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Abstract: The utilization of waste generated from industrial production is a burden to overcome
for society to reach a circular economy. Usually, production waste is associated with low-quality
materials compared to its natural counterparts. In some cases, high-purity materials are generated,
while different hazardous substances such as heavy metals, radioactive elements, or organic chemical
substances are pollutants that often limit the materials’ further application. One such material that has
accumulated for decades is phosphogypsum (PG). The extraction of fertilizers from metamorphous
rocks results in large quantities of PG. Until now, PG has been deposited in large stockpiles near
the production plant, causing problems for the environment in the surrounding area. However, the
chemical composition of PG places it as a high-purity artificial gypsum material, which means that it
could be used as a substitution or supplementary material in gypsum-based material production.
The concerns, with respect to both legislation and prevailing prejudices in society, about its impurities
strongly limit its application. This manuscript reviews current research practices for the effective
use of PG and analyzes the importance of the circular economy. A life cycle assessment of current
state-of-the-art technologies regarding PG application is proposed.

Keywords: circular economy; byproducts; phosphogypsum; recycling; life cycle assessment

1. Practice of Circular Economy in the Gypsum Industry

According to the Waste and Resources Action Programme, the circular economy is
a concept of transition from the linear “take–make–dispose” model to the optimization
of resource utilization by prolonging operational life [1]. The objective is to extract the
maximum value from resources through extensive use, fostering a systematic approach that
mitigates the adverse environmental effects associated with resource depletion and waste
disposal. Circular economy principles are gaining momentum within the communities of
practitioners and scholars, exerting influence on extractive industries to transition from
a linear economic model to a more circular one. The inherent challenges in the mining
sector make this shift particularly demanding. Circular economy approaches in mining
primarily emphasize a reduction in natural resource extraction and residual waste, with
a notable emphasis on managing waste and byproducts, including mine tailings [2,3]. In
contemporary times, policies and business strategies place a strong emphasis on sustainable
development, with a particular focus on the principles of the circular economy. This ap-
proach extends to addressing the challenges associated with waste and secondary materials,
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e.g., phosphogypsum (PG) in civil engineering. Gypsum is a traditional building material
with vast applications and acceptance in the building industry. The European gypsum
industry boasts a substantial financial turnover, estimated at approximately EUR 7.7 billion.
This industry’s operations span 154 quarries and 160 plants, directly employing 28,000 in-
dividuals while indirectly fostering employment for an additional 300,000 individuals [4].
According to the Study on the Critical Raw Materials for EU 2023, gypsum is extracted in
11 European countries. The largest volumes were extracted in Spain (45%), Germany (19%),
and France (11%), while a notable amount was also extracted in Latvia (1%) [5].

Natural gypsum is an infinitely recyclable material due to its simple chemical formu-
lation and low treatment temperature requirement for obtaining binder material. Gypsum
is a vastly available material with relatively low production costs; thus, there is a high
amount of waste gypsum at the end of the life cycle. As gypsum consumption in civil
engineering is high, the gypsum sector contributes approximately 1% to the overall volume
of construction and demolition waste (CDW). To represent trends in the EU, in Portugal, it
has been approximated that, on average, each standalone house covering 186 m2 contains
roughly 1021 kg of gypsum drywall, which has the potential to be classified as CDW after
demolition [6]. Because gypsum is a widespread naturally deposited mineral material
around the world, the recycling of gypsum has not been a critical concern until now. How-
ever, the disposal of gypsum CDW in landfills results in the production of hydrogen sulfide
gas through the anaerobic breakdown of gypsum residues, giving rise to environmental
concerns [7]. Thus, the recycling of gypsum CDW is imperative for society to address. The
European Union’s target for recycling gypsum within CDW, as established by its 27 member
states, stands at 70% [8].

