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The objective of this research was to understand the dehydration mechanism of technical dihydrate and the variation of the
physical properties of f-hemihydrate after the first hydration-dehydration process. In this study, the recycling mechanism of
different hemihydrate types as raw material was investigated. The influence of the first hydration-dehydration process on the
hydration rate, microstructure, and mechanical properties of recycled hemihydrate were characterized by differential calorimetric
analysis (DCA), calcium ion-selective electrode (Ca**-ISE), conductivity, particle size distribution (PSD), scanning electron
microscopy (SEM), and X-ray diffraction (XRD). The results showed that the formed hemihydrate after the first hydration-
dehydration process differs in its properties than the unrecycled hemihydrate in some characteristics such as the morphological
structure, number of surface, and side defects due to the grinding process after the first hydration step. In addition to the grinding
step, the calcination process was responsible for increasing the number of defects on the crystal surface, which leads to a change in
setting time and the microstructure of the recycled hemihydrate. Therefore, after the 1st reaction cycle of f-HH, the compressive
strength decreases due to a decrease in the hemihydrate crystal size, an increase in the surface area, and an increase in the amount
of water required to perform the hydration reaction. The obtained hemihydrate after the first hydration-dehydration process was

in § form due to the applied calcination process after the first cycle.

1. Introduction

Calcium sulfate hemihydrate plaster is considered one of the
most popular sustainable binders used in the construction
industry due to low production energy, low market price,
fire-resistant, and good thermal properties [1-5]. It is
commonly used as an ingredient in paste and mortar
plastering and production of some building components
such as plasterboards and building blocks. Moreover, it can
be used as an additive in polymers, cement, and food in-
dustries [1, 3, 6-11]. The annual production of calcium
sulfate-based binders is more than 260 million tons
worldwide, of that, over 80 million tons are applied in the
production of gypsum plasterboards. The obtained gypsum
can be founded either naturally or industrially as a
byproduct [12-14]. The flue gas desulfurization process
(FGD) delivers over one-half of this binder to the industrial

sectors [15, 16]. However, this source will not exist in the
future due to the need for energy conservation and sus-
tainable methods of production. Therefore, it is useful to
recycle gypsum waste and consider the recycled material as
an alternative resource to be used in cement, building, and
ceramic industries [3-5, 11, 17-19]. The construction and
demolition (CD) processes are considered as one of the
largest contributors to waste in the world. Moreover, the
obtained gypsum plaster waste from construction and de-
molition processes accumulates to 15 million tons annually
[4, 20, 21]. One of the common destinations for these wastes
is landfilling. However, it is feasible to develop a new
technology to reuse these wastes in further applications due
to limited space and contaminating groundwater sources in
addition to the environmental regulation of some countries.
It has been reported that gypsum plasterboard wastes can be
recycled in a sequential process by crushing, separating, and
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burning to transform the dihydrate into the hemihydrate
phase [17]. According to their report, it is useful as geo-
material or ground improvement material due to its effec-
tiveness in many engineering and economic aspects [17]. The
conversion of gypsum into a recycled product has been
interesting for many researchers due to its reaction re-
versibility, cycle-ability, stability, environmental safety,
nontoxicity, and sustainability [4, 11, 18, 19, 22]. In this
study, the pure - and SA a-HH were recycled one time by
applying similar calcination conditions in an attempt to
understand the dehydration mechanism in detail. Further-
more, the changes in physiochemical properties of the newly
generated hemihydrate were studied.

1.1. Experimental Procedure. In the first step, the cycling
process was defined by hydration-dehydration process and
considered as the first reaction cycle, because alpha- and beta
hemihydrate were the starting material in the cycling pro-
cess. The chemical composition of alpha hemihydrate
(a-HH) from the steam autoclave process and beta hemi-
hydrate (3-HH) were determined by XRD as shown in
Table 1. In more detail, hemihydrate was added to water to
perform the hydration reaction to obtain dihydrate, and
then, the formed dihydrate was crushed and calcinated back
to beta hemihydrate. The stoichiometric amount of water
needed for hydration is around 15.7ml per 100g, but an
excess amount of water is required to obtain gypsum slurry
with good workability. Therefore, the rheological test is very
important to determine the water to solid (w/s) ratio for any
hemihydrate type individually since it is a function of
particle size [22, 23]. Figure 1 represents the cycling
mechanism of gypsum, starting from hemihydrate. In the
first stage, the hydration reaction will take place immediately
after hemihydrate addition to water. The hydration time
varies depending on the physical properties of the hemi-
hydrate used in this process. After the hydration is com-
pleted, the excess amount of water needs to be evaporated to
achieve the mechanical strength of the dihydrate crystals. In
the second stage, the calcination of the formed dihydrate
crystals was performed at 140°C for at least 4 hours to ensure
the complete dehydration of dihydrate.

