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ARTICLE INFO ABSTRACT
Handling Editor: Jian Zuo The implementation of a sustainable development strategy holds the potential to enhance productivity, profit-
ability, and overall efficiency by leveraging by-products from other industries. In plaster manufacturing the
Keywords: substitution of natural gypsum with synthetic gypsum is worth exploring. Phosphogypsum (PG) represents a
Phosphogypsum significant fraction of synthetic gypsum production, arising as a by-product of phosphoric acid manufacturing.
Gypsum However, the presence of impurities in PG, particularly phosphorus, poses challenges to its use as a plaster
Phosphorus impurities . . . . ! . .
Brushite material. To identify the phases present in PG, quantify their occurrences and understand their effects on
Ardealite dehydration and hydration processes, our study aimed to examine simplified models. These models are specif-
Monetite ically designed to provide insights into the underlying mechanisms governing the hydration reactivity of
Syncrystallized HPO3 ™~ ions hemihydrate. Pure gypsum and brushite were synthesized, and mechanical mixing was carried out to explore

how brushite affects the characteristics of gypsum. Additionally, a solid solution of Ca(SO4)1.x(HPO4)x-2H20,
where 0 < x < 1, was prepared to characterize and quantify the syncrystallized HPO3~ as well as the effects of
this impurity on typical gypsum use cases. The synthesized materials underwent physical and chemical char-
acterization using SEM, XRD, IR spectroscopy, DSC, pH and conductivity measurements, and ion chromatog-
raphy. The results demonstrated that the HPO3 ions can substitute for sulfate ions in gypsum to form solid
solutions. The maximum quantity of HPOF~ ions in the gypsum lattice is approximately 10%, leading to the
crystallization of gypsum into sand rose shape rather than needle crystals. As the concentration of HPO3~ ions
increases, a new phase known as ardealite (Ca(SO4)1.x(HPO4)x-2H20) with 0.42 < x < 0.54 emerges, followed by
brushite (CaHPO4-2H30). During the calcination of brushite at 160 °C, a mixture of brushite and monetite
formed that exhibits different properties compared to its natural counterpart. In the presence of syncrystallized
HPOZ ™ ions, the transformation from anhydrite I1I to anhydrite IT occurred at higher temperatures than for pure
gypsum. The reactivity of calcined samples indicate that HPO3 ™ ions from the dehydration products of brushite
caused a delay in hydration, with the maximum delay observed at a calcination temperature of 160 °C. At this
temperature, monetite begins to crystallize, and it is characterized by its inert nature, exhibiting no reactivity
with water. This explains the observed decrease in setting times as the calcination temperature rises. Moreover,
syncrystallized HPO3 ™~ ions induced a significant delay in the hydration process. Our research revealed that
adjusting the calcination temperature can mitigate the retarding effect associated with this impurity, suggesting
an industrial tendency to use the lowest possible temperature during the calcination process of PG containing
syncrystallized phosphate impurity. In addition, we have observed that adjusting the pH of the mixing water to
lower values can significantly accelerate setting times.
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1. Introduction

During the production of phosphoric acid with the wet
manufacturing process considerable amounts of phosphogypsum (PG)
are generated as a residual byproduct (Becker el al., 1989). This pro-
cedure entails the reaction of sulfuric acid with rock phosphate as
indicated in (1):

Cajp(POy4)6F2 + 10 H,SO4 4 20 H,O — 10 CaSO4-2H,0 + 6 H3PO4 + 2HF
(Bilal et al., 2023) (@D)]

Approximately 4.5-5.5 metric tons (t) of PG are produced per ton of
wet-process phosphoric acid (Jin et al., 2023). The worldwide produc-
tion of PG is estimated to be within the range of 100-300 million t per
year (Oumnih et al., 2019; Rosales et al., 2020). Globally, a substantial
proportion, roughly 85%, of PG produced is stored in expansive piles
near fertilizer factories (Qi et al., 2023). Without proper treatment
storing of PG can lead to soil contamination, polluting of both under-
ground and surface waters after rainfall (Akfas et al., 2024; Tayibi et al.,
2009). Furthermore, the accumulation of PG in stockpiles often results
in dust issues that require attention to improve environmental condi-
tions (Ptachciak, 2020). Additionally, releasing moisture and fine par-
ticles from PG into the atmosphere poses risks, as it can carry hazardous
pollutants such as radioactive materials, cadmium, mercury, and phos-
phorus (Akfas et al., 2024a; Rutherford et al., 1996). At present only
15% of the produced PG is recycled through various methods such as the
use as a cement retarder (Costa et al., 2022; Potgieter et al., 2003), as a
backfill material (Gu et al., 2020) or as a soil conditioner (Bian et al.,
2022; Degirmenci et al., 2007). These applications typically involve
adding a limited amount of PG, ranging from 5% to 30%, to the primary
raw materials.

As the global shift towards renewable energy gains momentum, there
is a foreseeable reduction in the demand for coal-fired power plants,
leading to a consequent decrease in the production of Flue Gas Desul-
furization (FGD) gypsum, as outlined by Haneklaus et al. (2022). PG,
characterized by its high-grade gypsum composition as reported by
Geraldo et al. (2020), Jin et al. (2020) and Qin et al. (2023a), contains
over 95% of calcium sulfate dihydrate (CaSOs-2H-0). It can undergo
calcination to produce hemihydrate phosphogypsum (HPG)
(CaS04-5H20), presenting itself as a promising alternative to natural
gypsum and FGD gypsum, carrying substantial practical significance.
Furthermore, PG exists in the form of powdered particles, conveniently
stacked, making it more accessible than natural gypsum that first needs
to be mined (Saadaoui et al., 2017). The utilization of already powdered
particles eliminates the need for energy-intensive crushing and grinding
processes, resulting in reduced energy consumption compared to the use
of natural gypsum ore.

Beyond its application as a gypsum resource, PG is recognized as a
potentially valuable source of rare earth elements (REEs) (Bilal et al.,
2023; Canovas et al., 2019; Grabas et al., 2019; Hakkar et al., 2021;
Rychkov et al., 2018). Scholars revealed that, during the wet phosphoric
acid processing of phosphate rocks with varying REE grades, a signifi-
cant portion (60-90%) of the initial REE content of the rock phosphate
transfers to the PG (Walawalkar et al., 2016). This adds to the appeal of
PG as a strategic resource in the presently evolving energy landscape.
Consequently, exploring efficient methods for using PG in large quan-
tities in countries where resources are either scarce or non-existent,
either as a source of gypsum or as a source of REEs, has recently
attracted interest.

