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Abstract: The aim of this work is to model the influence of grinding and gypsum quality on
the setting time of a-hemihydrate using the design of experiments (DoE) method. The setting
time of the gypsum binder is an important property determined by the particle size distribu-
tion of hemihydrate crystals. In this study, the change in particle size and setting time of
hemihydrate was observed by varying the particle size and crystal water content of raw flue
gas desulfurization (FGD) gypsum, duration of autoclaving and grinding intensity as model
parameters.
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1. INTRODUCTION

Gypsum is a type of mineral that belongs to the group of hydrous sulfate minerals,
the dihydrate of calcium sulfate (DH, CaSO42H>0). Calcium and sulfate ions are
bound together in ring-shaped units whose three-dimensional arrangement results in
tubular structures. The water molecules of the crystal water are incorporated into
these tubes. This water is only loosely bound by adsorption, dehydration is possible
in all stoichiometric ratios (Feldmann and Demopoulos, 2012).

When gypsum is heat-treated at a temperature of over 90 °C a calcium sulfate-
hemihydrate is formed, with the following reaction (Van Diessche et al. 2016):

Cas0, + 2H,0 + dQ = CaS0, + 5 H,0 + > H,0 (1)

According to the above equation, calcium sulfate hemihydrate is formed in crys-
talline form by removing three-quarters of the gypsum crystal water.

B-hemihydrate, which is produced by a dry process (e.g. calcination), is a fine
crystalline form resulting from the rapid transformation of the dihydrate. The a-hem-
thydrate (a-HH), the fully formed hexagonal crystal form, is produced by wet heat
treatment (e.g. autoclaving) with steam (Yin and Yang, 2020; Guan et al., 2021). The
dehydration process can be divided into two phases: the first is the induction period
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of a-hemihydrate, in which the crystal water content of the sample changes only
slightly, and the second is the crystal growth of a-HH, in which the crystal water
content decreases significantly (Fu et al., 2018; Singh et al., 2007). Upon solidifica-
tion, the a-hemihydrate can form a stronger crystal structure than the B-form, which
is why it is mainly used as a raw material for gypsum binders and floor leveling
compounds (Levry and Williamson, 1994).

Due to the hydraulic properties of the hemihydrate, rehydration occurs when it is
mixed with water, which is the opposite of the previous equation:

CaS04 Hy0 + > Hy0 = CaS0, + 2H,0 + dQ )

The hydration of hemihydrate is a three step process of solving of hemihydrate,
dihydrate seed crystal formation and growing of dihydrate beside inner hydration.
The hemihydrate dissolves moderately in water (0.65 g/100 ml) and quickly reaches
saturation. The solubility of the dihydrate (0.24 g/100 ml) is only a fraction of the
solubility of the hemihydrate, but they form crystallization nuclei during the binding
reaction, then precipitate and grow rapidly into an interlocking crystalline mass, sig-
nificantly accelerating the setting time (Levry and Williamson, 1994).

The influence of the particle size of the a-hemihydrate is also important for the
setting time. According to the literature, most authors agree that fine gypsum binders
with a higher specific surface area set faster (Baohong et al., 2010; Pan et al. 2007).

2. MATERIAL AND METHODS
2.1. Preparation of hemihydrate

During the model experiments, the gypsum binder samples were prepared in a pilot
laboratory equipped for the production and testing of a-hemihydrate. The equipment
of the experimental laboratory is identical to the production technology for industrial
a-hemihydrate, the steps of the process are presented in Figure 1.

During test preparation, the gypsum is treated with water, press adhesive (ground
a-hemihydrate) and crystal-forming additives in such a way that molded bodies with
a defined density for the autoclaving process are produced by pressing, which sur-
vive the autoclaving process undamaged. During production, two additives are added
to the mixture to promote the formation of a-hemihydrate crystals under hydrother-
mal conditions.

The technological advantage of the a-gypsum production process lies in the pro-
duction of raw gypsum blocks with a certain press density. During pressing, test
blocks with a weight of ~6.5 kg are produced.

