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Abstract

Objectives. There is considerable economic demand for products obtained by processing
phosphogypsum. In particular, calcium sulfide-based materials having luminescent properties
are the object of intensive study due to the wide range of possibilities for their use. The alloying
of the structure of calcium sulfide with cations of rare earth elements leads to the appearance of
a glow having various colors. However, the high cost of such phosphorescent materials is due to
the high chemical purity of the reagents required for their synthesis. The development of efficient
methods for obtaining calcium sulfide-based luminescent materials from phosphogypsum is
part of an integrated approach to solving the problem of synthesizing economically demanded
materials from production waste.

Methods. The synthesized materials were studied using X-ray phase analysis and scanning
electron microscopy. Photos of the samples were taken under illumination with an incandescent
lamp or a fluorescent ultraviolet lamp.

Results. According to X-ray phase analysis, phosphogypsum is mainly comprised of calcium
sulfate dihydrate and calcium sulfate hemihydrate. Heat treatment of a phosphogypsum sample
at a temperature of 1073 K is accompanied by the formation of anhydrous calcium sulfate. In the
presence of a reducing agent, a composite material is formed containing a phase of anhydrous
calcium sulfate and calcium sulfide. Due to the calcium sulfide content, phosphogypsum has
luminescent properties when heat-treated in the presence of various reducing agents, including
activated carbon, wood charcoal, vegetable oil, citric acid, starch, and sucrose.

© O.A. Medennikov, N.P. Shabelskaya, 2022
357


mailto:monomors@yandex.ru
https://doi.org/10.32362/2410-6593-2022-17-4-357-368

Technology for processing phosphogypsum into a fluorescent dye based on calcium sulfide

Conclusions. Optimal technological conditions for obtaining a composite material exhibiting
luminescent properties are revealed. The successful synthesis of phosphor from without non-
pretreated phosphogypsum is demonstrated. Optimal technological conditions for obtaining a
composite material exhibiting luminescent properties are as follows: heat treatment temperature
is 1073-1173 K; isothermal holding time is 60 min; reducing agent quantity is 37-50% (mol).
The study results are widely applicable to processing wastes obtained from large-scale chemical
production involving the production of a highly demanded inorganic product.
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AHHOMAQuus

IMenu. Mamepuanvl ¢ JIOMUHECUEHMHBIMU CE0UCMBAMU HA OCHO8E CYabPuia KANbUUS
SABASIOMCSL 06bEKMOM UHMEHCUBHO020 U3YUEHUSL 88UOY WUPOKO020 KpYyaa 803MONHOCMeET UX
ucnoavzogarus. Aezupogarue cmpykmypol cyabpuoa Kanbyusi KAmMmuoHamMu peoKo3emeslb-
HblX 9/leMeHmo8 Nnpueodum K NOs8leHUI0 ceeueHusl pasauuHol oxpacku. Curnme3 nodob-
HblX MAMEePUAIO8 OCYULeCMEAIIOM U3 XUMUUECKU UUCMbLX peaKmueog, umo npugooum K
8blLCOKOlL cmoumocmu JroMUHogopos. Paspabomka cnocoba nonyueHus JIOMUHECULEHMHO20
Mmamepuaia Ha ocHoge cYnbduoa Kanbyus us gpocgozunca seasiemcesi akmyanbHol 3adauetl
XUMUUECKOT MexXHO02UU, NO38ONsIIOULEll OCYUEeCME8UMb KOMNAEKCHBLI N00X00 K peuleHuUro
npobnembl NONYUEHUSL IKOHOMUUHBLX BOCMPEebO8AHHbIX MAMEPUAIO8 U3 0MX0008 Npoussoocmaa.
Memoost. CuHmesuposaHHble mMamepuaibl OblLIU USYUEHbL C NOMOULLI0 PEHM2eHOpa308020
aHanusa, pacmpogoli s1eKmpoHHOU Mmukpockonuu. domozpaguu 06pasyuos 8blNONHANU NPU
oceeweHUU 1AMNOU HAKANUBAHUSL UNU JIHOMUHECUEHMHOU YAbmpagdhuonemoagoii 1amnot.

