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ABSTRACT

A method has been developed for separating a mixture of calcium, magnesium and sodium sulfates obtained through the interac-
tion of sulfuric acid and waste from the water purification process generated by using membrane filters. The primary goal of this

method is to extract gypsum and produce gypsum-based binders. Patterns were identified regarding how various types, ratio and

quantities of additives: blast furnace slag, granite screenings, portland cement, electric steel smelting slag affect the water-gypsum

ratio, strength properties, and water resistance of high-strength gypsum binders. It was found that adding a single-component addi-

tive specifically to enhance water resistance does not significantly impact these properties. Complex additives have been developed

based on Portland cement, granulated blast furnace slag, electric furnace slag, expanded clay dust, and granite screenings of var-
ious fractions. These additives are designed to maximize the water resistance of high-strength gypsum binder based on synthetic
calcium sulfate dihydrate. As a result, the water resistance coefficient increased from 0.45 to 0.52. Additionally, a technological

block diagram of the process has been proposed.

1 | Introduction

Incorporating industrial waste with diverse chemical composi-
tions into the economy is a critical global issue [1-3]. Recy-
cling and reusing waste conserves natural resources and lessens
the environment harm [4-6]. In particular, although natural
gypsum is essential for various building materials, numerous
countries lack deposits. However, the production of high-quality
gypsum and related binders can be obtained from various
calcium-containing wastes [7-9].

Synthetic gypsum is a material obtained from industrial waste,
mainly in countries that do not have their own deposits of nat-
ural gypsum. This material is widely used in construction and
cement production, which helps to reduce the negative impact
on the environment due to waste disposal [10]. Various methods
for obtaining synthetic gypsum from different types of waste are
discussed in the literature. Phosphogypsum is one of the most
common types of waste used to produce synthetic gypsum [11].
This material is a by-product of the production of phosphoric
acid from phosphate rocks. Phosphogypsum contains impurities
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such as phosphates and rare earth elements, which requires
pre-treatment before its use. However, many studies have shown
that phosphogypsum can be successfully used to produce gypsum
building materials after processing and purification [12]. Flue gas
desulphurization gypsum is formed as a result of cleaning the
exhaust gases of thermal power plants [13]. This synthetic gyp-
sum has high purity and quality, which makes it attractive for use
in the construction industry. Literature confirms that desulfogyp-
sum can be used with little or no additional processing, reduc-
ing production costs [14]. Fluorgypsum is a by-product of the
production of fluorine-containing chemicals such as hydrofluo-
ric acid. Studies have shown that fluorogypsum can be recycled
into gypsum building materials, although careful management
of the fluorine content is required to avoid negative health effects
[15]. Titanium gypsum is a waste product formed during the pro-
duction of titanium dioxide. This type of waste can also be used
to produce synthetic gypsum, although careful pre-treatment is
necessary due to the presence of various impurities such as acids
and metals [16]. Interest in recycling such waste has increased in
recent years due to the increased production of titanium dioxide.
Sulfur obtained during the refining of petroleum products can
also be used to produce synthetic gypsum. This material, called
sulfur gypsum, has good properties for use in construction, espe-
cially in regions with high sulfur content in petroleum refining
waste. Synthetic gypsum from waste water treatment is a rela-
tively new area of research that is promising due to the large
volumes of waste generated during water treatment and its rel-
ative purity. These wastes typically include sediments containing
calcium, magnesium, iron, aluminum, and other substances that
can be recycled into useful materials.

Promising sources of calcium-containing wastes for synthetic
gypsum production and binders on its base includes those from
water treatment processes, such as coagulation sediments, lime
mud, and sludge from water desalination using membrane filters.
The precipitates formed from desalting of water on membrane fil-
ters, followed by evaporation, are primarily composed of calcium,
sodium, and magnesium sulfates. The solubilities of the sul-
fates are as follows: CaSO,-H,0—2.036 g/L, MgSO,—35.1g/L,
Na,S0,-19.2 g/L [17]. Given their varying solubilities, a method
of separation can be proposed. By evaporating the initial solution,
gypsum can be isolated from the mixture containing sodium,
magnesium, and calcium sulfates. The mass content ratio of
the components is w%(Na,SO,) > w%(MgS0,) > w%(CaS0O,). The
composition of the resulting mixture resembles that of natu-
ral minerals containing sodium sulfate mixed with other sul-
fates, such as astrakhanite (Na,SO,-MgSO,-4H,0) and glauberite
(Na,S0O,-CaS0,). However, since the evaporation plant operates
continuously, this method of separation is not feasible. As a
result, gypsum extraction must occur from the resulting waste,
or the waste must be utilized directly.