From a crystallographic point of view, the central technological step in the pro-
duction of hemihydrate from flue gas desulfurization (FGD) gypsum is the pressur-
ized heat treatment in the autoclave, in which the energy required to remove the
water of crystallization is provided by the condensation heat of the steam. The a-
hemihydrate, which consists of large, dense crystals, can only be produced in the
hydrothermal reaction by controlling the temperature and pressure correctly. The
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conversion must be carried out in such a way that complete recrystallization takes
place in the solution phase. During the experiments, the recrystallization of the hem-
thydrate was carried out in a Systec D90 autoclave modified for this purpose.

The process objective of drying o-hemihydrate gypsum is to reduce the water
physically present in the molded parts to less than 0.5% by weight at the end of the
hydrothermal heat treatment. The air temperature is above 110 °C during the entire
drying period; however, the surface temperature of the gypsum blocks remains be-
low 100 °C, even though the air temperature is above 100 °C. During the test, the
bricks were dried in a Memmert UF110PLUSZ programmable laboratory dryer.

The aim of grinding is to produce a stable and homogeneous a-hemihydrate with
a granulometrically defined particle size distribution (PSD) and specific surface area.
Grinding was carried out in a Retsch ZM200 centrifugal mill, in which the grinding
intensity can be adjusted by setting the rotor speed between 8000 and 18000 rpm.
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Figure 1
Experimental technology of a-hemihydrate production
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2.2. Design of Experiments

The starting material for the model tests was FGD gypsum from the Matra power
plant. The data of the samples used are shown in Table 1.

Table 1
Characteristics of the selected gypsum samples
Gypsum PSD PSD PSD
Quality Class SC | erystalwa- | d10 | d50 a9 | Spec [sc'l,f,£7gcf
. ter [%] [um] [wm] [um]
1 19.58 18.26 47.08 77.94 1205
2 19.64 18.45 47.21 77.97 1185
Poor 3 19.69 18.24 47.11 77.94 1219
Crystal Water 4 19.54 1786 | 4659 | 7733 1233
content between
19.5-19.8% 5 19.59 18.08 | 46.35 77.71 1218
6 19.45 18.29 46.47 77.25 1214
7 19.59 18.24 47.11 77.94 1219
8 20.14 22.65 48.04 77.54 1178
9 20.12 22.22 47.88 77.07 1324
10 19.99 22.53 47.97 77.96 1152
Medium
Crystal Water 11 20.08 2252 | 4831 | 77.92 1199
content between 12 20.1 22 .64 482 12
19.9-20.2% 0.10 .6 8.29 77.89 30
13 20.04 22.69 47.81 77.46 1169
14 20.05 23.15 48.92 78.55 1283
15 20.12 22.69 47.81 77.46 1169
16 20.40 21.42 47.12 75.09 1362
17 20.36 21.65 47.67 75.69 1356
High 18 20.31 21.14 46.7 74.75 1253
Crystal Water 19 2035 2017 | 4762 | 75.68 1362
content between
20.3-20.6% 20 20.42 21.87 47.56 75.39 1355
21 20.35 21.29 47.57 75.67 1330
22 20.47 21.17 47.62 75.68 1362

As it can be seen from the table, low-grade gypsum is characterized by a low crystal
water content, which is due to the high proportion of inert constituents and the low
dihydrate content. These samples also typically exhibited a heterogeneous, broad
particle size distribution, with more fine and larger particles. High-quality gypsum,
on the other hand, is characterized by high crystal water content and a more homo-
geneous particle size distribution.

In the DoE study, the particle size distribution (PSD) and the setting time of the
a-hemihydrate binder were observed by varying three model parameters in three
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stages. The selected parameters were the crystal water content of the raw gypsum,
the autoclaving time as independent variables and the grinding intensity (mill speed)
as a dependent variable.

The first important step in the design phase was to determine the three levels, as
these determine whether the variables have a significant influence on the target val-
ues. If the repeatability of these measurements is poor, the error within one experi-
mental set-up will be greater than between two experimental set-ups. If there is no
significant difference between the experimental setups compared to the target values,
then we cannot say anything about the effect of these input variables. To create the
model, a total of 9 experimental setups were defined, with each run repeated once
and 4 runs repeated three times to create accurate model equations.