Pesynomameot. CoznacHo 0aHHbIM peHmeeHogha308020 aHANU3A, hocchozunc npedcmaasisiem co-
6017l 08YBOOHUbLIL cysnbham KaNbUUsl U NOAYBOOHbLI cynrbcham kanvyus. Tepmoobpabomka npu
memnepamype 1073 K obpasua gpocghoeunca conpogorkoaemest obpazoearuem 6e3800H020 CYib-
ama Kanvyusl, 8 NPUCYmMCmeul 80CCMAHO8UMENL NPOUCX00UM 06paso8aHue KOMNO3IUYUOH-
HO20 Mmamepuana, cooeprkauiezo ¢pasy 6e3800H020 cyibhama Kantbyus U cyabduoa Kanbyusl.
TepmoobpabomarHblll 8 npucymemauu psida eoccmarogumesieli — aKmueupo8aHHo20 Y,
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b6epe308020 yansi, pacmumenbH020 MACAA, JUMOHHOU KUCIOMbL, KPAXMANLA, CAXapo3bl — ¢hoc-
¢ozunc obnadaem cnocobHOCMbIO K JIOMUHECUEHUUU, 00YC/N08/IEHHOU Haluuuem cyabguoa
Kanbyusi.

BbLe00bl. Bbisig/ieHbl ONMUMAIbHbIE MEXHO02UUEeCKUE YCA08USL NONYUEHUSL KOMNOSULUOHHO20
Mmamepuana, NPosieasou,ezo armMUuHecyeHmHble ceolicmea. IlokasaHo, umo 0asi cuHmesa
JHOMUHODOPA HauboNee YOaUHbLM SBASLEMCSL UCNOb308AHUE pocchozunca be3 npedsapumesio-
HolUl obpabomku. OnmumanbHble MExXHON02UUeCKUE YCN08USL NOAYUCHUSL KOMNOSUYUOHHO20
Mmamepuana, NPosi8asiouLe20 JIMUHEeCYeHmHble ceolicmaa: memnepamypa mepmoobpabomru
1073-1173 K, npodosiskumenbHOCMb usomepmudeckoll gbloepikku 60 MUH, KOAUUECMB0 80C-
cmanogumensi — 37-50 mon. %. I[IpogedeHHoe uccredogaHue omKpbleaem ULUPOKUE 803MOIN-
Hocmu nepepabomrKu omxo0a MHO2Z0MOHHAIHO20 XUMUUECK020 NPOouU38o0Cmaea ¢ noayueHuem
8ocmpebo8aHHO20 HEOP2AHUUECK020 NpooyKma.

Knroueevte cnosa: @OC@OZLLT‘LC, mepmuuecKoe soccmaHoessieHue, JIIOMUHeCyeHmHble mamepuasiol,

cybpud Kanbyus

Jlna yumuposanusn: Meneunuko O.A., [lla6ensckas H.IT. Texnonmorus nepepaboTku Gocdorurca B TIOMUHECIECHTHBIN
KpacHuTelb Ha OCHOBE CyJbduaa kanblius. Toukue xumuueckue mexnonozuu.2022;17(4):357-368. https://doi.org/10.32362/2410-

6593-2022-17-4-357-368

INTRODUCTION

Modern technologies for extracting inorganic
materials exert increasing environmental pressures.
One of the most actively developing industries
involves the production of mineral fertilizers. In
particular, phosphogypsum is formed from apatite raw
materials during the production of phosphoric acid
for further processing into phosphorus-containing
fertilizers. However, large-scale phosphogypsum
dumps occupying significant areas involve a serious
burden on the ecosystem [1, 2]. Thus, developing the
foundations of methods for processing such inorganic
production wastes is an urgent chemico-technological
task. Currently, phosphogypsum byproducts are
mainly reused for building materials—wall panels,
dry mixes, etc. [3—5]—and in the production of
fertilizers [6, 7]. The accumulated reserves of
phosphogypsum can be equated to natural resources
with zero extraction costs. In this regard, it is relevant
to study the possibility of processing phosphogypsum
to obtain demanded inorganic products.

Calcium sulfide serves as a matrix for the
production of inorganic phosphors [8—10]. In the
contemporary world, materials with luminescent
properties are the object of intensive study due to a
wide range of possibilities for their use [11-13]. One
widelyused material is calcium sulfide-based phosphor
[14-17]. Doping of the calcium sulfide structure with
europium cations leads to the appearance of a red

[14-16] or orange [14] glow; the presence of cerium
in the composition produces a green and yellow-green
glow [16]; cations of some d-elements can be used
in the production of materials having a purple,
blue [9], or yellow [17] glow. As a rule, the synthesis
of such materials is carried out from chemically pure
reagents, which leads to a high cost of phosphors
(EUR 50-70 per kg).