Calcium sulfate, found in the waste, is extensively used in
construction products such as dry plaster, slabs and pan-
els for partitions, gypsum stones, and architectural details.
Gypsum-based products are characterized by relatively low den-
sity, fire resistance and low thermal conductivity. Additionally,
calcium sulfate is used in medicine and art, where anhydrous
calcium sulfate serves as a desiccant due to its hygroscopic
properties. By integrating special additives, enhanced features
can be incorporated. For instance, incorporating cobalt chloride

into Drierite, an anhydrous calcium sulfate desiccant, allows
timely monitoring of the desiccant as it changes from blue to
pink upon depletion [18]. Artificial calcium sulfate crystals,
when doped with manganese or samarium, are also employed as
thermoluminescent materials [19].

Sodium sulfate is primarily used in large quantities for manu-
facturing laundry detergents. It also plays a crucial role in glass
production by serving as a clarifier [20]. In addition, it is uti-
lized extensively in the production of cellulose via the sulfate
process [21, 22], as well as in the textile [23], leather [24], and
non-ferrous metallurgy industries [25]. In chemical laboratories,
despite being slower than magnesium sulfate in dehydration,
sodium sulfate is employed as a dehydrating agent due to its low
price and ease of filtration.

Magnesium sulfate, on the other hand, is used as an additive
in road constructions, airfield bases, and coatings [26]. It is also
a component of magnesium cement [27], and in the pulp and
paper industry, often serves as a filler [28] and helps maintain and
enhance the physical and mechanical properties of paper, espe-
cially when bleaching agents like chlorines are used. Meanwhile,
also used to prepare fire-resistant paper products and composi-
tions for impregnations of various materials [29]. Additionally, it
is utilized in the production of synthetic detergents [30], as a sta-
bilizer for peroxide compounds, and widely in the textile industry
as a filler, a weighting agent for silk and cotton, a mordant for
dyeing, and as a bleaching agent [31].

A promising approach involves isolating calcium sulfate for use
in building materials production, while the residual mixture con-
taining sodium, magnesium, and calcium sulfates is thermally
treated to remove crystalline moisture for use as a desiccant in
laboratories and damp environments. Each component of this
salt mixture can also be utilized as fertilizers [32], given that these
substances arise from water treatment and are free from heavy
metals. The potential applications of this waste are illustrated in
Figure 1, with a focus on the annual production volume of 845.99
tons at a typical metalworking enterprise.

When manufacturing gypsum, it must adhere to the standards
outlined in GOST 4013-2019. GOST specifies four grades of
gypsum. For instance, binders are produced using grade 1 gyp-
sum, which requires a minimum content of 95% CaSO,-2H,0.
Meanwhile, the CaSO,-2H, 0O content in grade 4 gypsum must be
at least 70%.

Waste recycling is a key aspect of sustainable development, green
chemistry [33, 34] and circular economy [35, 36]. Numerous
industries have effectively incorporated waste usage into their
processes, such as the production of pigments [37], materials
for wastewater treatment [38-41], and various building mate-
rials including gypsum [42, 43], binders [9, 44], building blocks
[45-49], and composite materials [50-53]. Gypsum-based
materials, in particular, are valued for their performance char-
acteristics and energy-efficiency during production. However,
a major challenge with gypsum binders is their poor water
resistance. Water-resistant gypsum binders could potentially
replace Portland cement in many construction applications,
offering rapid curing time and reduced energy consumption.
Additionally, the presence of sodium ions in sludge from water
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FIGURE1 | Scheme of options for utilizing water treatment sludge.

treatment plants presents an opportunity to enhance the water
resistance of these materials, thereby expanding their usability
in building products and structures.

Therefore, the primary objectives of this work were: (1) To assess
the feasibility of producing gypsum from the sludge generated
at the neutralization station of a water treatment facility; (2) To
evaluate the enhancement of water resistance in gypsum binder
derived from waste, facilitated by the presence of sodium and the
addition of other additives; (3) To explore the potential for using
waste materials from various industries as additives that improve
water resistance; (4) To develop a technological flow diagram for
the process of extracting calcium sulfate from waste produced
by water desalination using membrane filters; (5) To formulate
strategies for utilizing waste streams effectively.