After all the experiments have been carried out, a linear mathematical model is
fitted to the target values as a function of the three parameters. The model equation
was as follows:

Yy=ag+a;*x;+a;*x,+az*x;3 3)

The evaluation started by checking the significance of the changes in the model
to determine whether they are meaningful changes or just the noise of our measure-
ments. The average variance of the two sets of replicates was taken and used in two-
sample t-tests to verify if there was a significant difference between the results. The
aim was to perform the regression calculations and determine the best fit using the
analytical solution. It had an analytical solution given by the equation below:

a; =X *«X) X" xy 4)

X was the matrix of input parameters and y the target values. The calculations
provide the values b and a; of the model equation for the respective target variable.
These steps were then repeated with the next target variable. After calculating the
values b and a;, a prediction could be made for each run. Based on the predicted
values and the measured values, the performance of the model could be determined.
By calculating the values for the total, external and internal variance (residual error),
the coefficient of determination (CoD.) and coefficient of correlation (CoC.) of the
model could also be determined. The proportion of the total variance that could be
explained by the regression was calculated using the explained variance (external
variance/total variance).

2.3. Measurement Methods

During the measurements, the crystal morphology of the recrystallized bricks exam-
ined with SEM images so that the relationships obtained from the model equations
could be better interpreted. A Phenom ProX scanning electron microscope was used
to make the images. Since both the raw gypsum and the a-hemihydrate binders were
fine powders, the particle size distribution (PSD) and specific surface area were de-
termined using laser diffraction. The setting times were determined using the
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standard Vicat method. The Vicat needle is cylindrical and moves in a vertical,
scaled guide, penetrating a plaster mass located in a mold. The start of setting time
is defined as the time at which the needle penetrates no further than a certain distance
(20 mm) from the top of the sample. The end of setting time is defined as the time at
which the needle no longer penetrates at all (EN 13279-2:2014; Sleiman et al., 2010).

3. RESULTS

The parameters used in the model and the measured results of the settings are sum-
marized in Table 2.

Table 2
Parameters (settings) and measured PSD and setting time values of the model
Model parameters (Settings) Target values (Measured values)
B | cinl | dving | Crindine | PSP | BSD | ESD | Set | e
No. water time 3 5 .
[%] [hours] [10°rpm] [nm] [pm] | [pm] | [min] | [min]
1 19.58 6.5 16 2.62 13.60 37.06 4.6 6.6
2 19.64 6.5 16 2.51 13.40 35.21 3.9 5.8
3 19.69 6.5 16 2.37 11.88 31.93 3.9 6.1
4 19.54 7.5 12 2.97 17.00 47.98 6.2 8.4
5 19.59 7.5 12 3.30 17.53 49.15 7.1 8.5
6 19.45 8.5 8 3.70 23.36 59.03 7.08 9.82
7 19.59 8.5 8 3.54 21.55 55.87 6.7 9.5
8 20.14 6.5 12 3.01 16.18 40.48 4.7 6.5
9 20.12 6.5 12 2.95 15.09 39.55 5.0 6.9
10 19.99 6.5 12 2.94 15.62 43.50 4.8 7
11 20.08 7.5 12 2.99 15.47 41.76 5.2 7.4
12 20.10 7.5 12 3.02 14.38 37.32 4.8 6.9
13 20.04 8.5 12 3.09 15.77 41.76 4.8 7.6
14 20.05 8.5 12 3.03 16.53 42.28 4.6 7.5
15 20.12 8.5 12 2.97 17.30 40.25 4.8 6.9
16 20.40 6.5 8 3.51 21.63 49.69 53 8.1
17 20.36 6.5 8 3.44 21.33 50.64 5.0 7.9
18 20.31 7.5 12 3.01 16.13 42.76 5.1 7.5
19 20.35 7.5 12 3.00 16.49 42.87 5.1 7.1
20 20.42 8.5 16 2.64 13.09 33.06 3.8 5.6
21 20.35 8.5 16 2.39 12.33 30.31 3.5 4.8
22 20.47 8.5 16 2.41 12.24 30.50 33 4.7
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The model equations of PSD values and setting time were determined using the
measurement results (target values) and model parameters (settings), and then the
predicted values were calculated using these equations. The measured and predicted
values are summarized in Table 3.

