friried applied
b sciences

Review

Phosphogypsum Recycling: A Review of Environmental Issues,
Current Trends, and Prospects

Yelizaveta Chernysh 1'*(%, Olena Yakhnenko !, Viktoriia Chubur ! and Hynek Roubik %*

check for

updates
Citation: Chernysh, Y.; Yakhnenko,
O.; Chubur, V.; Roubik, H.
Phosphogypsum Recycling: A
Review of Environmental Issues,
Current Trends, and Prospects. Appl.
Sci. 2021, 11, 1575. https://doi.org/
10.3390/app11041575

Academic Editor: Maria
Angeles Martin-Lara
Received: 29 December 2020
Accepted: 5 February 2021
Published: 9 February 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Department of Ecology and Environmental Protection Technologies, Sumy State University, 40007 Sumy,
Ukraine; o.jakhnenko@ecolog.sumdu.edu.ua (O.Y.); v.chubur@ecolog.sumdu.edu.ua (V.C.)

Department of Sustainable Technologies, Faculty of Tropical AgriSciences, Czech University of Life Sciences
Prague, 165 00 Prague, Czech Republic

*  Correspondence: e.chernish@ssu.edu.ua (Y.C.); roubik@ftz.czu.cz (H.R.);

Tel.: +380-542-331-205 (Y.C.); +420-22438-2487 (H.R.)

Abstract: The problem of recycling and storage of phosphogypsum is topical for many countries
around the world, as it is associated with environmental problems of pollution of water bodies,
land, and atmosphere. Therefore, this paper analyzes the directions of phosphogypsum recycling
and possible alternatives to its use. The main disadvantages of the existing methods of phosph-
ogypsum processing were identified and trends in this waste management were also considered.
Through the VOSviewer programme, a visualization of cluster interconnections was carried out in
research publications of various fields of phosphogypsum utilization. Five clusters were formed:
a red cluster—phosphogypsum recycling in the construction industry; green cluster—radiation
pollution problem of phosphogypsum and phosphate fertilizers; yellow cluster—monitoring mi-
gration of phosphogypsum components in the ecosystem, with the mobile forms of heavy metals
and their inflow into aquifers from phosphogypsum dumps; blue cluster—use of phosphogypsum
in agriculture as an ameliorant and a component of fertilizer; and a purple cluster—the impact of
phosphogypsum on microorganisms, particularly in bioremediation processes. Under the proposed
integrated biochemical approach, the use of various bioprocesses of phosphogypsum recovery from
waste dumps and implementation of new biotechnological solutions for processing phosphorus raw
materials are presented.

Keywords: phosphogypsum; recycling; processing methods; management; cluster visualization;
biochemical approach

1. Introduction

Phosphogypsum is an almost unused by-product of phosphate fertilizer production,
which includes several valuable components—calcium sulphates and rare-earth elements
such as silicon, iron, titanium, magnesium, aluminum, and manganese, as well as toxic
elements such as heavy metals and others. Open storage of phosphogypsum in waste
dumps is common. Phosphogypsum dumps are located in open areas in close proximity
to the enterprise, natural complexes, and even settlements, and occupy vast territories.
Transportation of phosphogypsum and storage in dumps entails investment and operating
costs. For example, up to 10% of the prime cost of phosphoric acid refers to the costs for
transportation and storage of phosphogypsum [1]. Waste dumps of industrial processing
of natural raw materials are continually being replenished and are taking on scales that
threaten the sustainable function of biocenoses. The current growth rate of phosphogypsum
is estimated at 200 million tons per year, with a mass utilization rate of 10-15% according
to the most optimistic forecasts.

The problem of phosphogypsum utilization and storage is essential for many countries
as it has environmental issues (pollution of water, land, and atmosphere). Currently, over
55 million tons of phosphogypsum are accumulated in Ukraine (Armyansk, Sumy, Rivne,
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and other cities), occupying large areas that may otherwise be suitable for agricultural
activities. Specifically, over 15 million tons of phosphogypsum are accumulated in the
Sumy region alone. Years of waste storage from the production of mineral fertilizers in
Ukraine has resulted in the formation of anthropogenic phosphogypsum deposits, which
amount to 15.2 million tonnes in Rivne region [2], and 421.11 tons of phosphogypsum
has accumulated in Vinnitsa region of Ukraine [3]. The U.S. Environmental Protection
Agency prohibits the use of phosphogypsum because of its radioactivity. For example,
phosphogypsum from Central Florida has an average of 26 pCi/g radium, and that from
North Florida has 10 pCi/g radium. An exception is made for phosphogypsum with an
average concentration of less than 10 pCi/g radium, which can be used as an agricultural
amendment, but not for other purposes [4]. It is important to note that the content of
radioactive elements in phosphogypsum is related to the raw material used in industrial
processes.

China also has significant production of phosphogypsum, and the five largest provinces
in terms of production are Hubei, Yunnan, Guizhou, Sichuan, and Anhui [5]; hence, they
these also have large storage sites. Poland also has significant phosphogypsum storage
facilities. More than 5 million tons of apatite phosphogypsum has been accumulated in the
waste dumps of the Wizowski Chemical Plant (Poland). These wastes contain rare-earth
elements, which are listed as “critical” raw materials in the European Union (EU) [6]. In
Russia, there is over 500 million tons of phosphogypsum accumulation at existing am-
monium phosphorus production facilities, which accumulated over all the years of their
operation [7].