2 | Materials and Methods

2.1 | Materials and Reagents

The waste generated is a mixture, predominantly compris-
ing calcium and sodium sulfates. This sludge originates from
neutralization stations during the water treatment process of
the tinplate manufacturing plant. This type of waste belongs
to hazard class 4. Waste composition according to the aver-
age collected and provided by tinplate manufacturing plant
(by combined SEM and XRD analysis): CaSO,—42.7 wt.%,
MgSO,—9.1wt.%, Na,SO,—40.3wt.%, impurities—7.9wt.%.
The volume of formation is 845.99 tons/year.

The selection of additives for producing binders from the
resulting synthetic gypsum was primarily guided by the goal
of maximizing the use of local raw materials, by-products, and
industrial waste. The following mineral additives were used:
Portland cement type CEM I 42.5 (Portland cement without

The volume of formation is 484.75 t/year.

mineral additives, produced on the basis of clinker of stan-
dardized mineralogical composition with a limited content of
tricalcium aluminate, manufactured by the Belarusian Cement
Company), granulated blast furnace slag, electric furnace
slag—metallurgical plant waste, expanded clay dust and gran-
ite screenings of 0.1-0.2um, synthetic gypsum. The detailed
composition of these components is presented in the Supporting
Information file.

2.2 | Preparation of High-Strength Gypsum
Binder Based on Calcium Sulfate Dihydrate

Gypsum was obtained by dissolving sodium and magnesium sul-
fates. The solubility of the components decreases in the order
w%(Na,SO,) > w%(MgSO,) > w%(CaSO,). The separation of sul-
fates by solubility was carried out using water in an amount of
1 L per 50 g of waste (this volume is close to the experimental sol-
ubility of the materials presented in the waste sample) and 1.2 L
per 50 g of waste (20% exceed of the volume of water that is close
to the experimental solubility of the materials presented in the
waste sample). As a result, a solution of predominantly sodium
and magnesium sulfates was formed, with an admixture of cal-
cium sulfate, as well as undissolved calcium sulfate.

High-strength gypsum is produced using the autoclave method
[54]. For the research, briquettes were prepared in the form of
cylinders with dimensions: 4 =0.01 m and d =0.02 m. The main
technological stages are: briquetting of powdered synthetic cal-
cium sulfate dihydrate using a hydraulic press at a pressing pres-
sure of 10-35MPa. The density of the resulting samples was
determined without correction for humidity using the formula:

p=m/V, 1)
where m is the briquette mass, kg; V is the briquette volume, m3.

Autoclaving was carried out at a temperature of 130°C-150°C
and an excess pressure of 0.4-0.6 MPa. Hydrothermal treatment
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consists of three stages: pressure build-up for 1.5h, isothermal
exposure for 3-5h (depending on what brand of gypsum binder
we plan to obtain) and release (bypass) of steam for 1.5h. After
autoclaving, the briquettes were sent for drying at a temperature
of 120°C-140 for 1.5-3 h. Next comes the stage of crushing the
briquettes and grinding them to the required fineness based on
the EN 13279-1:2008 standard [55]. High-strength gypsum binder
is produced according to the following reaction:

CaSO, - 2H,0 = « — CaS0, - 0.5H,0 + 1.5H,0

2.3 | Analysis of the Composition
and Properties of Binding Materials

The obtained samples of synthetic calcium sulfate hemihydrate
and the resulting binders based on it were analyzed for the
following indicators: normal density measurements were con-
ducted according to the standard GOST 23789-2018 [56]; mea-
suring setting time using a Vicat apparatus; determination of the
compressive strength of samples measuring 20 X 20 X 20 mm was
measured on a universal testing machine “Instron 1195” (GOST
1497-84 [57]).

A more detailed description of the methods is presented in the
Supporting Information file.

2.4 | Analysis of Phase and Elemental
Composition, Study of Surface Morphology

The phase composition of the solid phase was determined using
a D8 ADVANCE X-ray diffractometer from Bruker (Germany).
PDF4 2015 and DIFFRACPLUS software from Bruker were used
to identify crystalline phases. The diffraction pattern profile was
processed using HighScorePlus software.

The surface morphology and elemental composition of the sur-
face of the samples was carried out on a JEOLISM-5610LV

(a)

FIGURE2 |

scanning electron microscope, equipped with a chemical
micro-X-ray spectral analysis system.

