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Abstract: The search for ways to utilize and recycle industrial by-products is the basic principle that
governs rational environmental management, synthesis of “green” materials, and appears as one of
the main criteria for sustainable development in most countries of the world. Gypsum-containing
waste (GCW) derived from industries, represents a large-tonnage product. The production of gypsum
materials could be one of the ways to recycle GCW products. GCW from various industries can
be used as an alternative to natural raw materials when producing gypsum binders. However, the
features of GCW do not allow the production of a high-quality binder when traditional technologies
are applied, so it requires the development of additional methods or the introduction of various
modifiers to the binder system. One of the ways to increase the efficiency of GCW as a raw material
for the production of gypsum binders is to apply a semi-dry pressing method, at reduced values of
the W/S ratio of the binder. The objective of this research was to study the possibility of increasing
the efficiency of GCW using citrogypsum for production of gypsum materials, by optimization of
the mix design and by applying a semi-dry pressing method, using a lower pressure load at the
molding stage. The mix design and technological parameters were optimized using mathematical
planning of the experimental method. Parameters such as the amount of citrogypsum as an additive
in the raw mixture, molding pressure, and water—solid (W /S) ratio were taken as input parameters
of variation. To plot the relationship of the input-output parameters, the SigmaPlot software was
applied, to analyze and demonstrate scientific and statistical data in the form of nomograms. It has
been established that the use of the semi-dry pressing method with the optimal mix design and
technological parameters, makes it possible to obtain gypsum samples with demolding strengths up
to 2 MPa, and final compressive strengths up to 26 MPa. The incorporation of citrogypsum and the
optimal W/S ratio of 0.25, results in positive effects, such as a reduction in the sticking properties of
the mix during the demolding stage, and the homogeneity of compaction and visual appearance of
the samples were also improved.

Keywords: waste recycling; citrogypsum; sustainable gypsum materials; semi-dry pressing method

1. Introduction

Rational nature management is one of the priorities for sustainable development in
most countries of the world. Of particular importance, in this aspect, is the search for
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ways to utilize and recycle industrial byproducts. The byproducts include such gypsum-
containing waste (GCW) as phosphogypsum [1,2], flue gas desulfurization gypsum [3,4],
borogypsum [5,6], citrogypsum (CG) [7,8], etc. The proportion of the processed GCW
in the world is only about 15% [1]. The rest of the byproducts accumulate in dumps or
artificial reservoirs, which leads to serious pollution of the environment: soil, water, and
atmosphere [1,9,10].

In the territory of the Belgorod region (Russia), there is a citrogypsum storage site,
where the process of waste accumulation has been realized for 50 years. The total storage
area is about 58.5 thousand m?, with a total reserve of approximately 351.2 thousand m?.
Therefore, nowadays the problem of searching for ways to process this GCW is very
relevant [8].

Most often, GCW is considered as a raw material for the production of various ag-
ricultural fertilizers [11-13], construction materials [14-16], road construction structures [10],
gypsum binders [17-19], additives for the setting control of Portland cement [20-22], and as
a reactive component in alkali-activated binders [23,24].

Of the applications presented, the manufacture of gypsum binders and products al-
lows the largest volume of citrogypsum to be recycled. Previous studies investigated the
possibility of a citrogypsum-based binder (CGB) production, by CG dehydration under
high temperatures. However, the resulting CGB was characterized by increased water
demand (standard consistency was 123%) and low compressive strength (up to 0.7 MPa,
only) [25]. Such characteristics make it impossible to obtain products using injection
molding technology and require the search for other ways to recycle CG in gypsum binders
and materials.

A review of world scientific experience has shown that, to improve the efficiency
of GCW as a raw material for the production of binders, various scientific groups have
developed several additional measures, including the use of modifiers, technological
methods, special regimes for the production of gypsum binders, and materials based on
them, as well [14-17,26,27].

Among these methods, is pressing in a water medium, which allows the production
of gypsum materials with desirable physical and mechanical characteristics [28,29] and
pressing of a semi-dry raw mixture as well [30-33]. Zhou et al. [28,29], for the manufacture
of plaster tiles as an analogue of drywall, used CaSO, 0.5H;0O as a binding component, ob-
tained from washed phosphogypsum heated at temperatures of 150 °C [28] and 170 °C [29].
A feature of the technology is applying pressing of granules at a pressure of 20 MPa in an
aqueous medium, which were made by moistening the binder. It is important to note that
this method is characterized by a large number of technological stages. In addition, the
pressing stage and water-immersion must be repeated 24 times.

Mirsaev et al. [30] showed the possibility of using the semi-dry mixture pressing
method (W/S = 0.17-0.22; molding pressure = 20 MPa), to manufacture small-piece wall
materials based on gypsum binder and phosphogypsum. As a result, the authors designed
a gypsum brick of 250 x 120 x 65 mm and a solid partition block of 120 x 190 x 590 mm,
with a compressive strength of 10.5 MPa, as well as a wall block of 250 x 120 x 138 mm
with a voidage of 30% and compressive strength of 5.4 MPa.