In this regard, the purpose of this study is to
develop a method for obtaining calcium sulfide from
phosphogypsum as part of an integrated approach
to synthesizing valuable materials from production
wastes.

MATERIALS AND METHODS

In order to study the possibility of obtaining
an inorganic luminescent material, phosphogypsum
containing CaSO,-2H,O of at least 99 wt % was
used. Sucrose (PTO OSNOVA, Russia), A grade
birch activated carbon (SBV GRUPP, Russia), wood
charcoal (PKF SISTEMA, Russia), vegetable oil
(GK YUG ROSSII, Russia), citric acid (Standart,
Russia), and starch (KF' Bogorodskaya, Russia) were
used as reducing agents.

The following phosphogypsum samples were used
to assess the ability to recover to the target product:

1) pre-heat-treated at 1073 K for 60 min;

2) dried in a drying cabinet at a temperature
of' 473 K for 5 h to a constant weight;
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3) without preliminary heat treatment, with the
addition of water in an amount of 10 wt % by weight of
phosphogypsum;

4) without pretreatment.

The study of the possibility of recovery was
carried out as follows. A reducing agent was added
to phosphogypsum according to the formulation.
The samples were homogenized in a 0.45 kW mixer
with a speed of 1500 rpm, after which they were
placed in alund crucibles in the working space of
a muffle furnace and heat-treated according to the
following regime: heating rate is 13 K/min; treatment
temperature is 1073 K; time at this temperature is
60 min. Following heat treatment, the samples were
cooled to a furnace temperature of 293 K, weighed
and crushed in a mortar.

For each sample, the relative luminous flux
emitted by the surface of the sample of a fixed
area was measured using an original installation
(Fig. 1) comprising an ultraviolet (UV) radiation
source, light filters, and a recording sensor. A
sample and reference sample used as a phosphor
yellow YAG:Ce were placed in the installation and
illuminated with a radiation having a wavelength
of 380 nm. The luminous flux from the surface of
the sample and the reference sample was recorded
through a light filter that excludes ultraviolet rays.
The relative luminous flux was obtained as the ratio
of the luminous flux from the surface of the test
sample to the luminous flux from the surface of the
reference sample.

In order to determine the optimal heat treatment
time, the phosphogypsum samples and reducing agent
were homogenized in a manner similar that described
above. Next, the samples were heat-treated according
to the following regime: heating rate is 13 K/min;

UV source
Sensor
Light filter
Light filter
Holder
External housing
Inner housing

Fig. 1. Diagram of the installation for measuring the
luminous flux from the surface of the irradiated UV sample.

heat-treatment temperature is 1173 K. After reaching
the heat-treatment temperature, the sample batches
were moved every 10 min to a cooling chamber made
of thermal insulation material and cooled slowly to
a temperature of 293 K. After weighing the samples
and crushing them in a mortar, the relative luminous
flux emitted by the surface of the sample of a fixed
area was measured.

In order to select the reducing agent and the heat
treatment temperature, phosphogypsum weighing
17.20 g and the reducing agent were weighed
with an accuracy of 0.01 g on technical electronic
scales according to the ratios indicated in Table 1,
homogenized in a 0.45 kW mixer with a speed of
1500 rpm, after which they were placed in alund
crucibles in the working space of a muffle furnace,
where they were produced heat treatment according
to the following modes: samples were heated at a rate
of 13 K/min to the calcination temperature, which
was 1073 K, 1173 K, and 1273 K. Upon reaching
the calcination temperature, the samples were kept at
this temperature for 60 min. At the end of the heat
treatment, the samples were cooled together with
the furnace to a temperature of 293 K. After that, the
samples were crushed in a mortar to a powdery state.
The relative luminous flux emitted by the sample
surface of a fixed area was measured.

Phase composition was studied on an ARL
X'TRA X-ray diffractometer (4RL, Switzerland) using
monochromatized Cu-Ka radiation by point-by-point
scanning (step 0.01°, accumulation time at point 2 s) in
the range of values 26 from 15° to 80°. The qualitative
phase composition was determined using PDF-2 in the
Crystallographica software!.

Micrographs of the samples were obtained using a
Quanta 200 scanning electron microscope (FEI, USA).
The images were taken at an accelerating voltage of up
to 30 kV.