The negative environmental impact of phosphogypsum dumps can be manifested
in the contamination of groundwater and surface water, soil, and vegetation cover by
substances seeping through the protective screen, as a result of their evaporation and
washout from the dump by atmospheric precipitation as well as airborne emission under
the influence of weathering and dusting. The dump is a source of hydrodynamic impact
on the environment, causing changes in groundwater levels, which leads to negative
phenomena in the residential area, such as alienation and pollution of land areas and
the transformation of the natural landscape. The large dumping of phosphate fertilizer
production waste has serious consequences for the marine environment, which was studied
in [8]. For example, the dumping of phosphogypsum affects the phosphorus cycle with
a high content of authigenic phosphorus, especially in the Gulf of Gabes [8]. As studied
in [9], phosphogypsum consisting of calcium sulphate and other complementary salts
enters seawater as particles. After the particles dissolve, the concentration of heavy metals
may affect near the release point. This is a significant environmental problem, especially
in the Atlantic Ocean around two locations: Safi and Yorf Lasfar, where the Moroccan
phosphate industry emits large quantities of this waste [9]. A study [10] characterized the
formed layers of foam from the discharge of phosphogypsum into coastal waters, which
can float on the surface and be passively transported to remote areas to understand their
role in the behavior of pollutants in the marine environment [10].

Owerview of Studies on the Environmental Impact of Phosphogypsum Accumulation and Storage

These specific conditions should be considered when choosing a method for removing
and storing phosphogypsum in dumps:

the production capacity;

the amount of phosphogypsum that must be removed;

the remoteness of the extraction components from the phosphogypsum storage site;
the availability of storage land (unsuitable for other uses);

the dump topography;

the climatic conditions;

the geological and hydrogeological conditions at the phosphogypsum storage site.

To create dumps, it is necessary to allocate large areas. Often, these areas exceed the
size of industrial sites of the production itself. Thus, P,Os production requires an area of
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1.2 x 1.2 km with a blade height of 15 m to store phosphogypsum for 20 years [11]. Storage
of phosphogypsum in waste heaps poses an environmental hazard, even if the facility
is operated correctly. The problem of the utilization and storage of phosphogypsum is
relevant for many countries around the world.

There are known cases of soil, natural water pollution, and contamination of plant
products due to interaction with phosphogypsum in different countries, such as Brazil,
China, Greece, Jordan, Kazakhstan, Poland, Russia, Spain, Turkey, and United States of
America [12-14].

When large areas are allocated for phosphogypsum storage sites, the natural landscape
is transformed, the functioning of edaphotopes is disturbed, and the aesthetic appearance
of the surrounding landscape is affected. This results in phosphogypsum storages being
complex sources of pollution and environment deformation; they disturb the terrain, inter-
rupt or change the natural flow of intrasoil migration of substance, pollute the landscape
with technogenic substances, change the nature of surface air flows, and affect the humidity
index of the site. The dump is a source of hydrodynamic impact on the environment,
causes changes in groundwater levels, and leads to negative effects in the residential area.
In addition, dry phosphogypsum dumps have a potential risk of erosion because of the
content of more than 70% of particles with a diameter of less than 0.14 mm in the dump
surface layer [11,15].

In the study done by Torres-Sanchez et al. (2020), hydrogen fluoride (HF) concen-
trations in an urban area (Huelva, southwest Spain) were associated with a nearby large
phosphogypsum deposit. The geochemical anomaly of HF was discovered with average
concentrations of up to 19.1 ug/m? and concentrations of up to 1.6 pig/m?3 were found in
the nearest urban area. Concentrations were associated directly with the emission of HF
from the phosphogypsum accumulation site [16].

The existing modern technologies of fertilizer production do not pay enough attention
to the purification of raw materials from impurity elements. Therefore, the solid waste
contains fluorine, rare-earth metals, arsenic, strontium, heavy metals (cadmium, lead,
vanadium, and others), and radioactive elements. Thus, uranium in the structural lattice
and isomorphously replaces calcium in phosphorites, which are sedimentary rocks. Hence,
the content of uranium in phosphorites depends on the geochemical conditions of their
origin [17].

During dry storage (without pre-neutralization), an average of 0.1% fluorine is released
into the gas phase in terms of dry matter contained in phosphogypsum. Dust rising above
the dumps contains an average of up to 10 g of fluorine per 1 ton of phosphogypsum (dust
distribution radius is up to 1.5 km) [17]. Fluoride compounds are highly toxic to the flora.
The harmless concentration of fluorine is 0.00017-0.00023 mg/m?, according to the study
by Sharipov (2014), which is much lower than the maximum permissible concentration
(MPC) and amounts to 0.005 mg/ m?3 [18]. Leaves of fruit trees get brown and fall off; fruits
develop poorly under conditions of fluorine content in the atmosphere of 0.003-0.01%. A
weakening of the growth of pine plantations up to 50 km away from the source of fluoride
gases has been observed [19].

The impact of waste dumps on water pollution is caused by the leaching of phosph-
ogypsum components during storage in open areas. The formation of runoff at the dry
phosphogypsum dumps is associated with precipitation and with the loss of water under
hydraulic forces [20].

Wastewater generated on the slopes of the dumps during precipitation contains up
to 3.4 g/L P,Os; this is hundreds of times higher than the natural content of phosphorus
anion in the surface waters of humid zones. Approximately 10% of fluorine is washed out
by precipitation [17]. Wet, freshly formed phosphogypsum has a low pH (because of the
presence of water-soluble fluorine compounds: H,SiFs, NaySiFs, K;SiFs, and HF), traces of
unwashed phosphoric and sulfuric acid, and phosphoric salts, and shows high corrosive
activity.