Also, in the reports of Petropavlovskaya et al. [31-33], the effectiveness of molding
at a pressure load of 2040 MPa was proved, when manufacturing gypsum materials
based on byproducts of a faience factory and their mixtures with various mineral com-
ponents, such as ammonium alum, microcalcite, and Portland cement. In particular,
Petropavlovskii et al. [31] showed the possibility of increasing the efficiency of gypsum-
containing faience production waste, by optimizing the formulation of the raw mixture
for brick production by the pressing method. This made it possible to obtain gypsum
materials with a compressive strength 2-2.5 times higher, and with the addition of micro-
calcite, 3-6 times higher, compared to wall materials based on natural gypsum produced
by traditional technologies.
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Thus, the minimum pressure load that was used to mold the GCW-based materials
was 20 MPa. The possibility of production of GCW-based materials under lower pressure
load has not been previously studied. At the same time, in real production, lower pressure
at the molding stage will help to reduce the energy and metal intensities of the technological
process and, as a result, will positively affect the cost of the final gypsum products.

Based on the above review, the objective of this article is to study the possibility of
using citrogypsum to produce gypsum materials by applying a semi-dry pressing method,
using a lower pressure load at the molding stage.

2. Results
2.1. Appearance of Experimental Mixes

The appearance of the experimental mixes at two days after demolding is presented
in Table 1. All photos of samples are given in vertical orientation.

Table 1. The appearance of the experimental mixes at two days after demolding.

Evaluation of Sample Appearance

Sample ID
Sample Appearance Comments
mix 1 Smooth surface without delamination
easy demolding; slight water release was observed
Smooth surface; slight delamination in the form of
mix 2 a surface crack at a distance of 5-10 mm from the
top of the sample; easy demolding
mix 3 Smooth surface without flaking;
easy demolding; slight water release was observed
Easy demolding; in the upper part of the sample, a
mix 4 surface delamination
4-10 mm high is observed
Easy demolding; there was a slight release of
mix 5 water; in the upper part of the sample, surface

delamination 2-5 mm high is observed
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Table 1. Cont.

Evaluation of Sample Appearance

Sample ID
Sample Appearance Comments

Demolding was difficult; in the upper part of the
sample, there is a significant delamination and a
wedge with a height of 5-7 mm and a depth of
1 mm

mix 6

Demolding was difficult; in the upper part of the
sample, there is a slight delamination and a wedge
with a height
of 2-7 mm and a depth of 1 mm

mix 7

Demolding was difficult, in the upper part of the
sample there is a significant delamination and a
wedge with a height
of 5-10 mm, and with a depth of 1-2 mm

mix 8

Smooth surface without delamination; easy

mix 9 demolding; there was a slight release of water

Demolding was difficult; in the upper part of the
sample, there is a slight delamination and a wedge
with a height
of 3-5 mm and a depth of 1-2 mm

mix 10

Easy demolding; in the upper part of the sample, a
slight delamination of the surface up to 10 mm
high is observed

mix 11

Easy demolding; in the upper part of the sample,
there is a slight delamination of the surface with a
height of 3-10 mm

mix 12
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Table 1. Cont.

Evaluation of Sample Appearance

Sample ID
Sample Appearance Comments

Smooth surface, slight delamination in the form of
a surface crack at a distance of 7-11 mm from the
top of the sample; easy demolding

mix 13

Demolding was difficult; there is a delamination
and a slight wedge in the upper part of the sample
with a height of 3-7 mm and a depth of 1 mm

mix 14

Demolding was difficult; there is a delamination
and a slight wedge in the upper part of the sample
with a height of 1-10 mm, and a depth of 1 mm

mix 15

Samples of Reference Mixes

Demolding was difficult, in the upper part of the
sample there is a significant delamination and a
wedge with a height
of 7-14 mm, and with a depth of 1-2 mm

mix 16

Demolding was difficult, in the upper part of the
sample there is a significant delamination and a
wedge with a height of 2-8 mm, and with a depth
of 1-2 mm

mix 17

In the upper part of the sample, surface

mix 18 delamination 1-5 mm high is observed

2.2. Properties of Experimental Mixes

The physical and mechanical characteristics of the experimental mixes are given in
Table 2.
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Table 2. Physical and mechanical characteristics of experimental mixes.

Average Values of Controlled Output Parameters

Mix ID Immediately after Demolding At 2 Days after Demolding
Average Density, kg/m® Compressive Strength, MPa  Average Density, kg/m® Compressive Strength, MPa
mix 1 1772 + 1.50% 1.99 +2.11% 15504+ 2.11% 9.37 + 4.10%
mix 2 1639 + 0.98% 1.24 + 1.50% 1564 + 1.50% 9.24 +2.11%
mix 3 1696 + 1.10% 0.99 + 2,70% 1512 + 1.37% 6.16 + 4.17%
mix 4 1594 + 1.30% 1.49 £+ 2.6% 14184 2.53% 6.16 + 4.17%
mix 5 19378 + 1.78% 1.24 +2.7% 1786 + 1.61% 26.11 + 3.13%
mix 6 1721 + 0.79% 1.37 4+ 0.98% 1680 + 0.46% 18.8 + 0.34%
mix 7 1883 + 0.5% 0.99 + 2.52% 1711 £ 0.31% 22.52 £+ 4.09%
mix 8 1727 + 0.98% 0.99 + 2.95% 15944 0.82% 14.18+ 6.60%
mix 9 1662 + 2.11% 0.99 + 1.44% 1520 + 1.44% 6.29 + 4.20%
mix 10 1799 + 0.86% 1.24 +2.15% 1721 + 1.28% 20.15 £ 3.83%
mix 11 1750 + 0.77% 1.49 +2.41% 1678 + 0.65% 18.8 +2.12%
mix 12 1617 + 1.98% 0.87 + 1.69% 16274+ 0.19% 14.37 + 1.46%
mix 13 1823 + 1.27% 124+ 1.77% 1646 + 0.03% 16.04 + 3.60%
mix 14 1641 + 0.98% 1.24 4+ 2.53% 15574 2.16% 12.45 + 5.28%
mix 15 1722 + 1.78% 1.37 4+ 3.60% 1634 + 0.19% 15.01 +4.11%
Reference Mixes
mix 16 1790 + 2.80% 0.75 + 2.57% 1655 + 1.89% 10.78 + 4.78%
mix 17 1806 + 2.00% 1.12 +2.32% 1778 + 2.14% 26.75 £+ 3.51%
mix 18 1944 + 2.01% 1.24 4+ 2.48% 1785 + 1.99% 29.77 £ 2.42%

