% P,Os, in addition to some uranium
amounts ranges between 70-200 ppm and sometimes up to 800
ppm [8].

Phosphogypsum is a grey moist by-product formed during
the phosphoric acid production by the wet process (ammonium
phosphate fertilizer). In Jordan, phosphoric acid production
rate can be estimated to be around 500 thousand metric ton
annually [1]. Phosphogypsum is commonly produced when
the phosphate ore (apatite) reacts with concentrated sulphuric.

Generally, to produce one ton of phosphoric acid there is
five tons of phosphogypsum produced [9, 10]. In Jordan, the
production ratio is approximately 5.0-5.3 ton of
phosphogypsum/ ton of marketable P.Os produced. This
amount varies due to the composition of the phosphate rock
and this huge amount of phosphogypsum is stacked in Agaba
every year (Jordanian Phosphate Mines Company (JPMC)
[11]. Phosphogypsum is considered as an asset rather than as
a waste, but its content of impurities hinders its use efficiently.
The P,0s impurities are harmfully affect the hydration of
cement at its early stages [12].

Particle size of phosphogypsum is below 200um. It has low
strength and adhesive properties, and it has crystals with
regular shape rhombic and hexagonal [13, 14]. On the other
hand, natural gypsum has fewer regular crystals shape, this
means that phosphogypsum has more complex structure than
natural gypsum (Figure 2).

However, phosphogypsum and natural gypsum have similar
chemical compositions [15], therefore; the addition of



phosphogypsum to cement instead of natural gypsum in the
last stage of cement industries is expected to have the same
chemical effect either when it is added partially or totally.
Turkey was one of the most successful experiments in
achieving mixing the phosphogypsum with natural gypsum in

deferent percentages in order to produce the additional
gypsum [16]. Therefore, in 1995 the management Balikesir
cement plant decided, to increase the phosphogypsum
proportion which was added to cement to 50% in the mixture
of phosphogypsum-natural gypsum [17].
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Figure 1. Jordanian phosphate location map and JPMCs

Moreover, there are many studies conducted that adding 5-
10% phosphogypsum in cement clinker worked well in terms
of its compressive strength and its other basic engineering
properties due to the unique properties of dihydrate
phosphogypsum under compaction-consolidation [18-21].
Another study for using 0-30% cement replacement by
phosphogypsum also gave maximum flexural strength with
10% phosphogypsum [22].

In Jordan, there is a big expansion in cement production
which essentially requires an increasing demand for using
gypsum additive. There are at least five factories in Middle and
Northern parts of Jordan. Some of these factories especially
that are located near Agaba and Alshidya which represent the
main points for Phosphogypsum stacks. Once the impurities in
the phosphogypsum are reduced to an acceptable limit, then it
will be ready for useful uses in the cement industry.
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Figure 2. (a) SEM micrograph of crystalline structure of
natural gypsum (>600); (b) SEM micrograph of crystalline
structure of phosphogypsum (x1000) [23]

Furthermore, phosphogypsum can be widely used in road
construction, agriculture as supplementary fertilizer,
manufacturing of insecticides and fungicides, aggregate in
Portland cement concrete, insulation material in houses and
other buildings, landfills, Plastic industry, Sugar industry,
paper industry, fire suppression, remove toxic elements from
the soil, animals feed, production of roof tiles [19, 24].
Moreover, phosphogypsum reduce greenhouse gas emission
and odor emission during production of compost from food
waste and animal waste. The composition of phosphogypsum
after drying comprises of Gypsum (94.9%), H.0 (0.2%), SiO;
(3.59%), P,0s (1.4%) and F- (10 ppm).

1.1 Radioactivity of phosphogypsum

The very large amounts production of phosphogypsum for
many years is considered one of the critical parameters in
causing chemical and radiological environmental effects [19,
25]. The annual world production of Phosphogypsum is more
than 250 million ton, 15% of this amount are used as aggregate
in cement industry and as setting moderator in gypsum and
cement industry, 85% of it are considered mineral waste and
stacked in piles due to its radioactivity and other
environmental problems caused by its content of heavy metals
[1, 7].