The composition of phosphate rock significantly impacts the char-
acteristics and quality of PG that results from its processing. PG pri-
marily consists of CaSO4-2H20 and minor amounts of silica, typically in
form of quartz, alongside various impurities including heavy metals like
arsenic (As), cadmium (Cd), chromium (Cr), mercury (Hg), and radio-
active materials such as radium (Ra) and uranium (U) (Bilal et al., 2023;
Burnett et al., 1996; Kuzmanovic et al., 2021; Qin et al., 2023b; Rashad,
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2017; Rutherford et al., 1996; Tayibi et al., 2009a). Additionally, PG
contains between 0.1% and 1.5% of fluorine (F) and from 0.1% to 1.8%
of phosphorus (P20s). The P impurities in PG exist in three forms: sol-
uble, syncrystallized and insoluble P (Ennaciri and Bettach, 2023; Jia
et al., 2021; Singh et al., 1993, 1996). Soluble P can be found in various
forms, including phosphoric acid (H3PO4), monocalcium phosphate
monohydrate (Ca(HzPO4)2-H20), and others. Syncrystallized P occurs
when brushite (CaHPO4-2H50) integrates into the lattice of gypsum
(CaS04-2H50), forming a solid solution due to similarities in size, molar
mass, and charge. This substitution allows HPOZ™ ions to replace for
SO~ ions within the gypsum structure, leading to the formation of
ardealite (Cax(HPO4)(SO4)-4H50) (Ennaciri and Bettach, 2018). The
substitution process is influenced by factors such as sulfuric acid con-
centration, reaction time, and mixing temperature during phosphoric
acid production. Additionally, insoluble phosphate compounds, such as
tricalcium phosphate (Cag(PO4)2), are generated in the process.
Recycling PG to replace natural gypsum and FGD gypsum in the
construction industry could be a promising way to advancing sustain-
able practices while decreasing resources dependencies. Nevertheless, it
has been found that impurities in the PG, particularly P impurities,
hinder its direct use as a building material. P adversely affects the hy-
dration and solidification processes of HPG, resulting in lower gypsum
dihydrate precipitation rates, longer setting times and reduced strength
if compared to data from natural gypsum (Abdelhadi et al., 2014; Altun
and Sert, 2004; Bagade and Satone, 2012; Huang and Lin, 2011; Olmez
and Erdem, 1989; Taher, 2007; Zhou et al., 2020). Previous research,
such as that carried out by Singh (2003), has investigated the impact of P
impurities on the properties of gypsum. Singh identified a sequence of
influences, considering factors like setting time and compressive
strength, as follows: H3PO4 > Ca(HyPO4)2-H30 > CaHPO4-2H,0 >
Cas(PO4),. In addition, these impurities were observed to modify the
morphology of the crystal grains in plaster hydration products.
Needle-shaped crystals, in contrast to prismatic crystals of short length
and irregular boundaries, contribute to greater compressive strength
(Singh, 2005). In a recent study by Jia et al. (2021), it was further found
that a higher concentration of H3PO4 on the PG surface could expedite
the setting time while reducing the 2-h strength of HPG plaster.
Several researchers are investigating pre-treatment techniques to
counteract the negative effects of P impurities and improve the recy-
clability of PG. Soluble P impurities have been effectively removed from
PG by washing processes, while insoluble P impurities have been
effectively sieved out. In the case of syncrystallized P impurities, a
unique strategy involving high-temperature calcination technology was
deployed, enabling them to be transformed into insoluble pyrophos-
phate compounds (Liu et al., 2018; Ma et al., 2020; Peng et al., 2021).
Treatment with citric acid, used by Singh (2002) also removed impu-
rities and yielded favorable results. However, the role of P as a retardant
has an impact on the setting time (Moschner et al., 2009). A modifica-
tion technique was developed to eliminate P impurities from PG through
the utilization of lime (Chen et al., 2019; Liu et al., 2020). The lime
neutralization method effectively addressed the problem of soluble P
impurities delaying cement setting times. It was, however, inefficient at
eliminating insoluble and syncrystallized P impurities. Cai et al. (2021)
found that PG could be purified using 1% HyC204. Nevertheless, this
purification method has certain drawbacks, significantly limiting its
industrial application. The acidity of PG can lead to corrosion of con-
struction equipment and facilitate mold growth. Moreover, HPG is prone
to moisture and mildew, as observed by Chen et al. (2019). Ennaciri
et al. (2020) presented a method for purifying PG using sulfuric acid to
dissolve insoluble impurities. Their findings indicate that a 20% sulfuric
acid treatment is sufficient to render PG suitable for the gypsum in-
dustry. However, for applications in the cement industry, a higher
concentration of up to 50% sulfuric acid, is required to effectively treat
PG and remove impurities, as noted by Moalla et al. (2018). It is
important to note that an excessively high concentration of sulfuric acid
can lead to the dehydration of gypsum into anhydrous gypsum (AH). AH
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Table 1

The reagents employed in the synthesis of gypsum and brushite.
Products K2SO4 K,HPO,4 CaCl,-2H,0
Origin Alfa Aesar Prolabo Prolabo
Concentration (g/100 ml) 6 5 50
pH 6.6 9.2 6.4

poses challenges as a cement retarder due to its slow hydration rate,
which can result in the secondary formation of ettringite. This secondary
ettringite formation can cause expansion and even result in the rupture
of the cement-hardened structure (Allevi et al., 2016; Garcia-Maté et al.,
2015; Winnefeld and Lothenbach, 2010).

In practical terms, the aforementioned treatments prove effective in
eliminating a portion of impurities. The removal of soluble impurities is
relatively straightforward, but addressing syncrystallized impurities
poses a more significant challenge. Implementing the aforementioned
methods can also lead to increased investment and production costs
(Chen et al., 2019). To tackle this, adjustments to existing phosphoric

K>S0, + CaCl,-2H,0—CaS04-2H,0 + 2KCI

(1 —X) 2[K* +SO¥] + [Ca™ +2CI~ +2H,0]-2K* +2CI™ + [Ca** + SO}~ + 2H,0]

acid production facilities would often be necessary. This approach has
been implemented in Japan, a country lacking natural gypsum, where
phosphoric acid production processes had to be modified to produce PG
suitable for plasterboard manufacturing. The complete sequence of PG
treatment operations significantly impacts the cost of the final product.

K,HPO, + CaCl,-2H,0—CaHPO,-2H,0 + 2KCl

X[2K" + HPO;" | + [Ca*" +2CI +2H,0]—2K " +2CI" + [Ca** + HPO; + 2H,0]

Additionally, it should be noted that a method developed for a specific
PG deposit might be entirely ineffective for another one since the im-
purities can significantly vary depending largely on the phosphate rock
used as raw material in the production process. As a result, the limited
utilization rate of PG makes complete utilization in the short term nearly
impossible, posing a significant global challenge due to the storage of PG
and its possible contribution to the pollution in water, land, and atmo-
sphere (Chernysh et al., 2021).

To meet the standards necessary for utilization of PG in plaster
manufacturing, PG must have an appropriate morphology and contain
minimum levels of P, while ensuring that it remains as free as possible
from radionuclides and fluorine. Given the difficulty in removing syn-
crystallized P and the mechanisms through which these impurities affect
PG properties remain ambiguous. The research presented here is
designed to characterize the syncrystallized P and to identify the phases
in which P occurs in gypsum, quantify the occurrences and further study
their influences on the hydration reactivity of hemihydrate. To achieve
these objectives, it was necessary to use simplified models to better
understand the influence of the impurities on the more complex PG. For

(1-X)[2K* + 8077 + [Ca™ +2CI" +2H,0] = (1 — X)2K* 4+ 2CI" + [Ca®* + XHPO;™ + 2H,0]
X[2K" + HPO;"| + [Ca®" +2CI” +2H,0| = 2XK* 4 2CI” + [Ca®™ + XHPO;™ + 2H,0|
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this purpose, we synthesized gypsum and brushite and carried out me-
chanical mixing experiments to explore the influence of brushite on
gypsum characteristics and PG properties. In addition, we synthesized a
solid solution of Ca(SO4)1.x(HPO4)x-2H20, where 0 < x < 1, to under-
stand how to characterize and quantify these impurities and study their
effect on gypsum.

2. Materials and methods
2.1. Preparation of reference products

Gypsum and brushite were synthesized, along with a solid solution of
Ca(S04)1x(HPO4)x-2H,0 with 0 < x < 1, via a precipitation method. The
reagents used in our experiments were obtained from Alfa AESAR and
PROLABO and their characteristics are summarized in Table 1.