3. Discussion
3.1. Influence of Formulation and Molding Pressure on the Appearance of Samples

When analyzing the appearance of the samples, it was revealed that some of the mixes
were characterized by defects in the form of delamination, surface cracks, and a wedge
(Table 1). A comparison of the mix design and technological parameters with the formation
of defects on the surface, made it possible to establish that lower contents of FCG and
water in the raw mixture, led to higher defectiveness of the surface. At the same time, a
lower molding pressure did not significantly affect the quality of the surface. However,
the effect of the lower pressure was manifested in a reduced water content in the mixture,
in the form of a deterioration in the quality of the surface. Mix 8 (Table 1) prepared at a
molding pressure of 3 MPa, a minimum content of FCG (10% by wt.), and W/S = 0.15, was
characterized by the maximum wedge and low surface quality. In addition, the presence
of a significant number of defects on the surface was typical for reference mixes molded
without the FCG (Table 1, mixes 16, 17, 18). It was observed that, the number of defects
increased as the W/S ratio decreased.

The occurrence of defects on the surface of the samples is due to the high adhesion
of the gypsum paste to the mold, as well as the friction of the peripheral sections of the
molding mixture on the shaping metal surface of the mold, both during the molding and
demolding stages. An increase in the FGC content and water in the mixture makes it
possible to reduce the value of near-wall friction and improve the quality of the surface.
This is because water acts as a lubricant, and FGC, being an inert component, has low
adhesion to metal.

Also, when assessing the appearance of the CGB samples, a change in their height was
observed. The height of the CGB samples is influenced by molding pressure and the FCG
content in the raw mixture. Other things being equal, with increased molding pressure, the
height of CGB samples decreased, which is associated with their better compaction. With
an increase in the content of FCG in the raw mixture, the height of the samples increased,
which is associated with a higher specific surface area of FCG versus specific surface area
of CGB.
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3.2. Influence of Formulation and Molding Pressure on the Physical and Mechanical
Characteristics of Samples

It is known that when producing materials by the pressing method, their compressive
strength immediately after molding is of great importance. Insufficiently high strength
values lead to an increase in the rejection rate, due to surface damage that may occur as a
result of product transportation. Normally, the minimum compressive strength for fresh
samples should be within 0.5 MPa. This value meets the requirements of enterprises focused
on pressing method production of materials, using a semi-dry raw mixture. According to
these requirements, the strength of fresh samples must be at least 0.5 MPa. With this in
mind, the influence of the formulation and technological parameters on the average density
and compressive strength of the fresh samples was studied. To do this, immediately after
demolding, weighing, measurement, and determination of the compressive strength of the
samples were carried out.

Nomograms of the dependence of the average density and compressive strength
(Figure 1) on the input variable parameters, were carried out for the fresh samples.

An analysis of the influence of the mix design and molding pressure on the average
density of the fresh samples, showed that it is directly dependent on molding pressure,
W /S ratio, and the CGB content in the raw mixture.

At the same time, when analyzing the influence of mix design and molding pressure
on the compressive strength of the fresh samples, some of the following patterns were
established: regardless of the FCG content in the raw mixture, the maximum values of the
controlled parameter were achieved at the maximum molding pressure, of 7 MPa, and
W/S ratio of 0.25; the minimum values of the controlled parameters were observed at the
minimum molding pressure, of 3 MPa, and the minimum W/S ratio of 0.15. This is due to
an increase in the proportion of CGB, which has high adhesion to the mold surface, and,
consequently, the negative effect of wall friction on the uniformity of compaction of the
samples increases. At the same time, with an increase in molding pressure, in combination
with an increased W/S ratio, the negative effect of wall friction on the uniformity of the
seal decreases, and the compressive strength of the fresh sample increases.

Average density Compressive strength
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Figure 1. Cont.
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Figure 1. The effect of molding pressure and W/S ratio on the average density and compressive

strength of samples immediately after demolding at the different FCG contents in the raw mixture:
(a) 10%; (b) 30%; (c) 50%; (d) combined nomogram.