3 | Results and Discussion

3.1 | Preparation of Calcium Sulfate Dihydrate
The SEM image (Figure 2a) shows that the aggregates of the
provided sample of sludge from neutralization stations of the
water treatment process represent a mixture of different phases
with corresponding crystals of different shapes. XRD analysis
shows (Figure 2b) the presence of CaSO,-2H,0 phase with mono-
clinic crystal system and C12/m1 space group, MgSO, phase with
orthorhombic crystal system and Pnma space group, and Na,SO,
phase with orthorhombic crystal system and Fddd space group.

The separation of sulfates by solubility was carried out using
water in an amount of 1 L per 50 g of waste (Experiment 1) and
1.2L per 50g of waste (Experiment 2). As a result, a solution
of predominantly sodium and magnesium sulfates was formed,
with an admixture of calcium sulfate, as well as undissolved
calcium sulfate. The compositions of the evaporated filtrate and
undissolved gypsum are presented in Table 1.

According to the results obtained, the composition of the result-
ing gypsum includes about 5wt.% impurities (experiment 1 and
2). It follows from this that the resulting gypsum (experiment
1 and 2) corresponds to grade 1 according to (GOST 4013-2019
[58]). Since dissolved Na and Mg compounds are very valuable for
use as microfertilizers [59], the production of synthetic gypsum
is carried out according to experiment 2.

As can be seen from Table 1, the filtrate, as expected from the
analysis of the solubility of substances, contains predominantly
sodium sulfate, with admixtures of magnesium and calcium sul-
fate. This determines the prospects of using it as a fertilizer.

The XRD results showed that the peaks fully correspond to
gypsum and the calcium sulfate hemihydrate obtained from it
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SEM (a) and XRD (b) of the provided sample of sludge from neutralization stations of the water treatment process.
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(Figure 3a). Figure 3b,c show SEM and TEM images of the result-
ing calcium sulfate hemihydrate.

The material balance of obtaining gypsum from sludge from a
neutralization station during wastewater treatment is presented
in Table S1. According to the elemental composition, the result-
ing gypsum has 95 wt.% of the main substance, and about 8 wt.%
of gypsum from the original mass remains in the filtrate after sep-
arating the mixture. The centrifuge, due to the size of the mesh
cell, can provide a gypsum moisture content of 8—12 wt.%. When
calculating, we assume the moisture content of the resulting syn-
thetic gypsum is 10 wt.%. Composition of waste used for mass bal-
ance calculations: Na,SO,-40.3 wt.%; CaSO,-2H,0—50.6 wt.%;
MgS0O,-9.1 wt.%. The calculation was carried out for 1000 kg of
the initial mixture.

TABLE1 | Elemental composition of the dry residue of the filtrate and gypsum.
Experiment 1 Experiment 2
Element Dry residue Gypsum Dry residue Gypsum
O 33.38+0.04 42.85+2.28 31.28+0.16 43.52+1.34
Na 35.01 +4.09 0.58 £0.48 35.23+2.94 0.32+0.18
Mg 4.10 +£3.04 4.95+0.39 5.44+1.26 1.84+0.79
S 25.01+£1.73 14.51+0.20 24.90 +2.34 15.26 +1.33
Ca 2.51+0.71 3711+1.22 315+1.23 38.95+1.16
(a) T T T T T T T
g — Gypsum
2 R4 Anhydrite
g
= g |2 _  CaSO; 0.5H;,0
g kdid nJ lh e
£ g
CaS0, 2H;0
52 3
Al b
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FIGURE3 | XRD of(a)gypsum and high-strength gypsum binder obtained from synthetic gypsum; SEM (b) and TEM (c) images of obtained binder.
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FIGURE 4 | Strength characteristics of gypsum binders depending on autoclave processing parameters.

3.2 | Preparation of High-Strength Gypsum
Binder From Gypsum

The material balance for obtaining gypsum binder from the
resulting gypsum is presented in Table S2. This part of research
has been carried out on the production of gypsum binders
using the autoclave method. The dependence of the influence
of autoclaving pressure and isothermal exposure time on the
strength properties of gypsum binder was established. Data on
the strength characteristics of the obtained gypsum binders
depending on the autoclaving pressure are presented in Figure 4.