The reference products were synthesized according to the procedure
described by Guilhot et al. (1974). Gypsum was synthesized through the
precipitation of potassium sulfate using an excess of calcium chloride
dihydrate, following reaction (2):

(2

gypsum

Calcium monohydrogen phosphate dihydrate, also known as brush-
ite (CaHPO42H,0), is produced through a precipitation process
involving the combination of potassium phosphate and calcium chloride
dihydrate, according to the reaction:

€]

brushite

The precipitates were filtered using a fritted glass and then rinsed
with distilled water to eliminate traces of KCl and NaCl. After that, they
were dried with ethanol and stored in the oven at 40 °C.

2.2. Synthesis of the solid solution

The solid solution gypsum-brushite was also synthesized using the
method outlined by Guilhot et al. (1974). The reagents used and the
concentration of the solutions are the same as in the preparation of the
pure reference products. Calcium chloride was added to the previously
stirred mixtures. The precipitates obtained were filtered on sintered
glass, then washed with distilled water, dried in air, and kept in an oven
at 40 °C for at least 24 h.

The solid solution between CaSO4-2H;0 and CaHPO4-2H,0O was
obtained by adding potassium sulfate and potassium phosphate with
calcium chloride dihydrate in excess following the two simultaneous
reactions by varying the molar contents of HPOZ

(€3]
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Fig. 2. SEM images of the solid solution obtained by precipitation at different P ion concentrations: P/S = 0.008 (top left), P/S = 0.25 (top right), P/S = 4 (bottom

left), and P/S = 1 (bottom right).

The solid solution obtained corresponds to the chemical formula Ca
(SO4)1_x(HPO4)x-2H20, where “x” is the molar proportion of HPO%’ in
the solid solution.

2.3. Methods

The samples were analyzed using a scanning electron microscope
(SEM) (JEOL JSM-840) equipped with an energy dispersive X-ray
spectrometer (Tracor Northern TN-2000). Prior to analysis, the surface
of the samples was coated with a double layer of gold.

X-ray powder diffraction analyses were conducted using a Siemens
D-5000 Kristallofex diffractometer equipped with a copper anticathode.

The radiation (Cugy, A = 1.54056 f\) was filtered with Ni. The acceler-
ating voltage was set to 40 KV, for a current of 30 mA. The slit system
was set at 1-0, 1-1 mm for a receiving slit of 0.6 mm. The data were
collected in the 5-90° (20) range with a step width of 0.02° (260) and a
step time of 2s. Consistent operating conditions were upheld for the
High-temperature XRD Brucker (AXS) D8 Advance automatic diffrac-
tometer, under a helium flow rate of 20 ml/min. The heating rate was set
at 10 °C/min.

Infrared absorption spectroscopy measurements were performed
using two different instruments: a SPECORD M-80 non-Fourier trans-
form spectrometer, which operated in the frequency range of 250-4000
cm’l, and a THERMO NICOLET NEXUS Fourier transform spectrometer,
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Fig. 3. X-ray diffraction pattern of gypsum, with diffraction reflections indexed
based on ICDD card no. 00-033-0311.
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Fig. 4. X-ray diffraction pattern of brushite, with diffraction reflections indexed
based on ICDD card no. 04-013-3344.

which functioned in the frequency range of 400-4000 cm .

The dehydration of samples was conducted using a SETRAM TAG 24
dual-furnace thermobalance coupled with a DSC 111 thermal analyzer,
allowing for simultaneous recording of TGA and DSC thermogravimetric
curves. The heating rate was set at 10 °C/min in a continuous flow of
argon at a rate of 30 ml/min. The evolved gases were collected and
analyzed by infrared adsorption spectroscopy using a BIORAD FTS 40
spectrometer.

3. Results and discussion
3.1. Morphology analysis

The gypsum synthesized via precipitation presents a needle-like
structure, as depicted in Fig. 1A. The crystals are uniformly distrib-

uted both in terms of their size and shape. These observations align with
the results reported in the investigations conducted by Klepetsanis and
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Koutsoukos (1998), Mahmoud et al. (2004) and Shih et al. (2005). Pure
brushite displays a pseudo parallelepiped-shaped plate morphology, as
seen in Fig. 1B. The crystals have a tabular form along the (010) axis and
appear elongated along either the (101] or (102] axes. The brushite
crystals obtained in this study are comparable to those synthesized at pH
values of 4.8-5.0, pH = 7, and pH between 5.5 and 7, as reported in the
studies of Abbona Christensson et al. (1993), Arifuzzaman and Rohani
(2004) and Toshima et al. (2014).

The solid solution exhibits a distinctive sand rose-like morphology
(Fig. 2), whereby the crystals clustered into polycrystalline aggregates.
When the concentration of HPO3 ™ ions increased, the crystals thickened
forming more compact aggregates. At a P/S ratio of 4, the crystal
morphology of the solid solution is similar to that of brushite. However,
the platelets are slightly thicker and less well-shaped. In the case of a P/S
ratio of 1, the solid solution is a powder, poorly crystallized and pre-
sented in the form of large, deformed, and compact grains. This com-
pound is also found as a natural mineral species and is known as
ardealite (Dumitras, 2017; Onac et al., 2005).

3.2. XRD analysis

The similarity between gypsum, matching with the ICDD card no.00-
033-0311, and brushite, aligning with the ICDD file no. 04-013-3344, is
evident in Figs. 3 and 4, where their diffraction patterns show nearly
identical unit cells. This resemblance poses a significant challenge in X-
ray diffraction studies of the gypsum-brushite system, as the crystallo-
graphic similarities between these two minerals can make it difficult to
distinguish them accurately. Particularly, the highest peaks of brushite
and gypsum overlap for d(020), corresponding to 20 = 11.7°. Hence, to
discriminate between these two phases, it is necessary to examine the
diffraction peaks relating to d(021), corresponding to 20 = 20.7° for
gypsum, and d(12-1), corresponding to 26 = 21.0° for brushite. Notably,
the two peaks can only be differentiated when the content of brushite
exceeds 1% in the gypsum-brushite mixture. Many scholars considered
the characterization of powder mixtures composed of gypsum and
brushite (ranging from 0% to 1%) by X-ray diffraction to be extremely
difficult. Roode-Gutzmer and Strydom (1999) for instance assert that the
heights and areas of bands corresponding to the (022) reflection at 20 =
34.2° (although a common peak with a peak of gypsum) are propor-
tional to the percentage of brushite present.

The XRD technique is essentially unable to detect the presence of
brushite or any other phosphate phase in products containing less than
5% of monohydrogen phosphate HPOZ~ ions. In such cases, only the
gypsum phase is present, as shown in Fig. 5. However, when the con-
centration of phosphate ions in the solid solution exceeds 7%, demixing
occurs. This results in the emergence of a new phase, Caz(SO4)(HPO4)-
4H,0, identified as the ardealite phase, alongside gypsum. Subse-
quently, between phosphate ion contents of 40% and 55%, gypsum
disappears and only the ardealite phase remains. These findings are also
consistent with the research conducted by Pinto et al. (2011). In the
range of 55%-95% HPOjZ  content, ardealite coexists with brushite.
However, beyond this range, only brushite is observed. Rinaudo et al.
(1996) also explored a portion of this phase diagram (for 50% < HPO3~
< 100%) through analysis of their samples using XRD and EDS. Their
findings closely resemble the results obtained during this study (at the
same pH), except for the range 65% < HPO3 < 100%. According to
their research, only the brushite phase is present within this range.
However, in our study, both brushite and ardealite phases were present.
It is noteworthy that it is only when the HPOF~ concentration surpasses
97% that ardealite disappears in our case.