Deionized water was used for all liquid phases. For the
rheological test, 100g of hemihydrate was added to water
and mixed for 1 minute. The mix was filled into a hollow
cylinder (inner diameter 30 mm and height 50 mm), which
was placed on a glass plate, and then the cylinder was pulled
up vertically. The glass plate was removed up and down five
times by rotating a special handle attached to the stage
clockwise in order to disperse the collapsed mix. The average
of three perpendicular diameters of the dispersed slurry was
defined as slump flow. The reaction kinetic was performed
by differential calorimetric analysis (DCA) (Toni Technik
Baustoffpriifsysteme GmbH-Germany) using (1 :1) water to
solid ratio. The measurement time and temperature were
fixed at 24 hours and 25°C, respectively. From this mea-
surement, the heat rate during the hydration was monitored,
as well as the total heat released [24]. The calcium con-
centration was carried out by Ca-ion-selective electrode
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(ISE) (Mettler-Toledo GmbH-Germany). The samples were
prepared according to gypsum solubility. Prior to each
measurement, the Ca**-ISE was calibrated to ensure the
electrode efficiency. Both electrodes (Ca**-ISE and con-
ductivity electrode) were immersed in 200ml deionized
water to record the blank value before the addition of 3.2 g of
hemihydrate. The changes in calcium concentration and
reaction conductivity were recorded every 30 seconds for
four hours at 20°C [25]. Particle size distribution was de-
tected by Mastersizer 2000, Malvern Instruments GmbH-
Germany. Before starting the measurement, the sample
chamber was rinsed and filled with isopropanol; then, a
small amount of the powdered sample was added to the
sample chamber at a stirring speed of 2000 rpm to ensure
sample delivery to the measuring cell. The amount of sample
was controlled by the so-called obscuration range of the laser
beam, which should lie between 10 and 20% according to the
user manual of the instrument [26]. The specific surface area
of powder was determined by the physical adsorption of a
gas on the surface of the solid using the BET method
(Micromeritics ASAP2020 (Micromeritics GmbH)) [27, 28].
Both quantitative and qualitative analyses of hemihydrate
samples were measured using XRD. Rietveld refinement was
used to analyze the samples quantitatively. The powder
samples were filled in the XRD sample holders and trans-
ferred to the instrument; then the XRD pattern was taken
using a Panalytical x'pert pro diffractometer with a Cu Ka
source operated at 40 kV and 40 mA. The range of 20 was
between 8" and 40° [29]. The morphology of the formed
crystals was recorded by scanning electron microscopy
(Quanta 250 FEG, FEI GmbH-Germany). To perform the
measurement, the sample has to be glued on the sample
holder of the SEM using either a carbon conductive tab or
silver paint. Samples were prepared without pretreatment
and results with high resolution were obtained [30]. To
monitor the dehydration of the generated dihydrate before
and after the first reaction cycle, a Simultaneous Thermal
Analysis (STA) method was utilized (STA 449 Netzsch
GmbH-Germany) at N, atmosphere with a gas flow of
20 ml/min. This device consists of the thermal gravimetry
(TG) and differential scanning calorimetry (DSC) apparatus
fused into one system with the sole purpose of obtaining vital
information from the thermal events recorded in the in-
vestigation of the sample over time [6]. The time of dehy-
dration can be determined with this method as well as the
mass loss caused by dehydration at certain temperatures. To
measure the water release of dihydrate, a small amount of
dihydrate powder was placed in a platinum crucible and
heated in the STA at 10 K/min.

2. Results and Discussion

In the beginning, the first reaction cycle starts with hemi-
hydrate; therefore, this step is called the hydration-dehy-
dration process. The impact of this process on hydration
kinetic and calcium concentration changes was measured.
Figure 2(a) shows the comparison in the heat rate between
the pure f-HH and the same hemihydrate after the Ist
reaction cycle. The heat rate of the recycled f-HH is slower
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FIGURE 1: The mechanism of the Ist reaction cycle [17, 31].
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FIGURE 2: (a) Heat evolution curves and (b) total heat release of pure S-HH f3-HH after 1st cycle.

than the pure S-HH due to the agglomeration of the
hemihydrate particle which might hinder the solving of
hemihydrate. In addition to the heat development changes,
the total heat release in J/g was also measured during the
recycling of f-HH, as shown in Figure 2(b). To verify that,
the calcium ion concentration changes were measured
during the hydration process.