Photos of the samples were taken wunder
illumination with an incandescent lamp or a fluorescent
ultraviolet lamp FT5 BLACK LIGHT (Camelion,
Russia).

RESULTS AND DISCUSSION
According to X-ray phase analysis,
phosphogypsum is a dihydrous calcium sulfate

(Calcium Sulfate Hydrate gypsum low, PDF Number:
010-70-7008) and semi-aqueous calcium sulfate
(Calcium Sulfate Hydrate, PDF Number: 010-80-1235)
(Fig. 2a). Heat treatment at a temperature of

! PDF-2. The Powder Diffraction File™. International
Center for Diffraction Data (ICDD), PDF-2 Release 2012,
www.icdd.com (2014).
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Table 1. Ratio of phosphogypsum and reducing agents

Reducing agent Reducing agent mass, g Molar fraction of the reducing agent, %
0.30 125
0.60 25
1.20 50
A grade birch activated carbon 1.80 75
2.40 100
3.00 ”y
3.60 150
4.80 200
0.70 12.28
1.40 24.56
2.90 50.88
Sugar 4.30 75.44
5.70 100.00
7.10 124.56
8.60 150.88
11.40 200.00
0.30 13.64
0.60 27.27
1.10 50.00
Vegetable oil 1.70 77.27
2.20 100.00
2.80 127.27
3.40 154.55
440 200.00
1.10 6.40
2.10 12.21
4.30 25.00
Citric acid 6.40 37.21
8.50 49.42
10.70 6221
12.80 74.42
17.10 99.42
0.70 12.96
1.40 25.93
2.70 50.00
Starch 4.10 75.93
5.40 100.00
6.80 125.93
8.10 150.00
10.80 200.00

Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2022;17(4):357-368
361



Technology for processing phosphogypsum into a fluorescent dye based on calcium sulfide

1073 K of a phosphogypsum sample is accompanied
by the formation of anhydrous calcium sulfate
(PDF Number: 010-74-2421) (Fig. 2b). Heat treatment
at a temperature of 1073 K of a phosphogypsum
sample in the presence of a reducing agent leads to
the formation of a composite material containing a
phase of anhydrous calcium sulfate (Calcium Sulfate,
PDF Number: 010-70-0909) and calcium sulfide
(Calcium Sulfide, PDF Number: 000-08-0464)
(Fig. 2c) (data for phosphogypsum reduced in the
presence of sucrose are given as an example).

i,

0 10 20 30 40 50 60
i,

70 26, deg.

S W W T TN S

10 20 30 40 50 60 70 20, deg.
I, c
10 20 30 40 50 60 70 26, deg.

Fig. 2. X-ray diffraction patterns of the phosphogypsum
samples: (a) dried at a temperature of 473 K,
(b) heat-treated at a temperature of 1073 K,
(c) heat-treated in the presence of a reducing agent
at a temperature of 1073 K.

Various micrographs of phosphogypsum were
also obtained: dried at a temperature of 473 K
(Fig. 3a); heat-treated at a temperature of 1073 K
(Fig. 3b); heat-treated in the presence of a reducing
agent at a temperature of 1073 K (Fig. 3c), where
data for phosphogypsum reduced in the presence of
sucrose are given as an example.

Figure 3 represents samples of phosphogypsum,
heat-treated at temperatures of 473 K and 1073 K as
lamellar crystals. Cracks appearing on the crystals
at increased heat treatment temperatures may be due
to the processes of removing crystallization water.
Heat treatment in the presence of a reducing agent is
accompanied by partial destruction of the structure:
plate crystals lose boundary clarity, while clusters of
the reduced material form on their surface. Figure 4

Fig. 3. Micrographs of phosphogypsum:
(a) dried at a temperature of 473 K,
(b) heat-treated at a temperature of 1073 K,
(c) heat-treated in the presence of a reducing agent
at a temperature of 1073 K.

schematically represents the process of transition of
the original structure to the restored one.

The luminescent properties of phosphogypsum
heat-treated in the presence of a reducing agent
(Fig. 5) are due to the presence of calcium sulfide.
Figure 5 shows photos of samples under visible
illumination (Fig. 5a) and ultraviolet illumination
(Fig. 5b and 5c); a light filter is used to remove
the UV part of the radiation (Fig. 5b).