It has been observed that the presence of syncrystallized HPOZ -
bearing phases cannot be demonstrated by the XRD technique at con-
centrations below 10%. Similarly, the existence of brushite at concen-
trations below 1% in a mixture with gypsum cannot be proven through
this characterization method. Therefore, the products were character-
ized using IR spectroscopy, providing an alternative approach to
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Fig. 6. Infrared spectra of mechanical mixture of 50% gypsum and 50% brushite, and solid solution with HPO;~ = 50% and natural ardealite (Cioclovina

Uscata cave).

investigating their structure. Moreover, IR spectroscopy facilitates
quantitative analysis of syncrystallized ions, providing valuable insights
into the composition of the samples.

3.3. IR spectroscopy

The IR spectrum of a solid provides information on its structure
(geometry, interatomic forces, inter- and intramolecular forces, etc.). In
the solid phase, the substitution of certain ions from a pure solid by ions
of similar structure leads to the formation of a solid solution. The
presence of these ions disturbs existing bonds and generally forms new

ones, which leads to the appearance of absorption bands in addition to
those of the pure solid. Therefore, qualitative analyses can be carried out
using IR spectroscopy. Moreover, since the intensity of the absorption
bands of a molecular species is proportional to the concentration of that
substance in the sample, IR spectroscopy enables quantitative analysis of
syncrystallized ions.

The IR spectra of the mechanical mixture composed of 50% gypsum
and 50% brushite, the solid solution with HPO3~ = 50%, as well as the
natural ardealite, are depicted in Fig. 6. The IR spectrum of the me-
chanical mixture reveals distinct bands corresponding to the charac-
teristics of gypsum and brushite (Table 2). While the spectra of natural
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Table 2
Positions and assignments of IR absorption bands for gypsum, brushite and
ardealite.

(em™) Wavelength
Type of vibration Gypsum Brushite Ardealite
Stretching vibrations vO-H of water 3540-3251  3542-3166  Poorly
resolved
Stretching vibrations v(P)O-H of - 2930-2347 2972-2322
HPOZ
Stretching vibrations vO-S-O of S0% 2217-2118 - -
Bending vibrations §0-H of water 1682-1620  1742-1650  1708-1645
Bending vibrations vP-O-H - 1212 1194
Stretching vibrations vP-O of PO; ™~ - 1135-986 -
(v3 and v;)
Stretching vibrations vO-S-O of SO4 1099-1004 - -
2 (03 and v;)
Stretching vibrations vO-S (P)-O of - - 1134-961
SO3 ™ and HPO3 ™ (03 and v1)
Stretching vibrations v(P)O-H - 872 864
Bending vibrations P-O(H) of HPOF - 795 824
vy H-O-H - 670-662 -
vy H-O-H + v4 O-S-0 - - 672-637
Bending vibrations O-S-O of SO3~ 666-594 -
(U4)
v4 O-P-O + v4 O-S-O - - 596
Bending vibrations PO3~ (v4 and vy) - 577-403 -
Bending vibrations - - 560-525
04 O-P-O of HPO}
Bending vibrations - - 424
vy O-P(S)-0
Table 3

Summary of the wavelengths corresponding to the absorption bands of HPO3 ™
observed on the IR spectra of gypsum solid solution and gypsum-brushite
mixture.

Form of HPO% Characteristic bands of HPO3~ in wavelengths (cm™!)

HPO,2~ (brushite) 1650 986 872 524
HPOZ syncristallized 1017 836

F 93
Mixture of gypsum + 1.5% brushite
Solid solution 1.5 %
_—

Gypsum - /)"‘f ) 88 §
— P
1
g
83 =
&
-

78

T 73

950 200 850 800 750

Wavenumber (cm™)

Fig. 7. Infrared absorption spectra of gypsum and 1.5% brushite mixture
(blue), solid solution containing 1.5% of HPO3 (red), and the reference curve of
pure gypsum (black). (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)

and synthetic ardealite are very similar, they differ from the spectrum of
the 50% gypsum and 50% brushite mixture. It should be noted that the
absorption band attributed to symmetrical stretching of P-O(H) in the
800-900 cm ! range is located at 872 cm ™ for brushite and 864 cm™!
for ardealite. Therefore, IR spectroscopy allows distinguishing me-
chanical mixtures of gypsum and brushite from an ardealite-type phase
that contains equal proportions of HPOZ~ and SO%~ ions. The band

Journal of Cleaner Production 451 (2024) 142013

assignments of gypsum, brushite and ardealite, as presented in Table 2,
are attributed to the investigations carried out by Dumitras et al. (2004),
Anbalagan et al. (2009), and Dumitras (2017).

Even at a low concentration of only 1.5% within gypsum, brushite
can be detected by IR spectroscopy because of its distinctive absorption
band at 872 cm ™! (Table 3 and Fig. 7). This specific band corresponds to
the symmetric non-degenerate PO stretching mode present in the HPOZ~
structural group. If the gypsum-brushite mixture is homogeneous, the
height of this absorption band can be correlated with the quantity of
brushite introduced (Fig. 8), which is consistent with the study of
Aslanian et al. (1980). In contrast to the mechanical mixture of gypsum
and brushite, the solid solution containing syncrystallized HPOZ ~ ions is
distinguished by the existence of two absorption bands: 1017 cm ™2,
corresponding to the v3 vibration [asymmetric stretching P-O(H)]
within the (PO4)* structural group, and 836 cm ™, corresponding to the
v7 vibration associated with the HPO?{ structural group (Table 3). These
specific bands can be used to establish a calibration curve. A notable
correlation is observed between the quantity of introduced syncrystal-
lized HPO3™ ions within the gypsum solid solution and the peak height
of the absorption band, as illustrated in Fig. 8.

Fig. 9 highlights the pattern of the main absorption band associated
with syncrystallized HPOZ~ ions, positioned at 836 cm™'. It demon-
strates an increase in intensity up to a concentration of 10% HPOZ .
Subsequently, as the concentration of incorporated phosphate ions rises,
the intensity diminishes and disappears entirely at 30%. Moreover, a
band emerges at 864 cm~! when the HPO%’ concentration exceeds 10%,
marking the phase separation of the solid solution containing SOF~ and
HPOZ™ in gypsum into two distinct phases: one comprising HPO% -
bearing gypsum and the other containing ardealite. Between 40% and
50% HPO3 ", only the band at 864 cm ™! persists, indicating the presence
of the HPOZ ™ ion in the ardealite phase. The intensity of this band in-
creases with the rise in percent HPO3~ and gradually shifts towards
higher wavelengths. Specifically, at 80% HPOZ~, the band is located at
870 cm ™! and reaches 872 cm™? for pure brushite.

4. Dehydration of the products
4.1. Dehydration of pure phases

The gypsum dehydration process is an essential step for plaster
production. This section of the paper examines the thermal properties of
HPOZ~ ions within the Ca0-SO3-H,0 system, focusing on understand-
ing their behavior during the transition from PG to HPG. Through using
of DSC, XRD, and IR spectroscopy techniques, the dehydration process of
gypsum in the presence of HPO3 ions was thoroughly investigated.
Fig. 10 depicts the DSC curves of gypsum, brushite, and ardealite.