The hydration reaction of f-HH before and after the 1st
reaction cycle can be divided into four steps, as shown from
the heat development curve in Figure 2(a). The first peak
represents two hydration steps; in the first step, the hemi-
hydrate becomes humidified, and a water film will be
generated around the particles. This is followed by the
solving process of the hemihydrate which should be exo-
thermal because the solubility of hemihydrate has an inverse
relation with temperature [12, 32, 33]. This results in the
initial increase in heat development. The variation between
pure f-HH and -HH after the 1st reaction cycle in the first
peak of the heat development was due to the presence of

finer HH particle of the recycled material, as shown from d
and dso in Table 2. Through the rapid solving of hemihy-
drate, the ions concentration increases rapidly until they
reach the start supersaturation denoted in Figure 2(a) with
the red arrow. In the next step, after reaching the super-
saturation, the hydration energy decreases up to the point
indicated by the blue arrow because of seed crystal for-
mation. During this time period, both processes (solving and
seeds formation) takes place. The amount and rate of seeds
formation depend highly on the ion concentration generated
from the solving process. It is very important to note that the
supersaturation is the driving force behind seeds formation.
Moreover, the higher the ion concentration in the reaction
solution, the more seeds are generated [34, 35].

The second peak of the heat development curve also
represents two hydration reaction steps. In the beginning,
the reaction energy increases again due to the continuous
solving of the hemihydrate without the formation of new
seeds. In the period which lies between the blue and green



arrows, only solving the remaining hemihydrate, in addition
to the growing of the created seeds from the previous step,
takes place. In the last step, which is the retardation period,
most of the hemihydrate is consumed and the solving
process delivers insuflicient ions for the dihydrate crystals to
be grown. At this point, when the ions concentration is
around the solubility of dihydrate, then hydration stops [12].
The purity of hemihydrate, as well as the milling process,
plays an important role during its hydration. The existence
of any dihydrate crystals changes the whole hydration
process. Therefore, the purity of hemihydrate before and
after the Ist reaction cycle was analyzed quantitatively using
XRD as illustrated in Table 1.

As shown in Figure 3, a similar behavior as the heat rate
development was observed. In the beginning, the solving of
B-HH after the first cycle was similar to the uncycled f-HH,
and then the dissolution rate varies due to the agglomeration
that is generated from the hydration-dehydration process.
The previous investigation of the pure f-HH displayed that
the surface area and the numbers of defects were responsible
for the hydration rate neglecting the effect of agglomeration.
Hence, when the agglomeration of the particles increases,
the hydration rate will be affected, as shown from the DCA
and Ca®*-ISE results in Figure 3. In order to explain that in
detail, surface area and particle size distribution measure-
ments were carried out. After the reaction cycle, two maxima
of the particle size distribution were observed, as shown in
Figure 4. This represents the formation of fine crystal d,o and
dso values in addition to an agglomeration of these crystals
together with dgy value. As illustrated in Figure 3, at the
beginning of the hydration, the ion delivery rate of the
recycled -HH was higher than the pure f-HH due to the
generation of finer hemihydrate crystals after the 1st reaction
cycle as presented form d;y and dsy values in Table 2 since
the finer the particle size, the higher the rate of ion delivery.
Therefore, the maximum supersaturation and conductivity
of the recycled f-HH are higher than the pure S-HH, as
shown in Figure 3. After a while, once the whole recycled
B-HH fine crystals are dissolved, the hydration rate was
retarded in comparison to the pure hemihydrate, as shown
from DCA, Ca**-ISE, and conductivity measurements due
to the agglomeration that is generated from the hydration-
dehydration process as shown in Figure 4.

Table 2 summarizes the particle size distribution with
surface area changes. The surface area increases after the first
reaction cycle, and this implies that the size of the crystal
decreases, as shown from d;, and dso values. Figure 5
represents the SEM images of the pure f-HH and S-HH
after the Ist cycle before and after four hours of hydration.

The crystal morphology differences between the pure
B-HH and f-HH after the first cycle before hydration
represent the generation of a fine hemihydrate crystal with
agglomeration. After four hours of in situ hydration, SEM
images were taken to view the morphology of the dihydrate
crystals. As shown in Figure 5, the formed dihydrate crystals
after the first cycle have the same crystal morphology as the
formed dihydrate crystal from the pure hemihydrate before
cycling. The differences in the physical properties, as shown
from Table 2, have a large effect on the required amount of
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water which is needed to achieve good workability as well as
the mechanical properties. The w/s ratio was determined
according to a certain slump flow in the range of 82-85 mm.