The issue of phosphogypsum disposal is still very relevant, for the following reasons:
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e  The storage of phosphogypsum on the territory of the enterprise deteriorates the
sanitary condition of the site and the adjacent territory;

e  The transportation and storage of phosphogypsum in dumps are connected with rather
high costs—about 18% of the cost of construction of phosphoric acid production itself—
and they significantly increase during the transition to more reliable hydrotransport for
phosphogypsum. Operating costs are approximately 12% of the cost of raw material
processing [21];

e The need to alienate large areas to create dumps. These areas may exceed the size of
industrial sites of enterprises;

e  The exploitation of the dumps poses a potential threat to the environment and resi-
dential landscapes adjacent to the dump.

It is noteworthy to mention that phosphogypsum valorization has still its limitations;
particularly, because of the high cost of its removal, new alternatives must be found to
reduce the use of land for phosphogypsum storage [22].

This paper aims to analyze the directions of phosphogypsum recycling (a by-product
of phosphate fertilizer production) and possible alternatives to its use.

To achieve this aim, the following tasks were set:

e  The analysis of phosphogypsum processing methods and highlighting key trends;
e  The visualization of the network system by phosphogypsum research areas and
consideration of alternative solutions for the disposal of phosphogypsum.

2. Analysis of Trends in Phosphogypsum Use

Considering the quantities of formed and produced phosphogypsum, the actual
problem is not only the phosphogypsum removal, transportation, and storage in waste
dumps and sludge collectors, but also its utilization with already developed methods and
the development of new methods and more possibilities for its use.

Based on the number of publications (Figure 1), the interest in phosphogypsum as
a source of secondary raw materials has significantly increased over the past decade.
Initially, phosphogypsum was considered mainly as a component for construction, cement,
road-building, and agricultural industries. However, over the last 10-20 years, given the
increasing anthropogenic pressure on the environment and the resulting shortage of natural
sources of raw materials, the focus has shifted. Phosphogypsum, which has many useful
elements, is thus being considered as a source of calcium, phosphorus, rare-earth elements,
and trace elements, among other, as well as a mineral resource in technological processes
of environmental protection.
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Figure 1. Publishing trends (number of papers) in the area of phosphogypsum research (using Scopus
Database).



Appl. Sci. 2021, 11,1575 5 0f 20

There are various directions and ways for the direct use of phosphogypsum and its
processing into other products, which have proven technical feasibility and expediency for
the use of phosphogypsum in the national economy instead of traditional raw materials.

According to the aforementioned properties of phosphogypsum, the field of research
is currently (Figure 2) shifting more towards environmental sciences, but engineering
research is simultaneously being actively developed. Research in materials science is also
being developed owing to the component composition of phosphogypsum (Figure 3).

Earth Planetary Sciences Chemical Engineering (7.33%)
(7.73%)

Chemistry Physics and astronomy (4.30%)
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Molecular Biology (1.46%)
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Accounting (0.92%)
/ ’ /Social Sciences (0.80%)
: /:lmunology and Microbiology (0.60%)
(6.76%) / Health Professionals (0.54%)
e ) /Multidisciplinary (0.49%)
S 3 / harmacology, Toxicology and
Pharmaceutics (0.40%)
Mathematics (0.32%)

Economics, Econometrics and
Finance (0.20%)

Agricultural and Biological
Sciences (9.45%)

\

omputer Sciences (0.69%)

Material Sciences
(11.23%)

Engineering

‘Arts and Humanities (0.17%)
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Figure 2. Papers in the field of “phosphogypsum” classified by fields (Scopus Database).
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Figure 3. The main directions of phosphogypsum recycling.
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At the same time, the direction of using phosphogypsum in agriculture for fertiliza-
tion and reclamation of soils, especially saline soils, remains a quite promising direction,
owing to the changes in climatic parameters and aridization, with increasing areas of
anthropogenic (secondary) saline soils (Figure 3).

Areas of biotechnology and environmental protection where phosphogypsum is not
only applied as a substrate, a carrier of bioculture, but at the same time is used as a
substrate that has nourishing value when it comes to phosphogypsum application in
technologies based on the microorganisms (for example, off-gas cleaning, wastewater
treatment, reclamation of soils contaminated with oil-based products/petroleum products,
and drilling cuttings) are becoming relevant and increasingly popular.

Development in the field of research on the properties and applications of phospho-
gypsum is taking place in many countries with different levels of economic development,
such as in Western Europe, Africa, India, Russia, and especially in China (Figure 4). The
use of phosphogypsum as a secondary raw material is in high demand in many countries
of the world. Leadership in terms of published papers belongs to China, as a country
where the economy is gaining momentum and the use of cheap secondary resources is a
very relevant issue, although countries of America and Europe, as well as India and Russia,
are also in a tow.

500
450

Figure 4. Comparison diagram behind the regions of research on phosphogypsum issues (Scopus
Database).

Considering the nature of Ukraine, as a country with an agrarian component and
because of the economic situation, the use of phosphogypsum has shifted the emphasis
in recent times. The use of phosphogypsum for road construction has been suspended
because of the short duration of the roadway covering and the possibility of harmful
components of phosphogypsum getting into the environment. In addition, the use of
phosphogypsum in the construction materials and cement industry has been slowed down
by the economic crisis.

2.1. Phosphogypsum Recycling in Various Industry Fields

Theoretically, the construction materials industry’s need for gypsum raw materials can
be almost fully met by gypsum-containing waste (phosphogypsum). Various technologies
for the production of construction and high strength gypsum from phosphogypsum have
been developed, but they have not been sufficiently implemented in practice [23-32].