In some countries, there are laws govern the usage of
phosphogypsum because it contains many radioactive
elements such as cadmium (Cd), radon (Ra-222), radium (Ra-
226), uranium (U), polonium (Po) and thorium (Th). But
radon-222 is volatile and has short half-life so it doesn’t form
a very serious problem. Environmental protection agency
(EPA) permits the using of phosphogypsum if its content of
radium-226 is below ten picocuries per gram (10pCi/g) (Table
1). This amount equivalent to 0.01 ppm or the equivalent of
less than one drop of water into Olympic size swimming pool
[26].

Phosphogypsum possess harmful components such as
fluoride compounds, heavy metals such as lead and cadmium
and residual acidity such as phosphoric acid (Table 2).

The disposal of phosphogypsum which is produced in bulk
quantity in the form of landfill will need huge land area. Hence,
getting use of phosphogypsum in building materials will lead
to dispose it as chemical and radioactive waste and will also
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reduce the cost of cement production [19, 27].

Table 1. The content of radioactive isotopes in gypsum
(pCi/g) [28]

233 2WRg  22Th 4K Radium
equivalence
Natural
gypsum 0.4 0.6 0.2 2 1
Phosphogy
psum 4 22 0.5 6 23
(maritime)
Phosphogy
psum <1 3.2 0.6 7 5
(magmati)
Phosphate
rock 40 38 1.2 6 40
(maritime)
Phosphate
rock 2 1-2 3 10 8
(magmati)

Table 2. Heavy metals content of phosphogypsum in (ppm)

[4]
Metal Maritime Magmatic
phosphogypsum phosphogypsum
Cd 8 <1
Zn 15 1
Cu 6 4
Pb 4 6
As 5 3
Ni 9 <1
Hg 0.1 —

1.2 Phosphogypsum processing

Generally, there are two recovery methods of sulfur from
phosphogypsum, i.e., either by using sulfate-reducing bacteria
or the thermal and chemical analysis [29, 30]. In this study the
phosphogypsum can be converted into sulfur using the second
method by conversion of calcium sulfide to sulfur by applying
the method of Rosenwald, Hamblin, Urban, and Zimmerman
for oxidation the ammonium bi-sulfide to sulfur [31, 32].

1.3 Phosphogypsum in Cement Industry

To prepare phosphogypsum for using in cement production,
gypsum is added in clinker to regulate or increase the setting
time of cement; when phosphogypsum used instead of normal
gypsum it obviously prolonged the hardening time compared
to what usually needed with natural gypsum due to the
presence of phosphate [33, 34]. Furthermore, this addition
reduces the clinkerization temperature under the same
conditions which used with normal gypsum [35]. Several
studies mentioned that the soluble P,Os and F impurities led to
increase setting time and decrease compressive strength as
well as the density [7, 36-38].

The phosphoric acid content (P20s) in phosphogypsum is
essentially required to be removed in order to eliminate its
negative impact. Basically, most of the soluble impurities in
phosphogypsum could be partially extracted by washing with
water [34, 39], but this will lead to secondary pollution and
extra cost.

Nevertheless, there is another in

problem using



phosphogypsum in cement industry as it, its content of
radioactive elements such as uranium due to its effect on
human health. This problem can be efficiently reduced by
washing because the radiation of Jordanian phosphogypsum is
very low.

The objective of this study is to investigate the process of
treating phosphogypsum to make it useful for cement industry.
The removal of impurities by washing phosphogypsum with
limestone in aqueous medium (Calcium Hydroxide) and the
conversion of soluble (P20s) in water to insoluble phosphate
(calcium phosphate) in water at ambient temperature is studied
experimentally.