Results of studying the effect of pretreatment

The results of measuring the relative luminous
flux from the surface of the studied phosphogypsum
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Fig. 4. Schematic representation of the formation of the composite material CaSO,/CaS.

sample obtained with various preliminary
preparations are shown in Table 2.

From the results shown in Table 2, it follows
that phosphogypsum without pretreatment is more

suitable for the synthesis of phosphor.

Determination of the optimal heat
treatment time

When calculating the change in the mass
of the sample, the final mass of the sample, the
mass of the reducing agent and the mass of water
were subtracted from the initial mass of the sample.
The results of these calculations and measurements
are shown in Table 3.

The data obtained indicate that at a given
temperature, the exposure time of 60 min was
optimal for obtaining a luminescent material.
It can be assumed that a shorter holding time is
not enough for the recovery process to proceed,

which is also evidenced by the insufficient loss of
mass, compared with the calculated one, and traces
of unreacted coal in the calcined samples. A longer
calcination time leads to the reverse oxidation
reaction of the compounds obtained during the
reduction process.

Selection of reducing agent

The  following reducing agents  were
selected for the recovery process: A grade birch
activated carbon, sugar, vegetable oil, citric acid,
and starch.

The  following reduction reactions  of
phosphogypsum to calcium sulfide (1)—(5) have been
proposed for these reducing agents.

For coal (1):

CaS0,2H,0 + 2C — CaS + 2H,0 +2CO0,. )

Fig. 5. Samples of reduced phosphogypsum under illumination:
ordinary light (a), ultraviolet light (b, ¢), and ultraviolet light with a light filter (b).
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Table 2. Results of the recovery of phosphogypsum that has undergone various pretreatment

Phosphogypsum samples Average mass loss, g Relative luminous flux
Pre-heat treated at 1073 K for 60 min 0.24 0.36
Dried in an oven at 473 K for 5 h 0.27 0.51
Without pre-heat treatment with the addition of water 0.23 0.52
Without pretreatment 0.21 0.88

Table 3. Determination of the optimal heat treatment time

Time, min Mass change, g Relative luminous flux
0 —0.48 0.10
10 —-0.02 0.15
20 0.03 0.24
30 0.12 0.34
40 0.14 0.68
50 0.18 0.71
60 0.21 0.88
70 0.21 0.85
80 0.18 0.81
90 0.12 0.80
100 0.11 0.75
110 0.05 0.69
For sucrose (2): For citric acid (4):

C,H,0, +6CaSO,2H,0 — 6CaS +12CO, +23H,0. (2)

127722711

9CaS0,2H,0 +4C,H,0, — 9CaS + 34H,0 + 24CO

For vegetable oil, it was assumed that sunflower
oil is glycerin oleodilinoleate (3): For starch (5):

79CaS0, 2H,0+2C H,, 0, —79CaS +258H,0+114C0, (3)  C,H, 0, +3CaS0,2H,0 — 3CaS +6CO, + 11H,0.

o

“)

)
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Based on the proposed reactions, 2.40 g of coal,
5.70 g of sucrose, 2.20 g of vegetable oil, 8.50 g
of citric acid and 5.40 g of starch were taken as 100%.

In order to check the effect of heat treatment
conditions on pure reducing agents, samples of
reducing agents were placed in crucibles in a muffle
furnace and calcined for 60 min at a temperature
of 1073 K. At the end of the heat treatment, the
crucibles were empty, the reducing agents were
completely burned.

Table 4 shows data on the study of the effect of
various reducing agents on the process of obtaining
the target material. In all experiments, the mass of the
phosphogypsum sample was 17.20 g.

To test the possibility of using wood charcoal
instead of A birch activated carbon, the cost of
which is lower, phosphogypsum samples weighing

17.20 g and a reducing agent, which is A grade birch
activated carbon and wood charcoal of various
weights, were heat treated at a temperature of
1173 K, the same as described above. The results
of the study are shown in Table 5.

Table 5 data indicates that birch activated carbon
and wood charcoal are equally well suited for use
as phosphogypsum reducing agents; however, the
price of wood charcoal makes it more economically
attractive.