Appl. Sci. 2021, 11, 1575

7 of 20

The technologies of phosphogypsum utilization entail transforming it into construc-
tion materials and products, and several variants of technological operations sequence are
applied [33]. In the world, the construction sector accounts for over 40% of phosphogypsum
usage [34].

Phosphogypsum preparation for the production of gypsum binders can be divided
into four methods:

washing of phosphogypsum with water;

washing in combination with neutralization and deposition of impurities in water
suspension;

the method of thermal decomposition of impurities;

the introduction of additives that neutralize, mineralize, and regulate crystallization
before and after firing.

The first and second methods are associated with the generation of large amounts
of contaminated water (2-5 m3 per 1 ton of phosphogypsum) and the high costs of their
removal and water treatment [35].

The disadvantages of the implementation of such engineering solution are as follows:

e acomplicated method of obtaining a hemihydrate binder that requires high-energy
devices used for mechanical and chemical activation of raw materials;

e the need to use fresh phosphogypsum with stable humidity and the difficulty of
calculating the required amount of calcium sulfate hemihydrate to ensure the humidity
needed for pressing;

e the need for high-energy grinding and the use of superplasticizers, which significantly
increases the cost of the binder.

Engineering solutions have been developed for producing a gypsum binder from
phosphogypsum, which has been aged for a long time in dumpsites [36]. The main
disadvantages of the known technologies of phosphogypsum utilization for the processing
into construction materials and products are significant consumption of thermal resources
per unit of finished product, the presence of a high amount of gaseous emissions in the
environment, and the mandatory process of adding water to wash phosphogypsum from
water-soluble impurities. The generation of wastewater in the technological cycle has a
negative side effect on the environment and requires additional construction of wastewater
treatment facilities.

Thus, the application of phosphogypsum as an additive in cement manufacturing is
only possible when phosphogypsum is dried and granulated. The humidity of granulated
phosphogypsum should not exceed 10-12%. Additionally, this technology, besides the high
energy consumption, is burdened by the need for large-scale supplies of blast-furnace slag
and additional raw materials for cement clinker production [34].

So, the large-scale consumption of phosphogypsum in the cement industry is con-
strained by the significant content of controlled for raw materials impurities such as
water-soluble P,Os and fluorine compounds.

The use of phosphogypsum to produce sulfuric acid and Portland cement is similar to
the processing of natural anhydrite for these products through the Muller—-Kuhne process,
commonly used in Austria, South Africa, and Poland [37]. The method regenerates at least
90% of the sulphuric acid needed to decompose phosphate during the phosphoric acid
production. However, this method makes economic sense only when the main method
of sulfuric acid production (contact) is ineffective because of the absence or remoteness
of traditional sources of sulfur-containing raw materials (elementary sulfur, sulfuric acid,
off-gases containing sulfate anhydride).

There is a method of deep processing of phosphogypsum into sulfate acid with
subsequent production of ammonium nitrate using ion-exchange technology by gas-liquid-
phase conversion of gypsum with carbon dioxide and ammonia water [37]. e Malik
et al. [37] propose to carry out the regeneration of used ion nitric acid with the production
of ammonium nitrate; this requires an additional source of production or input of nitric acid.
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Furthermore, the formed phosphate acid contains impurities of phosphorus pentoxide and
can only be used in phosphate fertilizer production processes. Therefore, this method can
only be used in complex fertilizer production facilities [1,37].

Rare-earth elements from phosphate raw materials convert up to 90-95% in to phos-
phogypsum in the production of phosphorus-containing products, and the degree of their
extraction as chlorides is about 95%. Up to 4 kg of cerium (III) chloride can be produced
from 1 ton of phosphogypsum [38].

The important attribute of the old phosphogypsum dumps in Ukraine, originated after
processing of Khibiny apatite, is the absence of radioactive elements in the composition, un-
like other sources of rare-earth metals. This means that the obtained rare-earth elements are
not radioactive and do not require decontamination, which makes their production more
profitable. Sulphogypsum or nitric acid treatment methods are used to extract rare-earth
elements from phosphogypsum. These methods convert rare-earth elements into solution
with further processing with ammonia, alkalis, and fluorides for their extraction [39,40].

Depending on the solution composition, extraction or sedimentation methods are
used to remove rare-earth elements [41]. There is a method [42] that involves the leaching
of rare-earth metals from phosphogypsum by 1-5% sulphuric acid solution, sorption of
rare-earth metals from the leaching solution by cationite, desorption of rare-earth metals,
deposition of rare-earth metal concentrate from desorbate, obtaining rare-earth metal
concentrate, and mother liquor used for desorption of rare-earth metals.

Notably, the implementation of such engineering solutions generates significant
amounts of wastewater, which also needs further treatment and disposal. The process is
energy-intensive and requires significant investments in chemical reagents. At the same
time, these methods of rare-earth elements extraction from phosphogypsum do not always
allow high results (the level of extraction is variable from 25 to 80%). Besides, the described
technologies require large volumes of equipment for sulphate acid leaching and filtration
equipment.

Despite a large number of studies [41-44], the main drawbacks of the known methods
are the low recovery of rare-earth elements from phosphogypsum (30-50%); the need to
use acids with a high concentration (40-50%); and the formation of secondary waste, which
requires recycling [43].