Gypsum dehydration is characterized by two endothermic peaks,
recorded at 144 °C and 167 °C. The first endothermic peak is attributed
to the formation of bassanite (hemihydrate):

CaS04-2H,0 — CaSOy- /2 HyO + 3/2 HyO (144 °C) 5)

The subsequent endothermic peak corresponds to the transformation
of the hemihydrate into anhydrite III, indicating a transformation of the
crystalline structure (from monoclinic, as in the hemihydrate, to hex-
agonal, as in anhydrite III):

CaSOy- 2 HO — CaSO4 III + 2 H,O (167 °C) (6)

In addition, an exothermic peak is observed at 356 °C, showing a
transformation of the hexagonal structure of anhydrite (III) into an
orthorhombic structure known as anhydrite (II):

CaSOy III = CaSO4 11 (356 °C) (@]

The findings obtained from this study are in good agreement with the
research conducted by Engbrecht and Hirschfeld (2016) and Mirwald
(2008).
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Fig. 8. Correlation between the intensity of the absorption band at 872 cm ™" (left) within the gypsum-brushite system, and at 837 cm™! (right) within the solid
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Fig. 9. Infrared spectra of the 900-750 cm™* region of gypsum samples containing 0% < HPO3~ < 100%

CaS04.2H,0, % HPOZ ™ = 5%, 10%, 12%, 13%, 14%, 20% (Fig A)

CaS04.2H,0, % HPOZ™ = 10%, 20%, 30%, 40%, 50%, 60%, 80%, CaHPO4.2H,0 (Fig B).
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Fig. 10. DSC curves of gypsum, brushite and arderalite

When heated, brushite undergoes a two-step process of losing its
molecular water at temperatures of 155 °C and 199 °C. This trans-
formation leads to the conversion of brushite into monetite (Dosen and
Giese, 2011):

CaHPO4-2H,0 — CaHPO, + 2H,0 ®

A third endothermic peak is observed around 415 °C. This peak in-
dicates an additional dehydration process attributed to the reaction
(Frost and Palmer, 2011):

CaHPO4 — CayP,07 + Hy0 (415 °C) 9

The exothermic reaction observed in the DSC curve at approximately
555 °C corresponds to the transformation of the amorphous CayP>0;
product into the crystalline p-CasP207 phase (Dumitras et al., 2004).

Brushite, subjected to varied calcination temperatures, underwent
XRD analysis, as depicted in Fig. 11. Within the temperature range of
25-250 °C, only brushite and monetite phases are discerned, while the
presence of Caz(PO4)3 and Ca(HyPO4)-H20 phases remain undetected.
Notably, at 260 °C, only monetite is observed. These XRD findings are
consistent with the research conducted by Dumitras et al. (2004). Ac-
cording to Lang Dupont, 1985, obtaining pure anhydrous calcium
phosphate is impossible. Before dehydration is complete, calcium py-
rophosphate begins to form, with an overlap of the two reactions always
observed. This hypothesis is confirmed a priori here as indicated in
Fig. 11.

During the ardealite dehydration process, several transformations
occur. First, ardealite disappears and brushite becomes the dominant
compound, accompanied by a minor presence of monetite. The reaction
equation for the dehydration process of ardealite can be written as
follows:

2Ca(HPO4)(SO4)-4H,0 — CaHPO4-2H,0 + CaHPO4 + 2CaSO4-/2 HO +
5H,0 (130 °C) (10)

At a temperature of 168 °C, hemihydrate transforms CaSO4 III. Upon
reaching 215 °C, brushite is entirely replaced by monetite. Within the
temperature range of 250-350 °C, both stable anhydrite II and amor-
phous calcium pyrophosphate are concurrently formed, causing
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Fig. 11. A series of powder X-ray diffraction patterns taken during the calcination of brushite.

alterations in both CaSO4 and CaHPO4. At 555 °C, the amorphous
CapP,07; undergoes a transition into the p-CayP20; pyrophosphate
phase. This explanation regarding the ardealite (ICDD: 04-011-6882)
dehydration process corresponds with the one presented by Dumitras
(2017) and this is confirmed by the results obtained from XRD in situ
analyses shown in Fig. 12.

4.2. Dehydration of solid solution

Regarding the dehydration behavior of gypsum with syncrystallized
HPO3 ™ ions, the solid solution exhibits higher transformation tempera-
tures from anhydrite III to anhydrite II, as shown in Fig. 13. Moreover,
the intensity of the exothermic peaks diminishes progressively with an
increase in the HPO3~ concentration within the solid solution. Eventu-
ally, at 5% of HPOZ, the peaks become barely noticeable, as elucidated
in Fig. 14A. In addition, several interesting observations can be noted in
Fig. 14. At an HPO3~ concentration of 10%, the thermogravimetric
analysis reveals the emergence of two distinct endothermic peaks at
185 °C and 220 °C. Moreover, when the HPO%’ content reaches 40%, the
thermogravimetric curve suggests a predominance of gypsum in the
sample. In contrast, the thermogravimetric curve for an 80% HPOZ; ™
concentration predominantly indicates the presence of brushite
(Fig. 14B).

A phase diagram for the CaSO4-2H20 - CaHPO4-2H50 system at
150 °C can be derived from a thorough comprehension of the dehy-
dration processes of gypsum, brushite, ardealite, and their in-
termediates. This diagram, as depicted in Fig. 15, was derived from XRD
analyses conducted on the calcined samples, carried out under a nitro-
gen flow for 5 h. These analyses were instrumental in establishing the
phase diagram for the CaSO4-2H>0 - CaHPO4-2H50 system at 25 °C that
is illustrated in Fig. 4.

To accurately represent the diagram, it was necessary to divide the
second part of the diagram, where both bassanite, brushite, and mone-
tite phases are present, into two sections: For compositions with 7% <
CaHPO4-2H50 < 55%, the predominant phase is bassanite hemihydrate,
accompanied by the presence of monetite and brushite. For composi-
tions with 55% < CaHPO4-2H30 < 97%, the prevalent phase is mone-
tite, with the presence of brushite and bassanite. In the cases when 0% <

CaHPO4-2H,0 < 7%, only bassanite is detectable via XRD. However, the
syncrystallized HPOZ ™ ions are still present even after calcination, which
was confirmed by IR spectroscopy (Fig. 16). This observation aligns with
the findings previously reported by Li and Zhang (2021).

5. Hydration of the products

The main objective of this section of the study is to investigate the
hydration reactivity of the obtained products. For this purpose, the
materials were subjected to a 5-h calcination in a nitrogen atmosphere at
150 °C, followed by a 24-h reversion period at room temperature. This
treatment aimed to produce a hemihydrate with embedded phosphate.
Subsequently, we focused on the hydration of these plasters and, to fully
understand their reactivity, we used conductivity measurements
coupled with pH meter readings. A water-to-phosphoplaster ratio of 20
(W/PP = 20) was maintained throughout all conductometry
experiments.

Prior to addressing the hemihydrate and phosphate mixtures, our
initial emphasis is on comprehending the hydration processes of hemi-
hydrate, brushite, and monetite. This foundational understanding pre-
cedes a more in-depth exploration into the hydration of a more complex
system, specifically CaO-SO4-HPO4-xH0.

Gypsum plaster is produced by calcining calcium sulfate dihydrate
and subsequently hydrating the resulting calcium sulfate hemihydrate.
During the hydration process of calcium sulfate hemihydrate, the
following reaction takes place:

CaSOy4-%2 Hy0 (s) + 3/2 HyO — CaS04-2H,0 an

This reaction is only achievable in liquid water, and we adhere to the
reaction scheme proposed by Le Chatelier, suggesting that hydration
proceeds through two successive reactions that quickly become
simultaneous:

Dissolution of the hemihydrate:

CaSO04-% HaO) = Calahy + SO%g) + % HaOpg) (12)
Precipitation of gypsum:
Calahy + SOF™ (ag) + 2 H2O(q) — CaSO4-2H,0 () a3)
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Fig. 12. A series of powder X-ray diffraction patterns taken during the calcination of ardealite.