Until now, it has been possible to segregate and gather plasterboard CDW at a con-
struction site, and, upon processing, approximately 20 to 30% of recycled gypsum can be
incorporated into the manufacture of new plasterboards. In 2019, as much as 600,000 metric
tons of recycled gypsum was employed in the production of plasterboard [9]. This ap-
proach allows gypsum CDW to serve as a secondary raw material, replacing more than
30% of natural gypsum in plasterboard production [10]. Suárez and colleagues found that
processing recycled gypsum requires 65% less energy compared to natural gypsum [11]. An
environmental impact assessment reveals that the use of recycled gypsum offers advantages
even when compared to FGD gypsum from coal-fired power plants and natural gypsum.
However, the study also highlights that the specific transportation distance significantly
influences the results. Haneklaus et al. investigated the historical EU gypsum market and
forecast potential demand for 2030 [12]. They underlined that “undisputed is the fact that
there will be a gypsum gap in the EU”. Following the good practice of CDW gypsum
recycling, the opportunity has opened for other gypsum waste stream materials. One of
the most concerning materials that requires effective recycling and circularity is PG.

2. Burdens of Phosphogypsum in the Circular Economy

PG is a byproduct of the phosphate fertilizer industry and is generated as a result
of the sulfuric acid treatment of phosphate rock. When natural phosphate raw material
(apatite or phosphorite) is treated with sulfuric acid, a reaction takes place [13]:

Ca5(PO4)3F + 5H2SO4 + 5nH2O = 5CaSO4·nH2O + HF + 3H3PO4, (1)

The production of phosphoric acid involves two processes: the dissolution of the
phosphate raw material in a mixture of sulfuric and phosphoric acids (which is formed
during the process) and the crystallization of calcium sulfate. This means that, to obtain
1 kg of P2O5, about 4.5–5 kg of PG is produced [14]. Depending on the process conditions,
i.e., depending on the concentration, temperature, and composition of raw phosphate
materials and impurities, the solid phase of calcium sulfate could come in three forms:

• Dihydrate gypsum, CaSO4·2H2O;
• Hemihydrate gypsum, CaSO4·0.5H2O;
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• Anhydrous gypsum (anhydrite), CaSO4;

Approximately 300 million metric tons of PG is generated annually [15]. The current
cumulative global PG generation is about 6 billion tons. It is assumed that, by 2045, the
total amount of PG will be twice as high [16]. In Lithuania alone, PG has been transported
to landfills for many years, and now, about 45 million tons has accumulated. The other
possible “utilization” of PG described in the literature for end-of-life PG scenarios is to
dump it into the sea [17]. Both of these options cause many negative impacts on the
environment. This poses important challenges and highlights the need to find effective
solutions for the management of this byproduct (see Figure 1). Finding innovative uses
for it, such as in construction materials, in soil amendments, or even as a raw material for
other processes, could contribute to a more sustainable and circular approach by closing
the loop and minimizing waste.
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According to the information provided by Wang et. al, only about 15% of PG is
recycled, and the rest (85%) is mostly disposed of in landfills [16]. It has been pointed out
that the number of tons accumulated in PG landfills can have dangerous consequences for
the environment. Potential problems include the leaching of chemicals into soil or water,
which can have negative effects on the ecosystem, plants, animals, and human health.

According to the content of the main substance—calcium sulfate—PG corresponds to
the raw material of the highest type of natural gypsum (91–95%) [18,19]. In addition to the
main calcium sulfate component, PG contains various impurities. Many scientists have
found that most PG impurities consist of phosphates that are mostly soluble in water, i.e.,
free orthophosphoric acid H3PO4 and calcium tetrahydrogen phosphate CaHPO4·2H2O.
They are usually expressed as the amount of P2O5 that is soluble in water. Water-soluble
fluorine exists in the form of hydrofluoric acids HF and H2SiF6. There are also unreacted
phosphate raw materials such as Ca(H2PO4)2·H2O, H2SO4, NaF, CaF2, iron, aluminum, and
rare-earth element salts [20–22]. In addition, wet processing causes the selective separation
of natural radium (Ra), uranium (U), and thorium (Th). About 80% of 226Ra is concentrated
in PG, and almost 86% of U and 70% of Th enter phosphoric acid [23]. The amounts of
impurities depend on the degree of leaching of PG on the carousel vacuum filter. The
impurities are known to coat calcium sulfate crystals and slow down their dissolution
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rate. Some impurities are embedded in the framework of calcium sulfate crystals [24,25].
Therefore, due to health and safety concerns, for now, the utilization rate of PG is low [16].