It should also be noted that an increase in the FCG content in the raw mixture con-
tributes to a decrease in the average density of the fresh samples (Figure 1d). At the same
time, the compressive strength of fresh samples increases with increasing FCG content.
This is due to a decrease in the proportion of CGB in the raw mixture, which leads to a
decrease in friction and adhesion of the raw mixture to the mold surface. This, in turn,
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contributes to a more homogeneous compaction of the samples by volume, and in the case
of a high W/S ratio, to the complete elimination of defects on the surface of the samples.
The positive effect of the FCG content in the raw mixture on the compressive strength of
the fresh samples is also evidenced by the fact that, at a molding pressure load of 3 MPa,
with an increase in the W/S ratio from 0.15 to 0.25, the decrease in compressive strength is:
13% with an FCG content of 50% (Figure 1c), 21% with an FCG content of 30% (Figure 1b),
and 29.7% with an FCG content of 10% (Figure 1a).

A comparison of the physical and mechanical characteristics of the reference mixes
(mixes 16-18, Table 2) demonstrates the average density and compressive strength of fresh
samples are directly dependent on the molding pressure and W/S ratio. It should also be
noted that the compressive strength of the reference mixes is lower versus mixes with the
FCG content (mixes 1, 4, 6, 11, 15, Table 2) molded with certain mix designs and molding
pressures (Table 2). This fact confirms the positive effect of the FCG on the homogeneous
compaction of the samples.

In general, the compressive strength of the fresh samples with FCG and reference ones,
is in the range of 0.75-1.99 MPa (Table 2), which is 1.5—4 times higher than the minimum
required values (0.5 MPa). This will allow a reduction in rejection during production, and
allow the possibility of producing hollow materials.

3.3. Influence of Formulation and Molding Pressure on the Physical and Mechanical
Characteristics of Samples at Two Days after Demolding

The dependences of the average density and compressive strength of the mixes at two
days after demolding, on the input variable parameters, are plotted in Figure 2. Figure 2
demonstrates that the compressive strength is directly dependent on molding pressure.
Regardless of the W/S ratio, the maximum strength values are typical for mixes with
an FCG content of 10%, (mixes 5-8, 10), molded at a pressure load of 7 MPa (Figure 2a);
the minimum compressive strength is typical for mixes containing 50% FCG (mixes 14,
9), molded at a pressure load of 3 MPa (Figure 2d). In addition, an increase in molding
pressure leads to an increase in the average density of CGB, with similar input variation
parameters. An analysis of the effect of the W/S ratio on compressive strength showed
that, regardless of molding pressure, the maximum compressive strength is observed
for mixes with an FCG content of 10% (mixes 5-8, 10), and with a W/S ratio of 0.25
(Figure 2a); the minimum compressive strength is observed for mixes with 50% FCG and
with a W/S ratio of 0.15. (Figure 2d). In cases where the content of FCG in the raw mixture
is 10-30%, the compressive strength is directly dependent on the molding pressure and
W/S ratio (Figure 2a,b). However, at 50% FCG (mixes 14, 9, Figure 2c), regardless of
molding pressure, an increase in the W /S ratio from 0.20 to 0.25 leads to a slight decrease
in compressive strength, up to 8 % (Figure 2c). A similar effect of the W/S ratio on the
average density of the mixes with 50% FCG is observed (Figure 2c). In all cases, increasing
the W/S ratio from 0.15 to 0.20 provides the maximum increase in compressive strength
and average density. A further increase in the W/S ratio from 0.20 to 0.25 provides a slight
increase in strength for mixes 1-4 and 9 (Figure 2c). In the same W/S ratio range, a slight
decrease in average density for mixes 14, and 9, is observed.

The resulting relationships can be explained by the fact that water introduced into
the raw mixture participates in hydration processes and also acts as a lubricant, providing
better compressibility (more homogeneous densification) of the mixture. This leads to an
increase in the average density and compressive strength. So, a higher content of CGB in
the raw mixture provides better compressibility. In cases where the CGB content in the raw
mixture is higher than 50%, the optimal W /S ratio is 0.225-0.25. At lower W/S ratios, the
water content is insufficient to ensure complete hydration of the gypsum binder. In this
case, the compaction of the mixture during the pressing stage is extremely difficult, which
predetermines a decrease in the average density and leads to a decrease in the compressive
strength of the samples.
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Figure 2. The effect of molding pressure and W/S ratio on the average density and compressive
strength for samples at two days after demolding at different FCG contents in the raw mixture:
(a) 10%; (b) 30%; (c) 50%; (d) combined nomogram.

For mixes 1-4, and 9, the optimal W/S ratio is 0.20-0.225. If the water content required
for hydration increases up to a W/S ratio of 0.25, the concentration of unbound water
increases. This water evaporates during the drying process, reducing the average density
and compressive strength of the samples.

For the convenience of determining the effect of the FCG content in the raw mixture on
the physical and mechanical characteristics of the samples, the obtained dependences were
superimposed, in a combined nomogram in Figure 2d. The character of the nomogram
demonstrates that, an increase in the FCG content in the raw mixture contributes to a
decrease in the compressive strength and average density of the CGB, which is explained
by the liquefaction of the binding system. With an increase in the FCG content from
10 to 30%, the maximum decrease in compressive strength (up to 33.5%) is observed, at
the maximum values of the W/S ratio of 0.25 and molding pressure load of 7 MPa. The
minimum decrease in compressive strength (up to 17.4%) is observed at a W/S ratio of 0.15
and molding pressure load of 3 MPa.