The driving force of the hydration of the hemihydrate is the differ-

4 - ence between its solubility and that of gypsum. The dissolution of the

R hemihydrate leads to a solution with a much higher ion concentration

—_— than gypsum under the same conditions. The hemihydrate solution is

41 supersaturated with respect to the gypsum solution, and its degree of
supersaturation is defined as follows:

21 == 14
12 o Cs ( )

-16

Heatflow (mW)

where C is the concentration of the hemihydrate solution and C; is the
saturation concentration of the gypsum solution. Indeed, the hemihy-
241 drate hydration solution undergoes variations in Ca®" and SO3~ ion
concentrations, which can be monitored by measuring the conductivity
of the suspension. The dissolution of plaster is extremely rapid. The
-32 - . - - - solution concentration reaches the apparent solubility of the hemihy-
i = = Temp;::”e o o0 . = drate as found in the study of Amathieu and Boistelle (1988). This
concentration value corresponds to a competition between the dissolu-

Fig. 13. Thermogravimetric curves of the solid solution with % HPOZ~ — tion rates of the hemihydrate on one hand, and the crystallization of
0.25%, 0.5%, 0.8%, 1.5%. gypsum on the other, and does not represent a thermodynamic equi-
librium. The dissolution process follows second-order kinetics with
respect to the concentrations. As reported in the research performed by

-20
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Fig. 14. Thermogravimetric curves of synthetic gypsums with 0% < HPO3~ < 100%.
CaS04-2H,0, % HPO3™ = 5%, 30% (Fig. A); % HPO3~ = 40%, 80%, CaHPO,-2H,0 (Fig. B).
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Fig. 15. Phases present in the CaSO4-2H,0-CaHPO4-2H,0 system at 150 °C determined by X-ray diffraction (XRD).

Amathieu and Boistelle (1988), the crystallization of gypsum com-
mences, evidenced by the initial decrease in concentration. This process
involves heterogeneous nucleation, however, homogeneous nuclei are
anticipated to emerge only after 2-3 min, corresponding to the peak
supersaturation (p = K;;f;lm with Kyg = 1.25 x 1074 (mol/L)z). For about

3 min, the concentration of Ca%* (or SO37) remains constant, suggesting
a steady state in solution (latent period). This assumption is, however,
inaccurate as the concentration of Ca>* ions immediately decreases in
solution, indicating the appearance of gypsum from the beginning
(gypsum nucleation). The amount of gypsum formed remains low, about
5-10% of the precipitable mass. The solution is only slightly undersat-
urated compared to the hemihydrate, which therefore dissolves practi-
cally insignificantly during this phase. Then, a decrease in the
concentrations of Ca?* and SO%~ in solution initiates. Gypsum crystal-
lization and growth already exist at this stage. The quantity of gypsum
increases very rapidly. Between 5 and 15 min, the rapid decrease in
conductivity indicates rapid growth of gypsum crystals, possibly still
accompanied by nucleation phenomena near the initial plateau. The
crystallization rate reaches a maximum of around 10 min and 30 s, the
inflection point of the curve, at which there is no longer hemihydrate in
suspension. Consequently, the solution is no longer supplied with sulfate
and calcium ions. Since the solution concentrations decrease very

11

quickly between 5 and 10 min and 30 s, this indicates that the dissolu-
tion rate of the hemihydrate is no longer sufficient to completely
compensate for the crystallization kinetics of gypsum. The hydration
process is completed after 15-20 min, leading to the terminal plateau of
the conductometric curve, which reflects the solubility equilibrium of
gypsum.

Brushite (0.31 g/L) is 10 times less soluble than hemihydrate (3.2 g/
L). In water, brushite tends to undergo hydrolysis. The process of hy-
drolysis has been studied and dissected by Lerch et al. (1966). It involves
several successive and parallel reactions:

Rapid and partial dispersion of the phosphate in water:

CaHPO4-2H,0 < Ca’>" + HPO;~ (15)
Rapid hydrolysis of hydrogen phosphate ions (HPO3):

HPO3~ + H,0 « HyPO; + OH™ (16)
Slow and concurrent dismutation reaction:

2HPO, * < PO}~ + HoPOy a7

2HPO, > + H,0 < 2 H,PO; + 20H™ (18)

Precipitation of phosphate ions (PO3"):
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PO;™ + Ca*" + HPO, > + OH~ « Calcium phosphate apatitic (19)

The calcium apatitic phosphate that precipitates is octocalcium
phosphate. Overall, the hydrolysis reaction can be summarized as
follows:

10CaHPO4-2H20 Ad Cagﬂz(PO4)6~5H20 + 2Ca(H2PO4)2~H20 (20)

In the solution, monocalcium monohydrate phosphate appears, causing
a decrease in pH. This phosphate is acidic. Its dissolution in water is
incongruent and leaves behind H3PO4 as well as a residue of either
CaHPO4-2H30 or CaHPOy, according to Brown and Lehr. (1959).

Dihydrated calcium phosphate achieves optimal stability at pH 5.5,
with hydrolysis becoming increasingly sensitive as pH rises. Regarding
the kinetics, the dissolution of dicalcium phosphate dihydrate is slow
and follows a first-order equation, suggesting a diffusion-controlled re-
action, according to Djabri (1985). The solubilities of brushite and the
products resulting from its dehydration vary (Fig. 17).

Lang Dupont (1985) conducted studies on the hydration of monetite
and concluded that regardless of the sample’s mass and the temperature
at which the rehydration of CaHPO4 occurs, the amount of water fixed
after drying is consistently at a maximum of about 9% for finely pul-
verized samples. The experiment can be repeated multiple times on the
same product, with the same amount of water being removed and fixed
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each time, which can be considered zeolitic. Only free water is suscep-
tible to being fixed by anhydrous calcium phosphate.

5.1. Hydration of calcined solid solutions containing HPOZ ions

During the synthesis of the solid solutions, the washing step was
particularly important. The mineral acids and associated salts (notably
KCl, K2SO4 and NaCl) accelerate the dissolution of the hemihydrate.As
for the thermodynamic aspect, we consider the introduction of 1.5 g of a
solid solution with a W/P ratio of 20 into 30 ml of distilled water. This
solid solution consists of Ca2+, (1—yi)SO%’, and yiHPO%’ was intro-
duced. This process assumes that each component of the initial product
undergoes congruent dissolution, eventually reprecipitating as a solid
solution with the final composition: Ca%*, (1 - y)S03 ", and y HPOZ . In
reality, this involves a series of precipitation and redissolution steps.
Concentrations in the liquid phase and quantities of Ca?*, SO~ and
HPOZ ™ in solid solution are calculated using the following relationships
(we consider moles as the only conservative measure in our case, where
there is an exchange of molecules between two phases):

1. Equilibria in the liquid solution: Phosphoric acid H3PO4 dissoci-
ates in solution. Applying the law of mass action to the dissociation
equilibria of the three acidities yields the dissociation constants:

N(H")N(H,PO;)
H;P H* +H,PO; Kj=— o0 —~— "4/ 21
;POy «H" + H,PO, K, N(H:PO;) (21
_ _ N(H)N(HPO.*")
H,PO; «H" +HPO?™ Ky=——"— 22
2P0, & + n 2 N(HZPO;) (22)
NH 3
HPO,> < H' + PO, K; = N(H)N(PO) (23)

N(HPO,*")

With K; = 10216 K, = 10772 and K3 = 1071232

Four distinct forms can be distinguished based on the degree of
dissociation: HsPO4, HoPOZ, HPOZ ™, and PO3~ (Fig. 18).

2. Equilibria in the solid phase: We express the conservation of sites in
the solid, which is equivalent to stating the electroneutrality of the
solid phase:

(24

Near solsol. NHPOAZ’ sol.sol. + N504 2 ol sol

This equation applies to both the initial solid and the final solid.