Table 3
Measurement and predicted PSD and setting time values
Measured values Predicted values

A AR R
No. 5 3 5 5

[wm] | [um] | [um] | [min] | [min] | [um] | [pm] | [pm] | [min] | [min]
1 2.62 13.60 | 37.06 4.6 6.6 2.52 12.55 | 35.59 4.6 6.3
2 2.51 13.40 | 35.21 3.9 5.8 2.51 12.47 | 35.13 4.5 6.2
3 2.37 11.88 31.93 39 6.1 2.51 12.41 | 34.74 4.4 6.1
4 2.97 17.00 | 47.98 6.2 8.4 3.08 17.29 | 46.53 5.9 8.1
5 3.30 17.53 | 49.15 7.1 8.5 3.08 17.23 | 46.15 5.8 8.0
6 3.70 | 23.36 | 59.03 7.08 9.82 3.65 22.10 | 57.85 7.2 10.0
7 3.54 | 21.55 55.87 6.7 9.5 3.63 21.91 | 56.78 7.0 9.8
8 3.01 16.18 40.48 4.7 6.5 2.97 16.25 | 41.34 4.7 6.9
9 2.95 15.09 | 39.55 5.0 6.9 2.98 16.28 | 41.49 4.8 6,9
10 2.94 15.62 | 43.50 4.8 7 2.99 16.44 | 42.49 5.0 7.2
11 2.99 15.47 | 41.76 5.2 7.4 3.01 16.59 | 42.38 5.0 7.2
12 3.02 14.38 37.32 4.8 6.9 3.01 16.56 | 42.23 5.0 7.1
13 3.09 15.77 | 41.76 4.8 7.6 3.05 16.90 | 43.28 5.2 7.4
14 3.03 16.53 | 42.28 4.6 7.5 3.05 16.89 | 43.20 5.2 7.4
15 2.97 17.30 | 40.25 4.8 6.9 3.04 16.80 | 42.66 5.1 7.3
16 3.51 21.63 | 49.69 53 8.1 3.47 20.34 | 49.39 54 8.0
17 344 | 2133 50.64 5.0 7.9 3.47 20.39 | 49.70 5.5 8.1
18 3.01 16.13 42.76 5.1 7.5 2.98 16.29 | 40.62 4.6 6.8
19 3.00 16.49 42.87 5.1 7.1 2.98 16.24 | 40.31 4.5 6.7
20 2.64 13.09 33.06 3.8 5.6 2.47 11.98 | 30.31 3.5 5.1
21 2.39 12.33 30.31 3.5 4.8 2.48 12.07 | 30.85 3.6 53
22 2.41 12.24 | 30.50 33 4.7 2.47 11.92 | 29.93 34 5.1

After grinding the experimental hemihydrate bricks, the particle size distribution of
the hemihydrate correlates well (coefficient of correlation (CoC.) between 91.8%
and 96.7%) with the grinding intensity, and the influence of raw material gypsum
quality was also significant. In the experiments, the autoclaving time had no signif-
icant influence on the particle distribution values. The model equations defined for
the PSD values were as follows:
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Yaio = 6.96 — 0.13 * x¢y, gypsum — 0.13 * Xgrinding intensity (5)
Ydso = 54.02 — 1.30 * Xcw gypsum 1.11 * Xgrinding intensity (6)
Ydaso = 222.24 —7.67 Xcew gypsum — 2.52 = Xgrinding intensity (7)

The equation states that the higher the crystal water content of the gypsum and
the higher the grinding intensity, the more widely dispersed the values obtained, i.e.
the finer the material. In the equation, the d10 and d90 particle size values of the
hemihydrate samples, where the raw material gypsum was of a higher quality class,
decreased compared to the results of the lower quality with low crystal water content.
Since the specific surface area of the three selected raw gypsums increased with
quality, this observation supports the results of Fu et al. (2018). According to their
study, the gypsum samples with smaller particle sizes generally had a higher propor-
tion of smaller hemihydrate crystals. The induction time of recrystallization was sig-
nificantly reduced as the smaller gypsum crystals offer a larger relative specific sur-
face area and more nucleation sites.