During the research, the dependence of autoclaving pressure
on the yield of CaSO,-0.5H,0 was established. At an autoclav-
ing pressure of 0.6 MPa for 30 min, calcium sulfate dihydrate is
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present in the sample in an amount of 5 wt.%. At excess pressure
at 1.4 MPa for 30 and 60 min, the CaSO,-2H,0O phase remains
in the amount of 1 and 2wt.%, respectively, and the anhydrite
phase at 60 min in the amount of 9 wt.%. The presence of phases
other than the semi-aqueous form will affect the strength prop-
erties. Thus, to obtain gypsum binder with the highest strength
characteristics, an autoclaving mode with exposure for 30 min at
a pressure of 1.0 MPa is suitable. Also, high strength indicators
were shown by the material obtained by holding for 60 min at a
pressure of 1.4 MPa. However, due to the higher steam consump-
tion to maintain pressure in the autoclave (1.4 MPa), this method
is not competitive in comparison with the 60 min mode at a pres-
sure of 1.0 MPa.

The final stage of obtaining high-strength gypsum binder is
its drying. Dehydration and recrystallization during hydrother-
mal treatment of dense briquettes of calcium sulfate dihydrate
changes the structure of the material, transforming it from
dense to capillary-porous with a highly developed internal sur-
face. Water, which is intensively removed from the material
when the pressure in the autoclave is reduced, partially remains
in the pores of the material. The possibility of hydration of
semi-aqueous gypsum in this case can lead to significant uneven-
ness of the resulting material in composition, which will affect
the main technical characteristics of the binder.

To study the drying parameters for the quality of the binder,

the material steamed according to the optimal regime was sub-
jected to heat treatment in a drying cabinet; at the same time, the

TABLE2 |

temperature was varied in the range from 70°C to 150°C and the
drying time from 60 to 120 min. At the end of the drying process,
the material was subjected to grinding, after which the content of
hydration water in the product and its physical and mechanical
properties were determined [60].

One of the important technological operations is the drying
stage, which is carried out after the autoclaving process. At this
stage, the possibility of the hydration reaction of calcium sulfate
hemihydrate is excluded. The results of the studies are presented
in Table 2.

Analysis of the results obtained shows that drying at tempera-
tures from 70°C to 90°C for any duration of the process leads
to the formation of secondary calcium sulfate dihydrate in the
product; the content of hydration water in it ranges from 11.0%
to 19.4%, which corresponds to the content of CaSO,-2H,0
in an amount from 35% to 80%. Raising the temperature to
90°C already significantly improves the quality of the binder,
and when the steamed material was kept in a drying cabinet
for 30 min, its phase composition is represented exclusively by
calcium sulfate hemihydrate.

The material contains up to 5% CaSO,-2H,0, which significantly
worsens the physical and mechanical properties of the binder:
setting time is reduced, the water-gypsum ratio is increased,
and the compressive strength is reduced. However, after drying
at 120°C for 100-150 min, the material is already represented
exclusively by calcium sulfate hemihydrate. At the same time,

Effect of drying time and temperature on the composition, strength and water requirement of gypsum binder.

Content, wt.%

Temperature, °C Time, min CaSO,-2H,0 CaS0O,-0.5H,0 CaSO, wW/G Strength, MPa
60 30 80 20 0 0.53 7.7
60 78 22 0 0.53 8.3
90 77 23 0 0.53 8.6
120 77 23 0 0.53 8.6
150 76 24 0 0.53 8.8
90 30 70 30 0 0.52 10.6
60 62 38 0 0.51 12.4
90 55 45 0 0.49 15.0
120 43 57 0 0.48 17.1
150 35 65 0 0.48 17.9
120 30 31 69 0 0.48 18.3
60 18 82 0 0.47 19.8
90 9 91 0 0.46 21.0
120 97 0 0.45 21.8
150 1 99 0 0.45 22.3
150 30 27 73 0 0.48 18.7
60 13 82 5 0.47 19.7
90 80 13 0.47 19.5
120 70 28 0.48 18.3
150 64 35 0.49 17.9

6 of 14

Engineering Reports, 2024



binders have maximum strength and minimum water require-
ment. However, a further increase in the drying temperature to
150°C leads to the formation of insoluble anhydrite in the prod-
uct, which reduces the strength of the binder and lengthens the
setting time.

Thus, the material can be heat treated after steaming in a fairly
wide temperature range (from 80°C to 150°C). A higher temper-
ature speeds up the drying process significantly.