According to Tables 4 and 5, the best values
of the relative luminous flux were noted for
phosphogypsum samples with sucrose and starch
as a reducing agent at a molar fraction of the
reducing agent of 50% and a heat treatment
temperature of 1173 K. For samples with reducing
agents—vegetable oil and citric acid—the optimal

Table 4. Results of heat treatment of phosphogypsum with various reducing agents at different temperatures

Relative luminous flux
Reducing agent Reducing agent mass, g | Mole fraction of the | at heat treatment temperature, K
reducing agent, % 1073 1173 1273
0.30 12.5 0.12 0.12 0.10
0.60 25 0.15 0.14 0.25
1.20 50 0.20 0.88 0.61
1.80 75 0.11 0.73 0.55
A grade birch activated carbon
2.40 100 0.10 0.68 0.48
3.00 125 0.09 0.59 0.30
3.60 150 0.06 0.25 0.16
4.80 200 0.05 0.05 0.06
0.70 12.28 0.17 0.14 0.10
1.40 24.56 0.49 0.38 0.14
2.90 50.88 0.38 1.13 0.86
4.30 75.44 0.33 1.00 0.88
Sugar
5.70 100.00 0.24 0.85 0.81
7.10 124.56 0.19 0.82 0.92
8.60 150.88 0.14 0.77 0.83
11.40 200.00 0.10 0.72 0.38
0.30 13.64 0.20 0.12 0.10
0.60 27.27 0.29 0.14 0.10
1.10 50.00 0.80 0.22 0.10
1.70 77.27 0.79 0.40 0.10
Vegetable oil
2.20 100.00 0.78 0.65 0.10
2.80 127.27 0.73 0.59 0.20
3.40 154.55 0.70 0.42 0.10
4.40 200.00 0.74 0.42 0.20
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Table 4. Continued

. Relative luminous flux at heat
Reducing agent Reducing agent mass, g D::c:zg;;:;lftf f,ze treatment temperature, K

1073 1173 1273

1.10 6.40 0.24 0.10 0.10

2.10 12.21 0.39 0.12 0.10

4.30 25.00 0.86 0.35 0.15

Citric acid 6.40 37.21 0.93 0.75 0.15
8.50 49.42 0.91 0.90 0.15

10.70 62.21 0.90 0.88 0.10

12.80 74.42 0.84 0.80 0.26

17.10 99.42 0.63 0.60 0.21

0.70 12.96 0.20 0.14 0.14

1.40 2593 0.37 0.33 0.19

2.70 50.00 0.52 1.00 0.62

4.10 75.93 0.52 0.97 0.81

Starch

5.40 100.00 0.36 0.92 0.92

6.80 125.93 0.27 0.82 0.83

8.10 150.00 0.27 0.69 0.79

10.80 200.00 0.27 0.41 0.60

Table 5. Comparison of A grade birch activated carbon and wood charcoal

Reducing agent Reducing agent mass, g | Mole fraction of the reducing agent, % Relative luminous flux

1.2 50 0.88

A grade birch activated 1.8 75 0.73

carbon 24 100 0.68
48 200 0.05
1.2 50 0.86
1.8 75 0.77

Wood charcoal
2.4 100 0.70
4.8 200 0.10

temperature was 1073 K, at which the maximum material from the multi-tonnage waste of

value of the relative luminous flux was reached
with a reducing agent molar fraction of 37-50%.

CONCLUSIONS

A comprehensive study of the possibility of
obtaining the demanded inorganic Iluminescent

orthophosphoric acid production was carried out. The
following main results were obtained:

1) The study of the effect of preliminary
preparation of phosphogypsum in the form of heat
treatment at different temperatures, humidification
of samples, allowed us to establish that for the
synthesis of phosphor the most successful is the
use of phosphogypsum without pretreatment.
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2) Heat treatment at a temperature of 1073 K
of a phosphogypsum sample is accompanied by the
formation of an anhydrous compound — calcium
sulfate. Heat treatment in the presence of a reducing
agent leads to the formation of a composite material
containing a phase of anhydrous calcium sulfate
and calcium sulfide.

3) When the temperature of the heat treatment
increases, cracks appear on the crystals, which may
be due to the processes of removing crystallization
water. Heat treatment in the presence of a reducing
agent is accompanied by partial destruction of
the structure, plate crystals lose the clarity of the
boundaries, clusters of the reduced material form on
their surface.

4) Heat-treated phosphogypsum in the presence
of a number of reducing agents — A grade birch
activated carbon, wood charcoal, vegetable oil,
citric acid, starch, and sucrose — has the ability to
luminescence due to the presence of calcium sulfide.

5) The optimal technological conditions
for obtaining a composite material exhibiting
luminescent properties were revealed: the heat
treatment temperature is 1073-1173 K, the duration
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