With a further increase in the FCG content from 30 to 50%, regardless of molding
pressure and W/S ratio, the compressive strength decreases by 50-55%, on average.

An analysis of the physical and mechanical characteristics of the reference mixes
(Table 2) demonstrates the general effects of the W/S ratio and molding pressure on the
physical and mechanical characteristics of CGB without FCG. In particular, it was found
that the greatest increase in physical and mechanical characteristics is observed with an
increase in molding pressure from 3 to 5 MPa and a W/S ratio from 0.15 to 0.20. In
this case, the compressive strength increased by 60%, and the average density by 7%. A
further increase in molding pressure, from 5 to 7 MPa, and the W /S ratio from 0.20 to 0.25,
increased the compressive strength by 10% and the average density by 0.4%, only.

Also, a comparison of the physical and mechanical characteristics of the reference
mixes and the mixes with FCG, made it possible to establish that, at a W/S ratio of 0.25 and
a molding pressure of 7 MPa, an FCG content in the raw mixture from 10 to 50% (Table 2,
mixes 1 and 5) leads to a decrease in the compressive strength by 12.3-68%, and average
density by 0-13.2%. At a W/S ratio of 0.2 (Table 2, mixes 9 and 10) and a molding pressure
of 5 MPa, the compressive strength is reduced by 24.7-76.5%, and the average density is
reduced by 3.2-14.5%. At the same time, at a W/S ratio of 0.15 and a molding pressure of
3 MPa, the introduction of 10% FCG into the raw mixture (Table 2, mix 8) contributes to
an increase in compressive strength by 31.5%; and with 30% FCG, this increase is 19.2%.
In these cases, the average density decreases by 3.7% and 4.2%, respectively. A further
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(a)

increase in the FCG to 50% (Table 2, mix 4) results in a decrease in compressive strength by
42.9%, and average density by 14.3%, in comparison with reference mix 16.

The increase in compressive strength for mixes with FCG contents from 10 to 30%, in
comparison with the reference mixes, is explained by the absence of FCG in the system. A
fifteen percent water content is not enough for effective hydration of the gypsum binder.
At the same time, the addition of FCG, from 10 to 30%, eliminates the lack of water for
hydration. In addition, the presence of the FCG in the raw mixture contributes to more
homogeneous compaction of the samples by volume, due to a decrease in adhesion to
the mold surface. A further increase in the content of the FCG, up to 50%, significantly
deliquates the system, which negatively affects the strength characteristics of the samples.

A comparison of the results for fresh samples (Figure 1) and samples at two days after
demolding (Figure 2), showed that, regardless of the FCG content in the raw mixture and
molding pressure, a W/S ratio from 0.15 to 0.20 contributes to an increase in the average
density. With a further increase in W/S ratio, up to 0.25, the average density of fresh
samples continues to increase, while the average density of samples at two days after
demolding remains constant (Figure 2a) or decreases (Figure 2b,c). It was also found that
the decrease in the average density of dry samples, in comparison with the average density
of fresh samples, is higher the greater the W/S ratio and the FCG content in the system.
This is due to the increase in the free water that evaporates during the climatic drying of the
samples. Thus, the minimum decrease in the average density for dry samples (2.3%) versus
fresh ones, is observed for samples with 10% FCG, under a molding pressure of 7 MPa and
with a W/S ratio of 0.15 (Figure 2a). The maximum reduction in average density (12.9%)
is observed for samples with an FCG content of 50%, under a molding pressure of 7 MPa
and with a W/S ratio of 0.25 (Figure 2c). The identified relationships must be taken into
account in real production, since the presence of a significant amount of free water in the
raw mixture, and its evaporation during the drying process, can lead to significant linear
shrinkage of the finished products.

A comparison of the compressive strengths of fresh and dry samples revealed two
main differences. First, regardless of the molding pressure and W/S ratio, with an increase
in FCG content in the raw mixture, the compressive strength of fresh samples increases
(Figure 3d), while the strength of samples at two days after demolding decreases (Figure 4d).
Second, at low molding pressure (3 MPa), and with an increase in the W/S ratio, the
compressive strength of fresh samples decreases, while for samples at two days after
demolding, the strength increases. This is because the compressive strength of the samples
at two days after demolding depends on the nature and amount of new formations, which
is predetermined by the proportion of CGB and the water content in the raw mixture.

20 um 20 um 20 um
View field: 100.0 um  Det: BSE View field: 100.0 um  Det: BSE View field: 100.0 um  Det: BSE
SEM HV: 15.0kV SEM: DEPTH SEM HV: 15.0 kV SEM: DEPTH SEM HV:15.0 kV SEM: DEPTH
BI: 12.00 WD:15.08 mm BI: 12.00 WD:15.02 mm Bl: 12.00 WD:15.39 mm

Figure 3. Cont.
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(b)
20 um 20 pm 20 um
View field: 100.0 um  Det: BSE View field: 100.0 um  Det: BSE View field: 100.0 um  Det: BSE
SEM HV: 15.0 kV SEM: DEPTH SEM HV: 15.0 kV SEM: DEPTH SEM HV: 15.0 kV SEM: DEPTH
Bl: 12.00 WD:14.85 mm Bl: 12.00 WD:15.25 mm Bl: 12.00 WD:15.31 mm
20 pm 20 um 20 pm
View field: 100.0 um  Det: BSE View field: 100.0 um  Det: BSE View field: 100.0 um  Det: BSE
SEM HV: 15.0 kV SEM: DEPTH SEM HV: 15.0 kV SEM: DEPTH SEM HV: 15.0 kV SEM: DEPTH
Bl: 12.00 WD:15.00 mm Bl: 12.00 WD:14.37 mm Bl: 12.00 WD:14.11 mm