3. Interphase Equilibria:

Ca" o1, tiq. + HPO4%1. 1ig. = Calol. sol. 6 + HPOs3o1. sol. G (25)
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Fig. 17. Conductimetric curves (W/Brushite = 100) of calcined brushite samples at different temperatures (Fig. A). Conductivity at 100 min as a function of
temperature (Fig. B). Brushite at 25 °C, T = 60 °C (these two curves overlap), T = 80 °C, T = 160 °C, T = 180 °C, and T = 220 °C.
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Fig. 19. Conductimetric (A) and pH-meter (B) curves of solid solution samples containing HPO?{ ions calcined at 150 °C (% HPOZ ™ = 0, 0.25%, 1.5%, 4% and 5%).
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Fig. 21. IR spectra of samples taken during the hydration of a solid solution
containing 5% of HPOZ  calcined at 150 °C (Time intervals: t = 5min, t =
25min, t = 60min, t = 90min, t = 125min, t = 160min).
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Fig. 22. Conductimetric (A) and pH-meter (B) curves of samples containing hemihydrate and brushite (% HPO3;~ = 0.5%, 0.8%, 1.2%, 5%).
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Fig. 25. Conductimetric curves of samples containing a mixture of 98% hemihydrate and 2% calcined brushite at different temperatures: Non-calcined, T = 60 °C, T
=100°C,and T =140 °C (A); T=160°C, T=180°C, T=200°C, T =220 °Cand T = 260 °C (B); T = 150 °C, T = 300 °C, T = 400 °C, T = 450 °C, T =500 °C, T =

550 °C, T = 600 °C (C).

5. Electroneutrality of the liquid solution:

NH+snl,[w. + 2Nyt sollig. NOH’M,/ lig. +2NSO42’ solliq +NHZP047m/ lig + ZNHPOAZ’ sollig
+ 3NP043’.W/ lig.
(40)
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We have developed a system consisting of 11 equations, wherein
each unknown variable is expressed in terms of the number of moles of
H" ions in the liquid solution. This system is then solved numerically. As
aresult, we can determine various properties, such as the final pH of the
liquid solution, based on the initial composition of the solid solution as
outlined by Guilhot et al. (1974).

However, it should be noted that the system of equations, devised by
Guilhot et al. (1974), does not incorporate the presence of the ardealite
phase, which acts as an intermediary between gypsum and brushite. The
simulations were conducted using a partition coefficient of 2.27, deno-
ted as Kp = 4%, where the range 0.075< Xppo,2- <0.17 corresponds to the
demixing zone between gypsum and brushite.

Regarding the kinetics aspect, the results of the hydration process
reveal that the existence of syncrystallized HPOZ~ within the hemihy-
drate significantly affects the duration necessary for the setting process.
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Notably, the setting time is prolonged as the concentration of syncrys-
tallized HPOZ ™ increases. As illustrated in Fig. 19A, setting times range
from 13 min for the lowest concentrations to 85 min for the highest
concentrations, indicating that higher concentrations of HPO3™ ions
result in longer setting times.

To elucidate these aforementioned phenomena, we conducted sam-
pling at various time intervals for the sample containing 5% of HPO3 .

sollig VNHZPOK\»/.I,.,. 7NPO43 sol.lig ,Now-,, lig. Ny+,, lig

The samples were filtered, and the liquid phase was analyzed using ion
chromatography, while the solid phase was characterized using IR
spectroscopy. The shape of the curve relative to the concentration of
sulfate ions in the liquid phase resembles that of the conductimetric
curve (Fig. 19A and 20).

The absorption band characteristic of syncrystallized HPO3 ™ ions is
consistently visible in all spectra, regardless of the sampling time
(Fig. 21). These analyses confirm the occurrence of a sequential process
involving dissolution and precipitation of a solid solution containing
HPO3 ™ ions. Furthermore, for samples collected at 5 and 15 min, there is
a slight bulge observed at 872 cm™'. We had previously observed this
absorption band in brushite, but it appears slightly shifted towards
shorter wavelengths for samples with P/S > 4.

The dissolution of the Ca2+, SO%’, and syncrystallized HPO?( ions
occurred simultaneously, indicating congruent dissolution. Initially, the
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Fig. 26. Conductimetric curves (A) and pH meter curves (B) monitoring hydration in mixing water at acid pH of a calcined solid solution at 150 °C containing 5% of

HPO3™ (pH = 5, pH = 4, pH = 3.5, pH = 2.5, pH = 2.3, pH = 1.9).
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Fig. 27. Influence of hydrochloric acid addition on the equilibrium composi-
tion of the solid solution, theoretical curves according to analysis presented by
Guilhot et al. (1974).

hemihydrate came into contact with water (pH = 7). At this pH
(Fig. 19B), a portion of the syncrystallized HPO3 ™ ions transformed into
H,POyj ions by consuming H' ions from the solution (Fig. 18), according
to the reaction:

HPO™ + H' —» H,PO; (41)

During this stage of hydration, the pH increased because the highly
soluble Ca(H2PO4)2-H20 (18.3 g/L) did not precipitate. As the pH
increased, the equilibrium between H,POz/HPOjZ shifted towards
HPOZ . The CaHPO4-2H,0 phase, which is poorly soluble (0.31 g/L),
became present in sufficient quantity to precipitate. During the precip-
itation, it carried away slightly excess SOF~ ions from the solution.
Hence, brushite with syncrystallized SO~ ions also precipitated. The
absorption band located at 870 cm™! indicated the presence of these
phases. The loss of HPO3 ™~ ions that occurred in the liquid phase led to an
increase in the concentration of H' ions, resulting in a pH decrease.

As the hydration progressed, the solubility limit of calcium sulfate
saturated with syncrystallized HPOZ ™~ ions was reached, leading to the
precipitation of the first crystals of this phase. The pH increased as the
SO7~ ions were replaced by HPO3~ ions in the solution, thereby
lowering the H'/SO3~ ratio. Consequently, the gypsum phase with
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syncrystallized HPOZ~ ions precipitated, carrying the residual HPOZ™
ions along. This sequence of reactions led to an increase in the H" ion
content of the solution and a subsequent decrease in pH.

At the end of the hydration process, there are three distinct coex-
isting phases: solid phases comprising gypsum with syncrystallized
HPO3~ ions and brushite with syncrystallized SOF~ ions, alongside a
liquid phase containing Ca?t, SO3~, HPOZ ™, HyPOZ, HY, and OH™ ions.
These three phases are not in equilibrium; therefore, relatively slow
dissolution and recrystallization phenomena occur. This is due to the
fact that gypsum and brushite phases are less soluble compared to the
initial hemihydrate. The composition of the final product differed from
that of the initial product since some ions, such as SO%~ and HPOZ,
remained in the solution.

Furthermore, in Fig. 19A, we observe that as the initial content of
syncrystallized HPO3~ ions increases, the duration during which the
gypsum saturated in HPO3~ and brushite saturated in HPOS ~ precipitate
simultaneously also increases. This is not surprising because the quan-
tity of each precipitating phase increases.

The syncrystallized HPOZ ™ ions in the hemihydrate are responsible
for the delay in setting, and we now understand the mechanism behind
this delay. However, we seek to understand the role these HPO3 ™ ions
play when they are in the brushite and/or monetite phases.

5.2. Hydration of hemihydrate-brushite mixture

A mixture of gypsum and brushite was calcined at 150 °C under a
nitrogen atmosphere for 5 h. At this calcination temperature, the
brushite was transformed into a mixture containing 74% brushite and
26% monetite, displaying properties different from those of pure
brushite and monetite.