Despite the known limitations and possible concerns, research on PG has gained sig-
nificant attention due to environmental and economic considerations. Some of the current
research directions and areas of interest in relation to PG are associated with environmental
impact mitigation. One of the primary research areas focuses on finding sustainable and
environmentally friendly ways to manage and utilize PG. Utilization and recycling using
various applications for PG to reduce waste and environmental concerns include using
PG in construction materials, as a soil conditioner, or as a source of calcium for various
industrial processes. Radioactivity management is often considered the top concern in PG
applications. PG is a naturally occurring radioactive material (NORM) and can contain
radionuclides, necessitating research on the safe handling, transportation, and disposal
of this byproduct while managing its radioactivity effectively [23]. Different approaches
have been adapted with respect to safely using PG in the production of building materials.
Chemical and physical properties have been determined to understand the properties of
PG, which are essential for its effective utilization. Research is ongoing to characterize
these properties and assess how they impact their suitability for different applications.
Innovations in processing techniques are being explored to improve the quality of PG
and reduce impurities. This may involve methods for recovering valuable components or
altering their composition to render them more suitable for specific applications.

There are several main research topics relating to the utilization of PG. PG could be a
raw material for cement and gypsum binders, but the quality of PG deteriorates the prop-
erties of the binders due to the relatively large amounts of acid-soluble impurities, which
limits its use. Soluble phosphates prolong the hydration of gypsum and reduce the compres-
sive strength of gypsum specimens [26]. Impurities change the morphology of CaSO4·2H2O
crystals, resulting in irregular crystal shapes that adversely affect strength [27]. On the other
hand, phosphate impurities affect the solidification/hardening and mechanical properties
of gypsum-based materials. In particular, lattice-bound phosphorus (CaHPO4·2H2O) is the
most difficult to remove [24,25]. Acidic impurities are also the main cause of long setting
times and the low early strength of cement [28]. Both globally and in Lithuania, where
large PG stockpiles are produced and stored, substantial research has been carried out with
respect to solving the problem of neutralizing these harmful impurities. The following
methods are most often used to remove or decontaminate impurities in PG:

• Washing PG with water [29,30];
• Washing PG with water while neutralizing impurities in an aqueous suspension [13,30–32];
• Thermal treatment [14,21,33,34];
• Use of various neutralizing, mineralizing, and crystallization-regulating additives [26,35,36].

Legislation and regulation are important for the legal and regulatory aspects of PG
management. These include investigating and recommending guidelines for safe handling,
storage, and disposal, as well as limiting radioactivity. Research on the health and safety
aspects of working with PG and potential exposure to its constituents is important to
ensure the wellbeing of workers and nearby communities. Research into the economic
feasibility of using PG in various industries and applications is also a crucial area of
interest. Understanding the costs and benefits of its use compared to alternative materials
is essential.

3. Current State of the Art in Phosphogypsum Research

In a thorough literature review comprising 153 articles, Bourgane et al. examined
various aspects of PG recycling and valorization technologies [37]. The review covered
different treatment and purification methods, as well as techno-economic, life cycle, and
environmental assessments associated with PG recycling. Furthermore, the review delved
into recent technologies focused on extracting rare-earth elements from PG. Different
authors mostly focus on the physical and chemical characteristics of PG and its combination
with other materials. For example, Oumnih et al. investigated the effects of raw bentonite,
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PG waste, and lime on the properties of cementitious materials through various tests [38].
Bituh et al. summarized the availability of PG recycling and assessed opportunities for
using PG in Croatia [39]. Gabsi et al. conducted a study in Tunisia that focused on
assessing the application of PG in various crops over two consecutive years in degraded soil
areas [40]. The research outcomes revealed that incorporating organic manure amendments
and PG positively influenced the germination rates of different crops under investigation.
Notably, the highest crop yield was observed when the maximum dose of PG was applied.
Similarly, Outbakat et al. investigated soil physical properties in Morocco and found
that “PG application improved soil structure by promoting flocculant action provided
by calcium” [41]. The study conducted by Majdoubi et al. suggests that geopolymer–PG
composites have the potential to serve as effective and sustainable alternatives to traditional
building materials [42]. The findings propose that these composites could be applied not
only in construction but also in various industrial contexts, showcasing their versatility.
Bilal et al. studied the results of 67 industrial storage facilities around the world and
concluded that newly produced PG should not be considered as waste but can and should
be recycled, thus remaining a part of the circular economy [43]. Simultaneously, large
amounts of stored PG can be recycled to significantly reduce the extraction of raw materials,
thus closing the loop and returning resources. According to Tsioka and Voudrias, utilizing
life cycle assessment (LCA) proves to be a valuable approach for evaluating and comparing
different PG waste valorization methods within the circular economy framework [44]. They
compared alternative management methods for PG waste and found that utilizing PG
waste as a substitute for sand and clay in brick production results in greater environmental
impact compared to the traditional brick production method. Consequently, this approach
is not recommended due to its higher environmental footprint.