It is believed that there is clear relationship between the strength
of the hardened material and the size of its constituent crystals;
the conditions for the growth of these crystals play a decisive role
[61].1tis also known that the formation of the gypsum structure is
influenced by such mixing parameters as the specific surface area
of the binder, the water-gypsum ratio, the temperature of the mix-
ing water, relative air humidity, etc. [62]. There is no consensus on
the influence of these factors on the hardening process of gypsum.

One of the most important parameters is the particle size of
the gypsum binder. To study the effect of this indicator on the
strength of the hardened material, dried gypsum washers were
ground for 5-20 min.

In addition, the fact that the compressive strength of the binder
increases with increasing particle size can be explained by the fact
that with a decrease in the dispersion of the binder, the supersat-
uration of the gypsum solution during hydration increases due to
better solubility of gypsum crystals, which leads to an increase in
the number of surface intergrowth contacts between the crystals,
and, consequently, to increase the strength of hardened gypsum
[61, 63]. When grinding the binder beyond the optimal value,
aggregation of powder particles occurs, which causes an increase
in the water demand of the binder, and this, in turn, negatively
affects its strength properties. In this case, a lot of water is blocked
in the macropores of the hardening system, which, when the
hardened gypsum dries, reduces its volumetric mass and softens
the structure.

The dispersion of the binder is an important technical character-
istic of high-strength gypsum binder and allows you to adjust its
physical and mechanical properties over a wide range. The opti-
mal grinding time is grinding for 20 min, since the residue on
sieve No. 02 was 15wt.%, which meets the requirements of the
standard for gypsum binders [60]. When grinding for 25 min, the
residue on sieve No. 02 increases from 15 to 21 wt.% this is due to
the agglomeration process of crushed particles that occurs in the
mill. The resulting fine particles form secondary agglomerates.

33 |
Binder

Properties of the Resulting Gypsum

Gypsum binders are characterized by the following properties:
mechanical strength, setting time, grinding fineness, specific sur-
face area, water requirement, density, color, etc. Based on them,
you can evaluate the quality and scope of gypsum binders.

The setting time is determined by the time from the moment the
gypsum binder is mixed with water until the beginning and end of
setting. They depend on the material (modification) composition
of the binder. Rapid setting is characteristic of binders consisting

TABLE 3 | Types of gypsum binders depending on setting time.
Setting time, min

Type of Curing time Start,not  End, no
binder index earlier later
Fast-hardening A 2 15
Normal B 6 30
hardening
Slow-hardening Cc 20  Not standardized

mainly of «-CaSO,-0.5H,0 and (-CaSO,-0.5H,0. Anhydrite
binders, on the other hand, set slowly.

In addition, the setting time is influenced by the fineness of grind-
ing, the water-gypsum ratio, the duration and storage conditions
and other factors. The finer the grinding of the binder, the shorter
the setting time, and an increase in storage duration causes them
to increase [62].

According to the setting time, gypsum binders are divided into
fast-hardening, normal-hardening and slow-hardening, the data
is given in Table 3.

The binder obtained by the method described above is character-
ized by the following setting times: start 6—7 min, end 13-14 min,
which meets the requirements of regulatory and technical docu-
mentation for high-strength gypsum binders. If it is necessary to
regulate the setting time over a wider range of times, additives
can be used.

Experimentally, according to the standard EN, B. 13279:2014 [64],
based on the diameter of the dough spread, which was 181 mm,
the water-gypsum ratio for the resulting gypsum binder was
established, which was 0.43, which meets the requirements of the
standard for high-strength gypsum binder.

The water resistance of gypsum binders is characterized by the
softening coefficient (K ), which is the ratio of the strength of
the samples after keeping them in water (R,,) to the strength in a
dry state (R.)

K, =Ry/R, 2)
The value of K, is for different gypsum binders in a fairly
wide range from 0.2 to 0.9 and above. According to water resis-
tance, they are divided into: non-waterproof K, <0.45; aver-
age water resistance 0.45 <K <0.6; increased water resistance
0.6 <K, <0.8; waterproof K, > 0.8. The resulting gypsum binder
is a medium water-resistant binder with K, =0.55.