[
20 pm 20 um 20 um
View field: 100.0 um  Det: BSE View field: 100.0 um  Det: BSE View field: 100.0 um  Det: BSE
SEM HV: 15.0 kV SEM: DEPTH SEM HV: 15.0 kV SEM: DEPTH SEM HV: 15.0 kV SEM: DEPTH
Bl: 12.00 WD:14.80 mm

B112.00 WD:15.05 mm Bl: 12.00 WD:14.94 mm

Figure 3. Microstructure of the samples at two days after demolding, depending on the mix design
and molding pressure: (a) FCG content is 50%, by wt. (X1 = +1); (b) FCG content is 30%, by wt.
(X1 =0); (c) FCG content is 10%, by wt. (X1 = —1); (d) reference (FCG content is 0%). (I)—molding
pressure is 3 MPa (X; = —1); W/S ratio is 0.15 (X3 = —1). (I)—molding pressure is 5 MPa (X; = 0);
W/S ratio is 0.20 (X3 = 0). (III)—molding pressure is 7 MPa (X = +1); W/S ratio is 0.25 (X3 = +1).



Recycling 2023, 8, 34

14 of 21

100

~1

a0

80

Integral volume of particles, %
W
=1
Differential volume of particles, %

/ Fd L
10 LA
= \
0 ) ]
0.001 0.01 01 1 10 100 1000

Diameter, pm
Figure 4. Granulometry of CGB (—) and FGB (—).

3.4. Effect of Formulation and Molding Pressure on the Microstructure of the Samples at Two Days
after Demolding

According to SEM analysis, the microstructure of mixes with an FCG content of
50% (Figure 3a, mixes 1, 4, and 9) is represented mainly by citrogypsum plates covered
with an insignificant layer of needle-like new formations. With a decrease in the FCG
content, the proportion of new formations, and the density of the structure increases. The
highest density and number of new formations are typical for reference mixes, without
FCG (Figure 3d). It can also be seen that, regardless of the mix design of the raw mixture,
an increase in molding pressure leads to compacting of the structure and a decrease in
its porosity (Figure 3I), which is fully consistent with the previously identified principles
(Table 2) of the dependence of the compressive strength and average density of the samples
on mix design and molding pressure.

The microstructure of the reference mixes showed (Figure 3d) that the samples molded
at the maximum W /S ratio of 0.25 and molding pressure of 7 MPa are the most homoge-
neous and compact (Figure 3dIII, mix 18). The lowest homogeneity and average density
are typical for samples prepared at the minimum W/S ratio (0.15) and molding pressure
(3 MPa) (Figure 5dI, mix 16), which is fully consistent with the physical and mechanical
properties of the reference samples (Table 2). W/S values of 0.25 provide maximum CGB
hydration, and also help to reduce wall friction, which together has a positive effect on the
structure, compressive strength, and average density of the samples (Table 2 mix 18). At
the same time, at W/S = 0.15, the amount of water becomes insufficient to provide CGB
hydration, and the negative effect of wall friction also increases. Wall friction, as well as
low molding pressure, lead to the formation of samples with a loose structure, and low
compressive strength and average density, as a result (Table 2, mix 16).
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()

(b)

(o) (d)

Figure 5. The sample preparation by semi-dry pressing method (a): 1—press-tool; 2—stand for fixing
the molding mass; 3, 4—pistons for pressing; 5—cylinder for pressing out. (b,c) Molding stage;
(d) demolding stage.
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4. Materials and Methods
4.1. Materials
The citrogypsum-based binder (CGB), and citrogypsum with a fraction of less than

112 um, i.e., fractioned citrogypsum (FCG), were used as components of the raw mixture.
The chemical and elemental composition of citrogypsum are presented in Table 3.

Table 3. Chemical and elemental composition of citrogypsum.

Oxide m/m% Elements m/m%
SO; 55.47 S 22.22
CaO 43.36 Ca 30.99
SiO; 0.54 Si 0.25
Fe; O3 0.15 Fe 0.12
SrO 0.14 Sr 0.12
Al,O3 0.13 Al 0.06
MgO 0.06 Mg 0.03
Na,O 0.04 Na 0.03
P,0Os5 0.08 P 0.04
K,O 0.03 K 0.02
() 46.12

Strontium is present in citrogypsum. However, this form of strontium is not radioac-
tive, because its isotopic composition corresponds to the natural one. Its total radioactivity
is 20 Bq/kg.