The disadvantages of gypsum plasterboard include the following qualities [45]: low
water resistance; high hygroscopic; and high creep under load, especially when humidify-
ing, so the products based on gypsum are used in rooms with a relative air humidity of
no more than 60%, because, when humidifying, there is a significant decrease in strength
and brittleness—gypsum plasterboard sheets cannot be exposed to shock loads, as dents
form on them. To eliminate the disadvantages of the gypsum plasterboard, several stud-
ies [45,46] have proposed technology on a composite binder containing phosphogypsum
and sulfur-containing materials; for instance, as in the study of Zhou et al. [46], where de-
hydrated phosphogypsum was granulated, pressed, and hydrated with periodic pressing
into paperless and fibreless gypsum plasterboards with a flexural strength of 14.7 MPa.
The researchers were processing phosphogypsum into gypsum plasterboard. However,
the main disadvantage of gypsum plasterboard production using phosphogypsum is the
presence of various impurities in it, which requires additional operations: neutralization,
enrichment, and drying. Such operations increase the cost of products and reduce their
competitiveness in the market.

Gong et al. [47] conducted a study on the properties of phosphogypsum in a muffle
furnace and found that the solution with calcined phosphogypsum at 800 °C has character-
istics of low density, lightweight, and stable operation [47]. The use of phosphogypsum
for cement mortar production improves its mechanical properties. Still, however, the
presence of impurities in the feedstock, i.e., phosphogypsum, is important. They influence
the ecological and physical-mechanical properties of received materials and their service
life. If phosphogypsum has radiation contamination, its use in the cement industry is
significantly limited. Accordingly, this technology can be used selectively and only when
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analyzing the properties of particular phosphogypsum, which is locally produced in a
particular area.

The use of phosphogypsum for the production of composite materials based on as-
phaltic binders has been common, as well as in road construction for the construction of
road bases and as an additive to asphalt concrete mixtures [34,48-52]. The advantage of
such use of phosphogypsum is the following [53]: roads with the use of phosphogypsum
are 30% cheaper than roads with the use of traditional technologies and can be laid in
marshy areas. Thus, at the first stage of road construction, it is possible to make the interme-
diate type, making bases from phosphogypsum, and thereafter laying other constructive
layers from rubble and asphalt concrete. At the same time, it should be noted that the
results of the experiments carried out by Soldatkin and Hohlov [54] showed that the use of
phosphogypsum for road construction can lead to the destruction of roads in areas with
high water exchange rates and contamination of soil and groundwater with sulfates [54].

Phosphogypsum in mixtures with other components is mainly used for the construc-
tion of road bases [55-57], because phosphogypsum roads without asphalt covering are
characterized by mechanical separation of phosphogypsum fragments, which could later
lead to contamination of the surrounding area.

However, the results of long-term measurements (more than 5 years) and monitoring
of road surface containing phosphogypsum show frequent deformations and leaching out
of phosphogypsum components, particularly heavy metals, into the environment. For
example, phosphogypsum roads without asphalt pavement are characterized by phospho-
gypsum mechanical fragment stretching, which could lead to further contamination of the
surrounding area [58,59].

2.2. Phosphogypsum Recycling in Agriculture

Phosphogypsum contains residues of phosphate, phosphoric acid (up to 4%, including
water-soluble form up to 1.5%), sesquioxide, silicon compounds, rare-earth elements trace
contaminants as impurities [60]. Consequently, phosphogypsum is an ameliorant and
a multicomponent fertilizer [61]. On the bacterial complex side, phosphogypsum has
a positive effect on the growth of streptomyces and root bacteria. The most common
types of bacteria are proteobacteria, acidophilic bacteria, and actinobacteria. These groups
account for over 78% of the total number of microbial groups, followed by Firmicutes and
Chloroflexi [62].

Belyuchenko [63] confirms that phosphogypsum does not interfere with plant growth
in general. During storage in a dump, the surface of moist phosphogypsum can be covered
with lower plants, mainly algae, while the surface of stale phosphogypsum, relatively dry,
slowly overgrows with flowering plants [63].

The presence of calcium, phosphorus, and sulphur in phosphogypsum makes the
substance beneficial for use as a fertilizer additive in agriculture. The advantage of using
phosphogypsum in agriculture is that it does not need to be purified from P,Os; this
impurity plays a positive role in suppressing the impact of fluorine, which is a component
of phosphogypsum, and additives can be used to form insoluble compounds in the soil.
However, phosphogypsum, as it comes to dump (without neutralization), is not applied to
fertile soil because of high acidity, poor physico-chemical, and material handling properties
(which are important for the final user).

There is a well-known process of converting phosphogypsum into complex fertil-
izer [64]. The process involves processing of the initial phosphogypsum by phosphate
solution, filtration, and drying of the finished product. The process is carried out commonly
in two stages: at the first stage, the pre-calcined phosphogypsum is treated with alkaline
carbonate reagent to pH 9-10, and at the second stage, the obtained carbonate pulp is
mixed with a semi-product of phosphoric acid production—washing water—to pH 5.4-6.
Thus, the processing of phosphogypsum allows the obtainance of complex KPCaS-mineral
fertilizer and dicalcium phosphate.
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Another way of complex conversion of phosphogypsum in fertilizers includes prepa-
ration of a solution of ammonium carbonate; conversion of phosphogypsum by ammonium
carbonate solution on the reaction of the exchange decomposition of salts: CaSO, - 2H,O
+ ((NH4)2COs)solution = CaSO3 + (NHy4),SO4 + 2HO; separation on the filter of the
converted suspension into ammonium sulphate solution, which is evaporated to extract
crystalline or granulated ammonium sulfate; and carbonate residue mixed with ammonium
nitrate alloy, granulated, and dried [65].

However, both methods have several disadvantages: the technological complexity of
process and sewage generation, which require neutralization.

In agronomy, phosphogypsum can be effectively used for the reclamation of acidic
soils (together with lime), for the reclamation of saline soils, and as fertilizer meliorants
(1 ton of phosphogypsum contains about 10 kg of phosphorites) for composting with
biopreparation and organic fertilizers. The use of phosphogypsum for plastering and
liming soils may be as effective as natural raw gypsum.