The changes in crystal morphology and particle size lead
to a variation in the mechanical properties. Therefore, the
compressive strength for the pure f-HH and -HH after one
cycle was measured and calculated, as shown in Figure 6. The
drop in the compressive strength after the first reaction cycle
was due to the significant increase in the w/s ratio from 0.8 to
1 and the changes in the microstructure.

Regarding this change in the compressive strength, both
pore radius and the microstructure development were
measured by Mercury porosimetry and SEM, respectively.
The pore radius size increases from 0.76 to 1.97 ym. Fur-
thermore, the voids between the dihydrate crystals after one
cycle increase, as shown in Figure 7. Hence, the formed
p-HH after the first hydration-dehydration process differs in
its properties than the unrecycled f-HH due to the grinding
process after the first hydration step. So, the grinding step
beside the dehydration process of the recycled material
decreases the particle size, increases the surface area, and
changes the microstructure. The finer the particle size, the
higher the amount of required water to perform better
workability leading to a decrease in the compressive strength
of the recycled hemihydrate. In addition, the grinding step
increases the number of defects on the crystal surface, which
leads to a change in the set time and the microstructure of
the recycled hemihydrate. The only way to get a hemihydrate
slurry with the needed workability is the usage of a super-
plasticizers, but those additives are influencing the hydration
behavior of the hemihydrate and the morphology of the
formed dihydrate crystals [36, 37]. That was the reason to
keep the workability constant by adding more water. With a
constant amount of water, mixing of the hemihydrate slurry
was impossible.

From the XRD results obtained, the phase composition
of both types of hemihydrates has no significant changes
after the Ist reaction cycle, as shown in Table 1. This in-
dicates that the hemihydrate was well dehydrated at 140°C as
no dihydrate phase was discovered. The impurities which
were presented before cycling remain unchanged. Com-
monly known impurities in gypsum are usually in the form
of carbonates, silica, or soluble salts. These impurities varied
depending on the mine source of gypsum [12, 13, 38].

The same hydration-dehydration process was applied to
the SA «-HH. After the hydration of SA a-HH, the obtained
dihydrate was calcined in a dry atmosphere at 140°C for four
hours. Therefore, the obtained hemihydrate after the first
hydration-dehydration process was in 3 form. Different
properties, such as the particle size, specific surface area, and
w/s ratio, were evaluated as shown in Table 3. The applied
calcination condition on the obtained dihydrate was mainly
responsible for the variation in the physical properties be-
tween the SA a-HH and the HH after the 1st reaction cycle.

The rate of change of calcium concentration and ion
conductivity over time for SA a-HH and SA «-HH after the
first cycle was recorded. As shown in Figure 8, the calcium
ion concentration rate for SA a-HH after one cycle became
faster than the uncycled sample. The ion conductivity
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TaBLE 1: Chemical composition of pure f-HH and SA a-HH before and after the first cycle.
Chemical composition (%) Quartz Anhydrite II Hemihydrate Dihydrate Syngenite Calcite
B-HH 0.3 21 94.3 1.8 0.2 1.3
B-HH-1st cycle 0.5 3.4 94.6 0.0 0.2 1.3
SA a-HH 0.6 0.7 97.3 0.0 0.3 1.0
SA a-HH Ist cycle 1.0 1.1 96.1 0.1 0.3 1.3
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changes maintain similar behavior like calcium ion changes.
The main reason for such changes was the grinding process
in addition to the applied calcination condition after the
hydration-dehydration process of the SA a-HH. The original
SA «a-HH has large particles with nearly a smaller number of
defects on its crystal surfaces, but due to the grinding
process, the crystal size decreases, and the number of defect

positions on the outer surface of each crystal increases. The
particle size distribution becomes smaller during the recy-
cling processes with less agglomeration compared to the
pure SA a-HH, as shown in Figure 9. Therefore, the surface
area and the hydration rate of SA a-HH were significantly
increased. The pure SA a-HH has a slower heat rate changes
than its recycled sample because of the large difference
between the sample before and after cycling since the
generated hemihydrate is in a f form not in « form due to the
applied calcination condition during the first recycling step.
The recycled -HH had shown retardation in its rate of
calcium ion concentration and ion conductivity changes in
contrast to the unrecycled -HH, whereas the generated
hemihydrate after the first hydration-dehydration process of
SA a-HH had shown a rapid change in its rate of calcium ion
concentration and ion conductivity as illustrated in Figure 8.
The reason is due to differences in the crystal morphology
between the started hemihydrate types and the impact of
recycling and grinding processes on the crystal surfaces.
The generated dihydrates before and after the 1st hy-
dration cycle have been analyzed qualitatively using the
XRD, as shown in Figure 10. The calcium sulfate dihydrate
phase was the major component found in the diffractograms
of all generated samples after hydration, as displayed in
Figure 10. This indicates that the samples were well hydrated
as no hemihydrate or anhydrite phases were discovered.
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TaBLE 2: Physical properties of pure f-HH and S-HH after the first cycle.