Visually, citrogypsum is a gray powder, with a bulk density of 770 kg/m?, which
consists of small particles and their conglomerates, formed when stored under high hu-
midity (80 % at least). Normally, with a slight load during mixing and transportation,
the conglomerates break up. Synthesis of a CGB was carried out by heat treatment in
the following sequence: citrogypsum was dried under ambient laboratory conditions:
relative humidity of 34 + 2% and temperature of 20 & 2 °C. Then, large stony inclusions
in citrogypsum were excluded, followed by placement in an oven on a baking sheet. The
total weight of the sample of citrogypsum was 2 kg. To control the temperature variations,
one thermocouple was placed in the citrogypsum mass, and the second thermocouple was
placed directly in the oven, for additional control of the temperature. Heat treatment was
carried out at a temperature of 175 °C (temperature rise rate was 1 °C per 10 s). Heating
was carried out until the citrogypsum reached a temperature of 160-165 °C, at which point
it was kept in the oven for an hour, after which it was cooled to ambient temperature
(20 £ 2 °C) and was kept for 2 days until the citrogypsum mass stabilized. The synthesis
parameters of CGB were selected experimentally under ambient laboratory conditions. The
selected parameters of heat treatment ensured the best dehydration of citrogypsum and
the formation of calcium sulfate hemihydrate [25].

The characteristics of the CGB are presented in Table 4.

Table 4. Characteristics of the CGB.

Parameters Values
Bulk density, kg/m? 690
Specific surface area, m2/ kg 290-300
Standard consistency (Russian standard GOST 23789-2018), % 123
Initial setting (Russian standard GOST 23789-2018), min 18
Final setting (Russian standard GOST 23789-2018), min 30
Compressive strength (Russian standard GOST 23789-2018), MPa 0.7

FCG was obtained by sieving the original citrogypsum through a sieve, with a mesh
size of 112 um. The bulk density and specific surface area of FCG were 490 kg/m3 and
400 m? / kg, respectively.
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Granulometry of CGB and FGB is shown in Figure 4. CGB is characterized by a
unimodal particle distribution, with a well-defined peak in the size range of 28-36 um.
The modal particle diameter is 30.1 um. FCG is characterized by a unimodal particle
distribution, with a well-defined peak in the size range of 36-46 um. The modal particle
diameter of FCG is 37.79 um.

4.2. Methods

For the experiment, a non-compositional plan for three factors, described by the
Box-Behnken planning matrix (Table 5), was used (Table 6). Non-compositional plans for
three factors require a smaller number of experiments (15 experiments), in comparison
with rotatable central compositional plans of the second-order (27 experiments). A non-
compositional plan, where 15 experiments are normally applied, provides three levels of
factor variation, only, which simplifies and reduces the cost of the experiments. This is the
reason why the non-compositional plan, where 15 experiments are used, was applied in
this article.

Table 5. Experiment planning conditions.

Parameters Variation Levels of Studied Parameters Variability
Original Form Coded Form -1 0 +1 Interval
FCG content, wt.% X1 10 30 50 20
Molding pressure, MPa Xo 3 5 7 2
W/S ratio X3 0.15 0.20 0.25 0.05
Table 6. Experiment design matrix.
Input Parameters
No Coded Form Original Form
X1 X, X3 FCG Content, wt.%  Molding Pressure, MPa WI/S Ratio

1 +1 +1 +1 50 7 0.25

2 +1 +1 -1 50 7 0.15

3 +1 -1 +1 50 3 0.25

4 +1 -1 -1 50 3 0.15

5 -1 +1 +1 10 7 0.25

6 -1 +1 -1 10 7 0.15

7 -1 -1 +1 10 3 0.25

8 -1 -1 -1 10 3 0.15

9 +1 0 0 50 5 0.20

10 -1 0 0 10 5 0.20

11 0 +1 0 30 7 0.20

12 0 -1 0 30 3 0.20

13 0 0 +1 30 5 0.25

14 0 0 -1 30 5 0.15

15 0 0 0 30 5 0.20

Reference mixes

16 - -1 -1 - 3 0.15

17 - 0 0 - 5 0.20

18 - +1 +1 - 7 0.25

The following input variable parameters were taken: FCG content in the mix (X;),
molding pressure (X;), and water-solid (W /S) ratio (X3) (Tables 5 and 6). The following out-
put parameters were used, as controlled: average density and compressive strength of both
series of samples: immediately after pressing (fresh) and at two days after demolding (dry).

The research was carried out as part of a scientific project, with the participation
of an industrial enterprise producing the building materials. Therefore, the choice of
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variable parameters was based on the technical specifications of the industrial enterprise,
namely, the production of materials with high physical and mechanical characteristics at
low material and energy costs, as well as taking into account the technical characteristics of
the equipment that was available at the enterprise.

The choice of the range of values of molding pressure and, in particular, its upper
limit (7 MPa), was determined by the technical characteristics of the enterprise equip-
ment. A W/S ratio in the range of 0.15-0.25 was chosen, based on the analysis of literary
sources [30-33].

The ratio of components in the raw mixture was chosen based on the analysis of
previous studies [30-33] where, if a semi-dry raw mixture consists of 50% CaSO4-2H,0O by
weight, at least, to ensure the adhesion of particles due to short-range forces, which creates
a condition for the formation of nuclei of crystallization contacts, the external mechanical
action should be 20 MPa, at least.

To form a compact structure of the gypsum material, under a lower molding pressure,
the proportion of CaSO4-0.5H,0 in the raw mixture must be increased.

Therefore, in this study, the FCG contents in the raw mixtures were 10, 30, 50%, and
the CGB contents were 90, 70, 50%, respectively. The W/S ratio was varied in the range of
0.15-0.25 (Table 5).

CGB without FCG (mixes 15, 16, 17) were used as reference mixes (Table 6).