There are known methods for treating manure with phosphogypsum to stop losses of
ammonia nitrogen [66] and methods for producing slow-release nitrogen fertilizers from
phosphogypsum, such as CaSO4-CO(NHy),. The advantages of this type of fertilizer are
reduction of solubility of carbamide, which reduces washout losses [48]. However, it is
necessary to take into account the different characteristics of phosphogypsum depending
on the conditions of its formation and the initial raw materials. The impurities it contains
may have a negative impact on the quality of the resulting product and its safe use in
agriculture. Therefore, it is necessary to consider possible ways of binding toxic components
of phosphogypsum.

There are methods of obtaining calcium-phosphoric additive from phosphogypsum
by the processing of extraction phosphoric acid, which is used in animal husbandry, as
feed dicalcium phosphate (precipitate) [67]. Feed precipitate is a mineral feed for different
animal and bird species. It is used in animal husbandry as a veterinary supplement to
conventional feed as premixes and compound feeds. The disadvantages of this method
are high energy costs of the first stage, the use of productive phosphoric acid, and a high
fluorine content in the finished product. Furthermore, as in previous engineering solutions,
large amounts of wastewater are generated in the process of treatment, which can lead to
secondary pollution of the environment.

In Brazil, major phosphate fertilizer producers generate around 12 million tons of
phosphogypsum per year. Brazilian phosphogypsum has been used in agriculture as a
soil improver for many years. For its safe long-term use, it is necessary to characterize
the impurities present in phosphogypsum and to study the leaching or distribution of
such impurities in soil water or other elements of the ecosystem. For this purpose, an
experiment was conducted by Saueia et al. [68], in which columns filled with typical
Brazilian sandy and clay soils mixed with phosphogypsum were washed with water to
gently remove these elements. The results obtained within the study [68] showed that
the addition of phosphogypsum to the soil does not significantly increase the number of
rare-earth elements in water.

It should be noted that, during any technological processes of phosphogypsum use in
agriculture, it is necessary to conduct field studies with accurate calculation of the dosage
of phosphogypsum. Moreover, as phosphogypsum may contain different impurities (such
as heavy metals) that are toxic to plants, the preliminary treatment is appropriate. It is
necessary to consider that repeated application of high doses of phosphogypsum (12—
24 t/ha) leads to a significant increase of total and water-soluble fluorine content in soil [69].
Besides, the phosphogypsum application in the soil can enhance the vertical and horizontal
migration of heavy metals, which must also be considered for dosing.
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3. Visualization of the Areas of Phosphogypsum Research and Identification of

Alternative Solutions for Its Use

Through the VOSviewer programme, a visualization of cluster interconnections by
keyword “phosphogypsum” was carried out in research publications of various fields of

phosphogypsum utilization (Figure 5).
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Figure 5. General network visualization (constructed via VOSViewer v.1.6.15): 5 clusters, 94,846

links, 209,564 total link strength.

Five clusters were formed: red cluster—phosphogypsum recycling in the construction
industry; green cluster—radiation pollution problem of phosphogypsum and phosphate
fertilizers; yellow cluster—monitoring migration of phosphogypsum components in the
ecosystem, with the mobile forms of heavy metals and their inflow into aquifers from phos-
phogypsum dumps; blue cluster—use of phosphogypsum in agriculture as an ameliorant
and a component of complex fertilizer; and purple cluster—the impact of phosphogypsum

on microorganisms, particularly in bioremediation processes.

The analysis of phosphogypsum component composition is important in assessing
the environmental safety of phosphogypsum use (Figure 6). Phosphogypsum of different
genesis and storage time has a variation in the composition of impurities, which signifi-
cantly affects the scope of its possible application. The composition of phosphogypsum is
determined by the initial phosphorite raw material from which phosphate fertilizers are

produced.
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Figure 6. The fragment of overlay visualization (constructed via VOSViewer v.1.6.15).

As can be seen from the highlighted fragment of visualization (Figure 6), the main
components that are important for the implementation of certain technological solutions
of phosphogypsum conversion are calcium sulfates in a semi-hydrate or dihydrate form,
undecomposed residues of phosphates (Table 1), and the potential presence of heavy metals
and radionuclides. There is a variation in the content of CaSO4 2H,0 in phosphogyp-
sum, which is associated with the technological process, while in the feedstock (apatite,
phosphate rock), CaSO4 2H,O content is not less than 90%.

Table 1. The chemical composition of phosphogypsum converted to dihydrate depending on the
type of raw material (in %) [20].

Origin of Raw Materials
Phosphogypsum Phosphorite Apatite-Phosphorite Apatite
Sample (Tatarstan) (South African) (Colsky Peninsula)

Aktyubinsky Apatite-Phosphorite Apatite

CaO 244 30.0 324

503 34.8 39.8 46.2

P20 (total) 1.9 6.2 13

P2 05 (water soluble) 11 3.3 0.7

Fe;O3 0.9 0.7 0.1

Al O3 0.8 0.8 0.3

F 0.1 0.3 0.3

Insoluble residue 21.7 4.3 0.7

Crystalline water 15.6 17.4 18.6

The biggest environmental hazard relates to the inflow of chemical impurities con-
tained in phosphogypsum in the form of water-soluble and volatile compounds. The
content of radioactive, rare-earth elements, and heavy metals is in direct proportion to their
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content in phosphate raw materials. Figure 7 shows the spectrum of elemental composition
of phosphogypsum taken from the production line obtained by means of X-ray fluorescence
analysis. The percentage of samples in fresh phosphogypsum content of Strontium is not
less than 11.0%, and that of Yttrium is not less than 1.3% by weight [70].
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Figure 7. The element spectrum of phosphogypsum sample [70].