The increase in the content of brushite calcined to 150 °C led to an
increase in the setting time, as shown in Fig. 22A. It is observed that the
germination process was blocked, indicating a delay in the formation of
crystals. The shape of the pH-meter curves is singular (Fig. 22B).

To investigate these phenomena, we carried out sampling at different
times for samples containing 5% HPO3 . These specimens were filtered,
and the liquid phase was analyzed using ion chromatography (Fig. 23),
while the solid phase was analyzed using infrared spectrometry.The
shape of the curve regarding the concentration of sulfate ions in the
liquid phase is similar to the conductometric curve (Figs. 23 and 22A).
The IR spectra reveal the presence of hemihydrate for the samples
collected at 5 and 15 min, as evidenced by the characteristic water ab-
sorption bands at 3555 and 3604 cm™! (Fig. 24). Additionally, for the
sample collected at 5 min, the absorption band at 870 cm ™! indicates the
presence of brushite. All other spectra exhibit an absorption band at 837
cm ™}, indicating the existence of syncrystallized HPO3~ ions within the
gypsum.

By analyzing the pH meter curve of the sample, it can be observed
that initially, the hemihydrate dissolved, resulting in a decrease in pH
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Fig. 28. Conductimetric curves (A) and pH meter curves (B) monitoring hydration in mixing water at acid pH of a mixture comprising 95% gypsum and 5% brushite
calcined at 150 °C (pH(100% hemihydrate) = 7, pH = 7, pH = 3, pH = 2.7, pH = 2).

values. Subsequently, HPO3™ ions began to be released from brushite
(0.31 g/L) and monetite (0.3 g/L) phases, whose solubility is quite
similar. These ions transform HPO3~ ions by consuming H ions, leading
to a subsequent rise in pH.

As the process progresses, the gypsum phase precipitates along with
HPOZ ™ ions, causing a subsequent decline in pH. Notably, brushite with
syncrystallized SO~ ions do not precipitate due to the faster dissolution
rate of hemihydrate compared to brushite and monetite. Additionally,
the solubility limit of the gypsum phase with HPOZ™ ions is quickly
reached.

The pH continues to increase as the solid system becomes saturated
with HPOZ ™~ ions, which are then released into the solution. The pres-
ence of HPOZ ions from the brushite calcined at 150 °C (with 74%
monetite and 26% brushite) significantly contributes to a delay in
setting.

The study also investigated the reactivity of a mixture comprising
98% hemihydrate and 2% calcined brushite at different temperatures.
Notably, the setting time reaches its maximum for hydration of this
mixture at 160 °C (Fig. 25). It is important to note that at this temper-
ature, the monetite begins to crystallize. As monetite is inert, it does not
react with water. Consequently, as the temperature rises, brushite
gradually transforms into monetite until it is completely transformed.
This phenomenon explains the decrease in setting time observed up to
160 °C (Fig. 25 B and C). Furthermore, for brushite calcination tem-
peratures above 280 °C, where only monetite is present as shown in the
dehydration section, the conductimetric curves coincide with those of
the hemihydrate without any additives (Fig. 25C). It can be concluded
that the calcination temperature of brushite, and consequently the
proportion of brushite and monetite present, has a direct influence on
the reactivity of the plaster it is composed of.

5.3. Influence of pH on the hydration of the obtained products

The effect of the initial pH of the liquid solution on these systems was
also investigated, which included a solid solution containing HPOZ ™~ ions
and a mixture of gypsum and brushite calcined at 150 °C. The pH of the
mixing water was modified using HCL.

Reducing the pH of the mixing water leads to a notable decrease in
the setting time of the mixture (Fig. 26). This is attributed to the shift in
equilibrium towards the formation of HPOZ~ ions and phosphoric acid
(Fig. 18). The mechanism is identical to that described above. However,
the sharp rise in pH observed at the start of hydration corresponds to a
reaction that consumes H ions:

2HPO3 +2H " —>H,P0O; +H3PO, (42)

The resolution of the equation system presented in the paragraph
dealing with the hydration of calcined solid solutions with HPO3~ has
shown that it is possible to significantly reduce the content of
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syncrystallized HPOZ3™ ions in the final product by lowering the initial
pH of the aqueous solution used to hydrate the hemihydrate. The
addition of even a small amount of HCI can have a considerable effect on
this content, as shown in Fig. 26. This aspect has not previously been
investigated experimentally. The experimental results obtained with
hydrochloric acid are consistent with the predictions of the mathemat-
ical model, as shown in Fig. 27.

It should be noted that the shape of the curves remains consistent
whatever the pH. The only variation is in germination, which decreases
with decreasing pH (Fig. 28). It can be concluded that under acidic pH
conditions, the setting time decreases.

In summary, the calcination process conducted at 150 °C induces a
transformation of gypsum-based products into hemihydrate. The study
of their hydration revealed that HPOZ~ ions significantly delayed the
setting time when they were in syncrystallized form, especially when
originating from the brushite phase calcined at 150 °C. To address this
issue, adjusting the calcination temperature emerges as a promising
solution. Industries may find it advantageous to opt for lower temper-
atures when processing phosphogypsum with such impurities. Addi-
tionally, we have identified pH adjustments in the mixing water as an
effective means of accelerating the setting time.

6. Conclusion

Our research focuses on addressing challenges associated with im-
purities, particularly syncrystallized phosphates HPOZ ™ ions, in the
context of utilizing phosphogypsum as a building material. These ions
can substitute for SO3™ ions in gypsum to form solid solutions, and their
presence can be quantified using IR spectroscopy. The maximum
amount of HPOZ™ ions that can enter the gypsum lattice is 10%, leading
to crystallizing sand rose rather than acicular or needle crystals. As the
content of HPOZ ™ ions increases, a new phase appears: ardealite Ca
(SO4)1x(PO4)x.2H20 with 0.42 < x < 0.54, followed by brushite:
CaHPO4.2H20.

Our investigation has extended to studying the dehydration behav-
iors of both pure phases and solid solutions. We have observed that the
presence of syncrystallized HPOZ ™~ ions leads to a higher transformation
temperature from anhydrite III to anhydrite II compared to pure gyp-
sum. Furthermore, during the calcination of brushite at 150 °C, we have
noticed that there is neither complete dehydration nor transition
through a subhydrated phase, but rather the formation of a mixture of
two phases: brushite, and monetite, which exhibit different properties
compared to their pure counterparts.

The reactivity of our samples, in the form of plaster, was assessed
using various techniques including conductometry, pH-meter readings,
solution sampling, and analysis of residual solids during hydration. Our
research has revealed that hemihydrate compounds containing HPO3™~
ions, derived from the dehydration of brushite forming a mixture of
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brushite and monetite, exhibit a notable delay in hydration. This delay is
especially pronounced at a calcination temperature of 160 °C, where
monetite begins to crystallize. Monetite, being inert, does not react with
water. As the temperature increases, brushite gradually transform into
monetite until complete transition occurs. This phenomenon explains
the observed decrease in setting times up to 160 °C.

In light of these findings, brushite calcined at 160 °C emerges as the
most detrimental impurity. However, adjusting the calcination tem-
perature, whether lowering or raising it, has shown potential in miti-
gating the delaying effect on hydration. Hence, from an industrial
standpoint, it is advisable to calcine PG containing this impurity at the
lowest feasible temperature. Moreover, we have discovered that
lowering the pH of the mixing water can effectively accelerate the
setting time. These insights shed light on the complexities surrounding
impurities in PG and offer valuable guidance for optimizing its utiliza-
tion in the plaster industry.
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