2. MATERIALS AND METHODS

Phosphogypsum samples were obtained from the Jordan
Phosphate Mines Company in Amman-Jordan. Experimental
investigations were carried out to study the removal or
reduction of P,Os from phosphogypsum by washing with
calcium hydroxide solutions. Ten samples of fresh
phosphogypsum (100 g) were taken for the analysis. The
treatment solution was prepared by dissolving 4 g of calcium
hydroxide (commercial grade lime stone) in suitable amount
of tab water. The phosphogypsum was added to the solution
and mixed vigorously for 30 minutes. The phosphogypsum
was then separated by filtration and dried in an oven under
100-105 < for 10 hours. Samples of the filtrated
phosphogypsum were prepared (fuse or compress) to be
analyzed using X-Ray Fluorescence (XRF) spectroscopy.

The effect of washing more than one time (3 times) was
investigated by following the same experiments on the treated
samples. In all samples the percentages of different
constituents were measured before and after washing with
calcium hydroxide for both washing one time and three times,
then the average and the standard deviation of the ten readings
for each constituent were calculated and plotted.

To determine the amount of radioactivity in
phosphogypsum, the radiation detector (multi detector) can be
used to measure the radiation in raw phosphogypsum and in
the treated phosphogypsum.

X-Ray Fluorescence (XRF) spectrometry (ARL8480S
SEQ/SIM XRF) was used during the current study to analyze
samples and determine its chemical construction especially
sulfur and phosphoric acid content, through preparing fused
samples at 1100, and using compression techniques in the
hydraulic press after drying and milling it as powder.

3. RESULTS AND DISCUSSION

The efficiency of treating raw samples of Jordanian
phosphogypsum by washing with calcium hydroxide was
evaluated experimentally by analyzing ten samples before and
after washing. The results shown in Figure 3 indicated that
P,Os percentage was reduced after washing by around 5% and
after washing three times the reduction percentage
interestingly increased to approximately 16%. In this case, this
water-soluble impurity in phosphogypsum was converted into
an insoluble matter as required. This is because P>Os can react
with 2Ca0, SiO, of the cement clinker and forms a solid
solution as a result [40]. Therefore, P,Os has a direct effect on
the constitution and hardening of Portland cement. However,
the reduction percentage can be affected by different
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parameters such as phosphogypsum particle size, acid
concentration, the mass of phosphogypsum to the mass of
solution figure in addition to the number of washings [41].
Moreover, as the P,Os increases the strength decreases until,
when the P,Os reaches 2 25% of the cement clinker, the
cement fails to meet British Standard requirements [40]. It was
reported that the increase in water cement ratio cement
markedly affects the cement with high P,Os percent more than
the normal cement. The most remarkable result to emerge
from the data is the total 100 % removal of U as shown in
Figure 4. These results are of great interest on the side of
recovery of the valuable uranium from waste phosphogypsum
using by leaching in low cost calcium hydroxide solution
obtained from commercial grade lime stone. The complete
removal of uranium facilitates the application of
phosphogypsum as a raw material for clinker production.

P05

2.50

2.00

-
o
S

-
2
S

Percentages %

0.50

0.00

Fresh

After washing
216

Washing 3 times
1.89

‘l P205 2.2

Figure 3. The reduction of P205 concentration in
phosphogypsum after washing with calcium hydroxide
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Figure 4. The potential of washing the Jordanian
phosphogypsum with calcium hydroxide for the reduction of
U concentration

The influence of washing of chemical analysis of CaO and
SiO, after washing with calcium hydroxide solutions are
presented in Figures 5, 6, respectively. The treated samples
showed a remarkable increase of 7% in the amount of CaO
after washing (see Figure 5). The reduction percentage of SiO;
was around 36% based on the washing for one time, and after
washing three times the percentage increased to 42%. This can
be attributed to the addition of limestone in the washing



process. The measured amounts of calcium oxide and silicon
oxide don't interfere with the required clinker properties as
they are main raw materials for cement production.
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Figure 5. The reduction of of CaO concentration in
phosphogypsum after washing with calcium hydroxide
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Figure 6. The potential of washing the phosphogypsum with
calcium hydroxide for the reduction of SiO, concentration
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Figure 7. The reduction of Al,O3 concentration in
phosphogypsum after washing with calcium hydroxide