Magmatic phosphates (Colsky and South African apatite) have a higher content of
rare-earth elements (REEs) than sedimentary phosphates (Morocco, Florida, Senegal, and
so on) and cadmium has a lower content of rare-earth elements (REEs) [13,71-73].

The overlay visualization shown in Figure 8 has been chosen as a more effective tool
for checking the latest trends in time scale studies. The size of the circles corresponds
to the predominance of terms when publishing studies in this area. The distribution of
colors depends on the year of publication (average for the cluster); the last ones are yellow.
Thus, the most intensive use of terminology for the clusters under study occurred in
2016. The main core clusters are defined by terms that include the main components of
phosphogypsum use.
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Figure 8. Overlay visualization of most frequent terms (constructed via VOSViewer v.1.6.15), where
the score of the item is the time since publication.
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Among the well-known areas of recycling and disposal of phosphogypsum, it is quite
new to consider the use of phosphogypsum in environmental protection technologies.

Zhang et al. [74] conducted a study on the development of an energy-efficient method-
ology of pure calcium carbonate production and the binding of CO, minerals by hy-
drolyzate of phosphogypsum decomposition products. Pure calcium carbonate was ob-
tained by extraction and mineralization of CO, using the hydrolyzate solution of phospho-
gypsum decomposition products. The carbonization rate of over 90% was obtained when
the absorption of the liquid phase reached saturation. This method can be referred to as an
alternative solution to the environmentally friendly use of phosphogypsum [74], which is
consistent with the data obtained earlier by Contreras et al. [75].

A study by Bulat et al. [76] substantiates the expediency of creating X-ray protective
structures from composite material based on phosphogypsum. However, the influence
mechanisms of composite materials based on phosphogypsum binders require further
studies in the field on the efficiency of protection against X-ray and gamma radiation,
which also requires further studies [76].

In several studies [77,78], there was a focus on using phosphogypsum for remediation
of contaminated soils (after oil pollution, for remediation of soils contaminated with fuel
oil). There is a well-known method for remediation of oil-contaminated soils or soils in
the elimination area of oil pollution, characterized by the fact that contaminated soil is not
removed, and ameliorants are applied to the soil based on a mixture of phosphogypsum;
sand; humus; and mineral fertilizers from nitrogen, phosphorus, and potassium with subse-
quent ploughing and sowing of crops. It is one of the directions for using phosphogypsum
in environmental protection technologies.

A mechanical action (ploughing and application of phosphogypsum) mixes the layers.
In this case, soil particles saturated with oil will interact with intact soil particles, reducing
the pressure of contamination on the substrate. Further decomposition of the organic com-
ponent of oil will take place under conditions of acidic reaction preservation. Moreover, the
redox potential (RP) will be rebalanced, and the reaction of soil respiration will be restored.
Finally, the soil uptake of CO, and its intoxication will be reduced [77]. Automorphic soils
are characterized by high levels of RP (550-750 mV in podzols, 400-600 mV in chernozem:s,
350-450 mV in gray soils). Irrigation reduces RP. In hydromorphic soils, RP is subject
to strong seasonal fluctuations and, when the soil is moistened, its level is significantly
reduced. Values of RP below 200 mV correspond to cutting and restoration conditions in
which the processes of transformation take place and restored forms of iron and manganese
compounds, sulfites, and nitrites are formed. Accumulation of the latter has a toxic effect
on most cultivated plants. Grape plant is highly sensitive to changes in oxidation-reduction
conditions and, at RP below 300 mV, it suffers from chlorosis.

There is a possibility to use phosphogypsum in the reclamation of drilling cuttings,
which are accumulated and stored directly at the drilling site [78,79].

Drilling cuttings are characterized by adverse chemical properties: under wet condi-
tions, they swell and become viscous and sticky, whereas under dry conditions, they are
characterized by cohesion and hardness owing to the Na content in the absorbing complex.
Drilling cuttings also have high alkalinity, and pH of 8.68-9.10, which affects plants [79].

For improvement of physical and chemical properties of drilling cuttings, it is neces-
sary to displace the absorbed sodium by calcium; for this purpose, coagulants are used,
among which the use of phosphogypsum is very demanded. This is because phosphogyp-
sum, which is a waste product, is much cheaper than gypsum and has higher solubility,
and the presence of water-soluble phosphorus in it enhances the reclamation effect [78,79].

It is important to consider the processes of using phosphogypsum with the help of
biotechnological methods, which gives grounds to substantiate the possibility of conversion
of phosphogypsum components of various groups of microorganisms in environmental
protection technologies.

Thus, bioremediation can be used as one of the phosphogypsum management strate-
gies. It is based on the use of living organisms, in particular, microorganisms, to decompose
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or detoxify an environmental pollutant as a safe and inexpensive alternative [80]. Different
groups of microorganisms can be involved under these bioprocesses. Thus, the presence
of autochthonous microorganisms in the phosphogypsum accumulated in the dump, in
particular, bacteria capable of recovering radioactive elements and heavy metals, oxidation,
and reduction of sulfates, was determined.

The possibility of using biotechnological methods of drilling wastewater treatment
based on biodestruction of organic pollutants was substantiated [78,79]. The efficiency
of a treatment depends, to a great extent, on the activity of microorganisms-destructors,
and the presence of macro- and microelements in the environment. The efficiency of
purification depends to a large extent on the activity of microorganisms-destructors, and
the presence of macro- and microelements in the environment. A lack of one of the
most important elements—phosphorus and calcium—is a limiting factor in the process of
drilling wastewater bio-treatment, so the use of phosphogypsum as a cheap source of these
elements is promising.