Sample name dyy (um) dsy (um) doy (pm) BET surface area (m*/g) WIS ratio
B-HH 4.48 20.98 94.70 10.29 0.8
B-HH-1st cycle 1.80 8.18 135.90 11.86 1

FIGUure 5: SEM images pure f-HH and 3-HH after the first cycle before and after hydration: (a, b) pure f-HH before and after hydration,
respectively, and (c, d) B-HH after the first cycle before and after hydration, respectively.

18 -
16 4
14 4
12 A
10 +
8
6 4
4 |
2
0 4

6.67

Compressive strength (MPa)

B-HH B-HH Ist cycle
FIGURE 6: The compressive strength of the f-HH and S-HH after the first cycle.



Advances in Materials Science and Engineering 7
FIGURE 7: SEM images for dihydrate crystals formation from $-HH and -HH after the first cycle.
TaBLE 3: Physical properties of pure SA a-HH and SA a-HH after the first cycle.
Sample name dyo (ym) dso (um) doo (um) BET surface area (mZ/g) WIS ratio
SA a-HH 6.30 70.88 192.30 1.28 0.35
SA «a-HH Ist cycle 2.12 19.79 270.36 7.06 0.90
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F1GURE 8: Ca®*-Ion concentration and ion conductivity changes for pure SA a-HH and SA a-HH after the first cycle: (a) ion concentration

changes and (b) ion conductivity changes.

However, the intensity of the peaks differs slightly in length
and positions. A similar result was obtained in the inves-
tigations by Rabizadeh et al. [39]. The DSC signals of the
generated dihydrate indicate the phase transformation from
dihydrate to soluble anhydrite through a two-step dehy-
dration process of CaSO,-2H,0 — CaSO, -0.5H,0
— pCaSO, as displayed in Figure 11 [6]. Moreover, the
TG curves are compatible with the theoretical stochiometric
percentage mass loss of water (21%). For instance, the
generated dihydrate crystals form -HH before and after the

1st hydration cycle, as shown from SEM images in Figure 7,
can be confirmed by STA and XRD results.

From the SEM image, as shown in Figure 12, the high
influence of the grinding process on the crystal mor-
phology generates very fine particles with a large
number of defects. Therefore, the hydration rate after
the first reaction cycle increased. Due to this change in
the microstructure of hemihydrate, which was generated
after the recycling of SA a-HH, the compressive strength
fails.
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3. Conclusion

One of the major findings from this study was that the
properties of the generated hemihydrate and dihydrate after
the 1st reaction cycle were based on several factors such as
type (a- or -), purity, and properties of the hemihydrate in
addition to the calcination mechanism and grinding pro-
cedure. The hydration rate of the recycled hemihydrate was
varied due to the variation between the physical properties
between the original hemihydrate and hemihydrate after the
Ist reaction cycle. The differences in the mechanical prop-
erties of the formed dihydrate before and after cycling were
based on several factors such as HH crystal size, HH surface
area, water to hemihydrate ratio, pores generation during
the drying process after hydration, the packing density, and
the dihydrate crystal morphology. The grinding step of the
recycled material decreases the particle size, increases the
surface area, and changes the microstructure. The finer the
particle size, the higher the amount of the required water to

perform better workability leading to a decrease in the
compressive strength of the recycled hemihydrate. Grinding
also leads to high surface defects on the crystals, which
impacts the setting time and the microstructure of the
recycled hemihydrate. With an increase of the surface area of
the hemihydrate, the water demand and the maximum
reached ion concentration in the reaction solution increase,
which leads to more seed crystals formation. Because of that
process, the dihydrate crystals get smaller, and the number
of branches increases. On the basis of the obtained results of
this study, the particle size, surface area, and surface mor-
phology of the starting material of hemihydrate are very
important which is altering the properties of hemihydrate
during the recycling process. The recycled calcium sulfate
hemihydrate has to be taken as a new resource with its own
characteristics and special impurities. The reveled result of
this study is significant for the normal production of beta
hemihydrate from the natural or FGD-gypsum. For better
results, the repetition of the recycling process is
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recommended in order to improve the properties of the
recycled material after several reaction cycles. Investigations
of the following cycle steps are needed to understand the
mechanism in detail and to prove if there is a limit in the
surface increase of hemihydrate and dihydrate.
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The data that support the findings of this study are available
from the corresponding author upon request.
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