Figures 7, 8 and 9 display the measured changed in the
amount of Al,O3, Fe;03, MgO and SOs ratios, respectively. It
can be envisaged that Al,O3, Fe.Osand MgO were all reduced
by around 20% after washing one time. But the analysis did
not reveal any significant differences in the percentages of all
of them after washing several times. The analysis shows that
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the presence of Al;Os, Fe;O3 and MgO in the treated
phosphogypsum is at very small traces concentration and will
not have any significance influence on the structure of the
Portland cement. On the other hand, these components already
present in the raw materials for cement manufacturing.
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Figure 8. The potential of washing the phosphogypsum with
calcium hydroxide for the reduction of Fe;Oz concentration
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phosphogypsum after washing with calcium hydroxide
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Figure 10. The reduction of SO3 concentration in
phosphogypsum after washing with calcium hydroxide

The presence of SOz, Sr, Ti and Ni in the treated
phosphogypsum is presented in figures 10, 11, 12 and 13
respectively. The percentage of SO3 was reduced by 7% for
washing one time and 9% after washing three times based on



its measured values (Figure 10). Moreover, Sr was also
reduced by around 4% after first washing, and 5% after
washing three times as demonstrated in Figure 11.

In a Similar scenario, Ti was reduced by around 18% after
washing for one time and 20% after washing three times as
shown in Figure 12. Finally, no significant differences in the
reduction percentage of Ni. It is clearly shown that SOs, Sr, Ti
and Ni present in trace amounts before and after treatment.
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Figure 11. The potential of washing the phosphogypsum
with calcium hydroxide for the reduction of Sr concentration
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Figure 12. The reduction of Ti concentration in
phosphogypsum after washing with calcium hydroxide
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Figure 13. The potential of washing the phosphogypsum
with calcium hydroxide for the reduction of Ni concentration

The potential for applying washing (leaching) process for
modifying phosphogypsum as raw material in cement
production is summarized in Figure 14. It is clearly that some
components were reduced after washing in significant
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percentages. Thus, all the impurities were converted into
inactive compounds in these samples especially U, SiO, and
P,Os. Further treating the impurities in phosphogypsum will
increase the process operation cost, but the obtained reduction
percentages for the impurities will lead to reduce the cost as
well. Moreover, in terms of radiation the measured value in
raw phosphogypsum and treated phosphogypsum was
measured as 0.11 and 0.1 pSev (Sev=1J/kg=100Rad)
respectively.

Decreasing ratio of reduced components after washing

Percentages %

r
S03 Sr

u Si02 Fe203 | Al203 Ti P205
u Before treatment | 6.00% | 5.74% | 0.09% | 0.15% |8.50E+01 2.26% | 43.81% |5.90E+02
Aftertreatment | 0.00% | 3.32% | 0.07% | 0.12% |6.80E+01| 1.89% | 40.00% |5.63E+02
iF Decreasingratio | 100% 42% 2% 20% 20% | 16.37% 9% 5%

Figure 14. Decreasing ratio of reduced components after
washing

4. CONCLUSIONS

The results obtained indicated that the Jordanian
phosphogypsum can be treated and prepared to be used in
cement industry instead of natural gypsum by low cost
washing with calcium hydroxide. This will contribute in
reducing the cost of cement production and reducing the
environmental impacts of phosphoric acid production industry.
Phosphoric acid can be reduced 16% by washing
phosphogypsum with calcium hydroxide. It also can be
reduced to much lower value by washing more than three
times. In similar way, other constituents such as (SiO2, Al,Os,
Fe,Os, SOs, Sr, Ti) can be reduced significantly by washing
with calcium hydroxide. Interestingly, after washing uranium,
its percentage decreased from 6ppm to nil. In addition, the
radiation in raw phosphogypsum and treated phosphogypsum
is very low. A more detailed research and development work
might help to ensure better use of treated phosphogypsum in
construction industry or the feasibility of recovering large
amounts of the sulfur from the treated phosphogypsum.
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