3.4 | High-Strength Gypsum Binder With
Increased Water Resistance

Previous studies [8] on the influence of various compositions
of additives on increasing the water resistance of high-strength
gypsum binder based on synthetic gypsum obtained from
calcium-containing water treatment waste allowed us to establish
eight compositions (Table 4) that allow obtaining maximum val-
ues of the water resistance coefficient.
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Sample 1 displays a dense matrix with dispersed bright spots, and
a homogeneous distribution of Ca and Al, while S and Mg are
localized and Na is sparse. Sample 2 has a more porous struc-
ture, with uniform S and Ca, widespread Al, and concentrated
Mg and Na. Sample 3 features agglomerated particles, scattered S
and Ca, prominent Fe, and clustered Mg. Sample 4 appears more
porous, with well-distributed S, some concentrations of Si and Al,
less uniform Mg, and discrete Fe. Sample 5 has larger aggregates
and a rough surface, with evenly spread S and Ca, and distinct Mn
and Fe concentrations. Sample 6 is similarly porous, with evenly
distributed S and Ca, but less prominent Na and Mg. Sample 7
shows a fine granular structure with uniform S and Ca, and con-
centrated Fe, suggesting compositional differences. Sample 8 has
a relatively smooth surface with small agglomerates, uniform S
and Ca, and scattered Fe and Al. Both samples 7 and 8 are most
porous and shown similar lower ultimate compressive strength.
Overall, the elemental maps reveal varying compositions and dis-
tributions across the samples as different additives were added,

|

SEM-EDS maps of samples 1-8 with increased water resistance.

with notable differences in Fe and Mg concentrations. The opti-
mal composition to obtain a material with a water resistance coef-
ficient of 0.81 was 20 wt.% electric furnace slag and 5 wt.% granite
screenings (composition 3). With the introduction of these addi-
tives, the strength indicators of the material decrease by only 13%
from the initial strength indicators of the gypsum binder. This
indicator of the water resistance coefficient of composition 3 is
achieved due to the uniform dense distribution of compounds of
the elements Si, Al, and Fe throughout the material (Figure 5).

3.5 | Scheme for Producing Synthetic Gypsum
and Gypsum Binders From Membrane Water
Desalination Wastes

Based on the experiment, the following scheme was proposed
for processing the waste under study into gypsum and gypsum
binders (Figure 6). Sludge from neutralization stations is dosed
from hopper 1 into reactor 2. Then water is added to the reactor
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with constant stirring with a stirrer. After dissolving the salts, the
resulting suspension enters centrifuge 3 to be separated into gyp-
sum and filtrate, which contains predominantly soluble sulfates.
According to the first option, the resulting filtrate can be used as
a liquid fertilizer. According to the second option, the filtrate can
be evaporated and crystallized to obtain bulk fertilizer.

Recommended parameters when implementing the scheme:

- dissolution of sulfates—25L of water per 1 kg of sludge on
a dry matter basis;

- dissolution time— 60 min with constant stirring.

The production of high-strength gypsum binder is the most
promising direction for processing the resulting synthetic
calcium sulfate dihydrate based on technogenic raw mate-
rials (sludge from a membrane water desalination station).
High-strength gypsum, due to its superior grade, enables the
creation of a broader range of gypsum-based materials. Addition-
ally, these high-grade materials can be converted to lower grades
through dilution if necessary, offering flexibility in their use.

i t’i
v v

Condensate drainage

Technological scheme for the production of high-strength gypsum binder.

The technological process for the production of high-strength
gypsum binder (Figure 4) includes the following stages:

briquetting of synthetic gypsum;

- hydrothermal treatment of calcium sulfate dihydrate to pro-
duce a-CaSO,-0.5H,0 by the reaction:

CaS0, - 2H,0 = CaSO0, - 0.5H,0 + 1.5H,0 ?3)

crushing briquettes of calcium sulfate hemihydrate;

drying of crushed calcium sulfate hemihydrate;
- grinding of material;

- warehousing.

Synthetic gypsum is fed into the hopper (pos. 4). The material
is briquetted on a hydraulic press (pos. 5) at a pressing pressure
of 20-25MPa. The volumetric mass of the compressed briquette
is about 1.7 g/cm3. Next, calcium sulfate dihydrate briquettes on
trolleys (pos. 6) are sent for dehydration to an autoclave (pos. 7)
at an operating pressure of 1.2 MPa.
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The autoclaving process is divided into 3 main stages:

1. raising the pressure of saturated water vapor and tempera-
ture to operating parameters: 30-40 min;

2. isothermal exposure at constant pressure and tempera-
ture: 3h;

3. pressure reduction and steam release: 30—40 min.

To carry out hydrothermal treatment, a periodic apparatus was
selected (based on the practice of use both in small-scale produc-
tion and in large-scale technologies).