In the study by Barakhnina et al. [81], it was found that, during three days of culti-
vation in the experiment with the addition of 1.0% wt. of phosphogypsum, the degree of
destruction of carboxymethyl cellulose and polyacrylamide in drilling wastewater was
66.8% higher than in the control, as 99.8% [81]. However, this method requires further
development and improvement as the implementation on an industrial scale requires
activation of the biological component of the process considering all physical and chemical
properties of biodegradable material. Another area of phosphogypsum use is its applica-
tion in biotechnological processes of sewage sludge neutralization. The paper by Chernysh,
2014, describes a method of sewage sludge treatment in systems of anaerobic fermentation
with heavy metals deposition into complex sulfide fraction with the help of biogenic hy-
drogen sulfide—a product of life activity of sulfate reducers, where phosphogypsum is
a mineral additive for intensification of bacterial culture development [82]. At the same
time, for intensification of bacterial culture development, it would be appropriate to use
the process of its bacteria immobilization on a mineral carrier to reduce biomass export
from a bioreactor and to transfer the process of treatment into a continuous one, which
would increase the productivity of the bioreactor.

Therefore, anaerobic fermentation with sulfate reduction process is a promising al-
ternative for phosphogypsum utilization. It was investigated during our study [83] and
confirmed in the study by Zouch et al. [84], where strong sulfide formation was observed
from enrichment culture inhabited by marine sediments collected near the wastewater
discharge point of the Tunisian fertilizer plant (Sfax, Tunisia). The authors [84] confirmed
that Desulphovibrio species are potential candidates for phosphogypsum bioremediation by
immobilization of metals and metalloids through sulfide production, which has also been
studied in our work [85].

In accordance with our previous studies [20,85], the biotechnologies of processing of
complex organic substances allow in anaerobic as well as in aerobic conditions to carry out
the decomposition of organic wastes with the formation of volatile fatty acids and carbon
dioxide, which, in the liquid phase, is represented by carbon dioxide. The development of
the biochemical process of converting phosphate raw materials into phosphate fertilizers is
a promising field of study.

The way of the combination of recycling areas of already accumulated phospho-
gypsum and implementation of new technological solutions for processing phosphorus
raw materials will reduce the level of technogenic impact from phosphogypsum on the
environment. Therefore, we have formed a model reflecting an integrated approach to
environmentally friendly production and recycling of phosphogypsum (Figure 9).

It is important to note that the application of complex compost based on mixing
phosphogypsum, elementary superphosphate, manure, and plant residues in the reclaimed
soil can reduce the content of mobile forms of heavy metals (Co, Mn, Cu, Ni, Pb) by
60-70% or more per year owing to the transformation of heavy metals into forms of organic
complexes and metal salts that are hardly accessible to plants [86]. Phosphogypsum



Appl. Sci. 2021, 11, 1575

16 of 20

can be considered as an acid-resistant mineral carrier, which is additionally a source of
macro- and trace elements for the growth process of the necessary ecological and trophic
groups of bacteria. As an immobilizing carrier, phosphogypsum with a modified surface is
characterized by low porosity; at the same time, a stable biofilm is formed on the surface
of the granules. So, phosphogypsum is also promising to be used as an immobilization
carrier for bacteria in bioreactors.

Integrated biochemical approach to production
and utilization of phosphogypsum

Minimizing phosphogypsum < > Biochemical recycling of
formation as waste phosphogypsum

— new technological solutions for

phosphate fertilizer production. I I
| | = immobilization carrier for bacterial
Replacing sulfuric acid with: cultures;

= bioconversion of phosphogypsum

carbonic acid; components with the production

oxalic acid of useful bio-based products;
in the case of biotechnology = bioleaching of useful elements;
recycling of complex organic = binding of toxic components in
waste insoluble compounds.

Figure 9. An integrated biochemical approach to production and utilization of phosphogypsum.

4. Conclusions

The problem of formation, storage, and actual disposal of phosphogypsum dumps
accumulated in the environment remains unsolved today. Existing dumps cause pollution
of the atmosphere, groundwater, soil, and vegetation of adjacent areas, causing alienation
of soils from existing ecosystems and affecting the adjacent areas, including agricultural
purposes. At the same time, these wastes still have useful physical, chemical, and bio-
chemical properties, which makes it possible to expand the scope of their environmentally
safe application. Therefore, in this study, trends in the management of this waste were
considered and analyzed. Through the VOSviewer program, a visualization of cluster
interconnections by keyword “phosphogypsum” was carried out in research publications
of various fields of phosphogypsum utilization and its application in industry. It should be
noted that the process of valorization of phosphogypsum has an important influence on
its component composition and effective extraction of useful components and binding of
toxic ones during phosphogypsum processing.

Thus, based on the analysis of current research on phosphogypsum, we have deter-
mined that the components of its structure allow the most efficient use of phosphogypsum.
Therefore, the concept of an integrated biochemical approach to phosphogypsum manage-
ment issues was determined. In the context of the proposed concept, the use of various
bioprocesses of phosphogypsum recovery from existing waste dumps and implementation
of new biotechnological solutions for processing phosphorus raw materials are presented,
which will reduce the level of technogenic pressure on the environment.

Further studies will be aimed at the experimental study of the possibility to use phos-
phogypsum as a mineral carrier for beneficial groups of microorganisms in bioprocesses of
detoxification of environmental components.
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