3,8
3,6
3,4
3,2
3
2,8
2,6
2,4
2,2
2
2,2 2,7 3,2 3,7 4,2
Measured PSD D10 [um]

Figure 2
Performance of the d10 model (CoD. = 94.7%, CoC. = 97.3%)

Predicted PSD D10 [um]

The equation of the d50 model showed an interesting picture, as the median of PSD
(d50) increased with increasing crystal water and gypsum quality. The probable rea-
son for this was that the size distribution of the low-quality gypsum had the smallest
d10 values and the largest d90 values, so this feature could also influence the particle
size of the resulting hemihydrate due to the wide distribution. This was also con-
firmed by the SEM images of the crystal morphology of the hemihydrate. As can be
seen in the images, the hemihydrate produced from low-quality FGD gypsum was a
heterogeneous system consisting of needle-like and larger crystals, while the a-
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hemihydrate produced from gypsum with a high crystal water content formed a more
homogeneous system consisting mainly of developed crystals. Therefore, the parti-
cle size of the hemihydrate was more uniform and the size consistency better when
it was produced from high-quality gypsum with a higher amount of crystal water.

Figure 3
SEM Pictures of HH, 1. from low-quality; 2. from high-quality gypsum

The results of the setting time model show that the setting times are accelerated if
we increase the mill speed (rpm) and thereby increase the specific surface area of the
a-hemihydrate. The crystal water content of the FGD gypsum was also significant;
the effect was negative according to the model, i.e. increasing it accelerated the set-
ting time. The equation for the start and end of the setting time was as follows:

Vset. time start — 39.66 — 1.62 * Xcw gypsum — 0.27 * Xgrinding intesity (8)

Vset. time ena = 45.83 — 1.74 * x¢y, gypsum — 040 * Xgrinding intesity ©)

For this reason, according to the model, hemihydrate from a higher quality class leads
to faster setting. In addition, the model showed that an inferior a-hemihydrate with low
crystal water content and a larger particle size range generally sets more slowly.

4. DISCUSSION AND CONCLUSIONS

As part of the DoE, a total of 9 settings were defined to create the model and a total
of 22 repeat tests were carried out. The equations were set up reliably and with good
performance.

According to the equations, the quality of the raw material and the grinding in-
tensity (grinding speed) significantly influence the particle size distribution (PSD).
Hemihydrate made from high-quality gypsum had a finer and more uniform particle
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size consistency (steeper PSD). The autoclaving time had no significant influence on
the particle size values at these setting levels.

In the second part of the study, we were able to model the setting time in good
correlation (CoC. between 90.5% and 96.0%) with the crystal water content of the raw
gypsum and grinding intensity. The model equation for the setting time showed that
the crystal water content of the a-hemihydrate has the greatest influence, but the grind-
ing intensity also plays an important role. Hemihydrate binders with higher water con-
tent, which are produced at a higher mill speed, generally have faster setting times.

Due to the closure of power plants in the course of decarbonization, the availa-
bility and affordability of FGD gypsum are continuously decreasing. As FGD gyp-
sum is one of the main raw materials for gypsum binders, the industry might be
forced to use lower-quality gypsum. The a-hemihydrate is one of the materials most
affected by this problem in the gypsum industry, as one of the basic requirements for
sufficient and controllable recrystallization in autoclaves is high gypsum quality and
thus the lowest possible inert content. The aim of this study is to investigate that this
limitation can unfortunately affect important gypsum binder properties such as set-
ting time and particle size. Eliminating such effects and maintaining a stable binder
quality could therefore be one of the most important technical challenges for the
gypsum industry in the future.
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