After the hardening process is completed and the pressure in the
autoclave is released, it is opened. Autoclave trolleys connected
to each other in a train are pulled out of the autoclave. After
unloading from the autoclave, the dehydrated gypsum is quickly
fed into the tunnel dryer (pos. 8). Briquettes are dried by combus-
tion products of natural gas at a temperature of 115°C-120°C to
constant weight.

Next, the dried material is fed to the jaw crusher (pos. 10) using
a belt conveyor (pos. 9). Crushing continues for 10-15min to
pieces 1-3cm in size. The crushed material enters the hopper
(pos. 11), then using a belt conveyor (pos. 12) through an eleva-
tor (pos. 13) is fed into the supply hopper (pos. 14), after which
the belt feeder (pos. 15) feeds it into a two-chamber ball mill (pos.
16). Grinding continues for 35-40 min, after which the contents
of the mill are unloaded into the hopper (pos. 18).

Dusty air from the ball mill passes through a bag filter (pos. 17).
The collected dust of material in the bag filter is fed into the
hopper (pos. 18). Gypsum binder from the hopper (pos. 18) is
supplied to the packaging installation and then shipped to the
consumer.

This production is medium-tonnage, therefore, measures for
the mechanization of loading and unloading operations are not
provided.

3.6 | Assessment of the Possibility of Using
the Obtained Products at Construction Materials
Production Enterprises

Previously, studies were carried out on the possibility of using
synthetic gypsum from calcium-containing water treatment
waste in the production of an expanding additive of the sul-
foaluminate type RSAM, used to compensate for the shrinkage
of freshly laid concrete. The introduction of the PSAM mod-
ifier in the process of preparing a concrete mixture regulates
the expansion energy of the binder, which makes it possible
to obtain concrete for prefabricated and monolithic construc-
tion, both with compensated shrinkage and prestressing, with
different self-stress energies. The possible consumption of syn-
thetic gypsum for the production of PCAM additive is about
600 tons/year.

Synthetic gypsum can be used in the production of cement,
replacing natural gypsum stone, which is used to regulate the set-
ting time of cement. Gypsum is introduced into the process of

grinding cement clinker in an amount of up to 3 wt.% by weight
of cement clinker.

Synthetic gypsum, due to its degree of purity, is a promising raw
material for the production of gypsum binders based on it. Gyp-
sum binders are the main raw material in the production of plas-
terboard sheets, tongue-and-groove boards and dry construction
mixtures, as well as the creation of composite materials for vari-
ous purposes.

4 | Conclusions

In the presented work, a technological block diagram of the pro-
cess of processing a mixture based on calcium and sodium sul-
fates (code 3164400) was developed in order to obtain gypsum as
the main product. It has been determined that due to the varying
solubility of the components in water treatment waste—a mix-
ture of calcium and sodium sulfates—it is possible to produce
grade 1 gypsum in accordance with GOST 4013-2009 through a
two-stage process involving dissolution and centrifugation. The
resulting filtrate at pH 8.36 contains about 25 g/L of soluble sul-
fates, which can be used as a sulfate microfertilizer.

The resulting synthetic gypsum based on the model system
belongs to grade I gypsum. This indicator allows us to consider
it a promising material for the production of building materials
(gypsum binders, Portland cement, etc.).

The high-strength gypsum binder obtained on the basis of syn-
thetic gypsum of the model system meets all the standards pre-
scribed in the standard for gypsum binders.

Gypsum binder generally has moderate water resistance, but this
characteristic can be varied based on specific requirements. The
water resistance coefficient of the binder can be enhanced by
incorporating various additives, including complex formulations.
Not all additives, in their pure form, can significantly enhance
the water resistance of gypsum binder without adversely affecting
its basic properties, however, it was possible to achieve K, =0.6
with the introduction of 20 wt.% granulated blast furnace slag and
Portland cement PC 500 DO with the least losses in terms of basic
properties. The optimal composition of the complex additive is
20wt.% electric furnace slag and 5wt.% of granite screenings,
which make it possible to increase the water resistance coefficient
from 0.38 to 0.81 while reducing the strength indicators from only
22.3t0 19.14 MPa with a slight increase in the water-gypsum ratio
from 0.45 to 0.52.

The results of biotesting using oil radish showed that when using
filtrate for irrigation (dose of 2 mL per plant at initial concentra-
tion), the height of almost half of the sprouts increased to 37%
compared to test irrigation with water, while the length of the
main root for both samples was almost the same values.
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