The sample preparation process consisted of the following stages (Figure 5):

1. CGB and FCG were weighed and manually mixed, in the proportions shown in
Table 4. The mixing time was 1 min.

2. Water was added to the resulting “CGB-FCG” raw mixture. Then the mixture was
manually mixed until a homogeneous mass was achieved. The mixing time was 1 min.

3. Press-tool 1 was installed on stand 2, and 42 g of the raw mixture was introduced in
one step, after which it was compacted, using a piston for molding 4. Further, stand 2 was
replaced by a piston for molding 3 (Figure 5b).

4. The press-tool was placed under the press plates and a pressure load was applied.
Molding was carried out with a laboratory press under a molding pressure load of 10 tonnes.
The sample was kept at a given pressure load for 30 s (Figure 5c). After releasing the
pressure, the piston for molding 3 was removed from the press-tool and then the demolding
ring 5 was placed. Then the mold was placed under the press plates and the sample was
demolded from the press-tool. As a result, cylinders with diameters of 31 mm and heights
of 31-39 mm, were obtained (Figure 2d).

The total duration of the sample manufacturing process was 10-15 min.

There are currently no standard test methods for gypsum-based materials produced by
pressing methods. Therefore, in this study, the average density and compressive strength
of the samples were determined in two cases: immediately after their demolding, and
after their demolding and subsequent achievement of constant mass, i.e., at two days
after demolding. The samples reached a constant weight after two days of storage in
the laboratory, at a relative humidity of 33 + 2% and a temperature of 20 & 2 °C, which
corresponds to the storage conditions of products during real production.

The criteria for evaluating the appearance were the presence of defects in the form of
delaminations and wedges on the surfaces of the samples and their height and depth, as
well. To evaluate the appearance, two samples with the best- and worst-quality surfaces
were used. To plot the relationship of the input-output parameters, the SigmaPlot software
was applied, for analysis and to demonstrate scientific and statistical data in the form
of nomograms.

The microstructure and morphology of new formations in the CGB samples at the
age of two days after demolding were studied using a scanning electron microscope,
Mira 3 FesSem (Tescan, Brno, Czech Republic), operating in high-vacuum mode (InBeam),
with a high-brightness Schottky cathode. Before the measurements, the samples were
preliminarily covered with chromium (Cr).
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The granulometry of the powdered raw materials was studied using an ANALYSETTE
22 NanoTec plus laser particle size analyzer (Fritsch, Markt Einersheim, Germany).

The specific surface area of the powders was determined on a PSH-12SP device
(Pribory Khodakova, Moscow, Russia), by the air permeability method, based on the
measurement of the hydraulic resistance that a layer of compacted powder has to air
sucked through it.

The average density of the CGB samples was determined as the ratio of their measured
mass and volume.

Compressive strength characteristics were determined on cylindric samples, in ac-
cordance with standard test methods. The following pressing equipment was used: a
10-tonne laboratory press with a measurement range of 0-100 kN (graduation 1 kN). The
average loading rate during the test was (1.0 & 0.5) MPa/s. The compressive strength
of an individual sample was calculated as the quotient of the breaking load divided by
the sample area. The compressive strength for the mixes was calculated as the arithmetic
average of the test results of the samples.

5. Conclusions

It has been established that the use of the semi-dry pressing method, with an optimal
mix design and technological parameters, makes it possible to obtain citrogypsum-based
materials with demolding compressive strength (i.e., compressive strength for a freshly
molded sample) up to 2 MPa, and final compressive strength (i.e., compressive strength for
a dry sample) up to 26 MPa.

The effects of the mix design and technological parameters, such as FCG content in the
raw mixture, molding pressure, and W/S ratio on compressive strength, average density,
and appearance of samples, were determined.

It has been established that an increase in molding pressure, W/S ratio, and a decrease
in FCG content in the CGB-based raw mixtures improves the physical and mechanical
characteristics of the final materials. At the same time, the determining factors affecting
the formation of defects on the surface are, a reduction in the FCG content and water in
the raw mixture, which is due to the high adhesion of the CGB and the friction of the raw
mixture during molding and demolding of the CGB samples.

The following relationship variations in the strength of fresh samples were revealed:
the determining factor that affects the decrease in compressive strength is not the average
density, but the homogeneity of the compaction of the sample in volume, which depends
on wall friction. It is possible to reduce the negative effect of wall friction on demold-
ing strength, by increasing the FCG content in the raw mixture, and by simultaneously
increasing the molding pressure and W/S ratio.

In addition, the results obtained made it possible to identify the main problems in the
manufacture of gypsum materials by the semi-dry pressing method, and to determine the
directions for further research, aimed at improving the efficiency of using GCW as a raw
material for the production of gypsum binders and materials.

Thus, an increase in the efficiency of using the semi-dry pressing method when
producing CGB-based materials should be associated with the search for various solutions
focused on reducing wall friction and adhesion of the CGB to the mold surface (for example,
the use of additives, replacement of the material of mold, etc.).

Thus, the possibility of producing gypsum materials with high physical and mechani-
cal characteristics and a good surface, by the semi-dry pressing method, using CGB and
FCG at lower molding pressures of 3-7 MPa, has been established. The use of lower
molding pressures will significantly reduce the material and energy costs of the production
process and expand the possibilities of citrogypsum recycling.
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