3.1. Application of Phosphogypsum as a Hemihydrate Gypsum Binder

The dihydrate PG is often proposed as a substitution for traditional gypsum binders.
XRD analyses have been used to describe its mineralogical composition and its transfor-
mation during heat treatment between 100 and 180 ◦C [45]. Technological properties such
as fineness, consistency (water–binder (W/B) ratio), set time, and strength are usually
described. This is a traditional gypsum production range that is typically researched in
the scientific literature. The presence of water plays a pivotal role in various aspects of
binder performance, influencing factors such as workability in fresh paste, the hydration
process, porosity, mechanical strength, and material durability. A comprehensive overview
of the relationship between the W/B ratio in gypsum-based binders and the properties of
the resulting hardened gypsum binder, delineating the boundaries of properties affected
by the W/B ratio, was carried out by the authors. The W/B ratios can range from 0.3 to
1.15 [46]. To reduce the negative effects of impurities and compensate for the fineness of
PG, additives and chemical admixtures such as slaked lime or plasticizers are used. The
findings reveal that higher heat-treatment temperatures for PG reduce the time required
for the conversion of PG into hemihydrate, and they slightly extend the initial setting time
of the resulting binder. The addition of plasticizer results in a reduction in the water–PG
ratio from 0.80 to 0.43. As the water content changes, the bulk density of PG binders ranges
from 726 to 1600 kg/m3, with total porosity varying from 35% to 71%. The early-age
(2 h) strength of the binder ranged from 0.1 to 15 MPa, and, after 14 days of hardening, it
reached 2.5 to 29 MPa. These results are promising considering the potential utilization of
PG as a secondary raw material for binder production. Another novel research direction
with respect to PG binders advises the inclusion of a pore-forming agent, which allows
for the creation of ultra-porous gypsum materials, resulting in bulk densities spanning
from 213 to 726 kg/m3, total porosities from 67.9% to 90.6%, and strength values from 0.1
to 0.8 MPa. Such materials provide high-added-value products, such as insulation and
fire-proofing materials.
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3.2. Pressed Phosphogypsum Building Blocks

The utilization of PG in building products can improve the properties of the final
product when novel processing methods are applied during manufacturing. Some of the
main methods are further reviewed. The press-forming processing of PG specimens has
been explored by various authors. The main advantage of this method is that it results
in more compact and strong PG products. However, there is an important disadvantage:
press forming permits a lower proportion of mixing water than that usually employed
in the specimens produced via simple casting. If the PG mixture contains too much
water, press-forming pressure would cause it to “escape” the mixture, thus damaging the
microstructure and mechanical properties of specimens. However, when a lower amount
of water is included, the resulting specimens are poorly hydrated. In several studies by
Zhou et al., the team was able to successfully address this water shortage issue by adopting
various strategies. In an initial study, a so-called “hydration–recrystallization” process
was applied [46]. This process consisted of creating some initial “green bricks” through
press forming, which were hot-dried at 180 ◦C to convert the di-hydrate gypsum into a
hemihydrate phase. Subsequently, these bricks were immersed in water for a brief period,
resulting in the secondary hydration (recrystallization) of calcium sulfate and improving
the hydration degree and mechanical properties of the cured specimens. In this manner,
the optimal recipe was found to be 75 wt.% PG, 19.5 wt.% river sand, 4.0 wt.% OPC, and
1.2 wt.% hydrated lime, and the compressive and flexural strengths were found to be
21.87 MPa and 5.2 MPa, respectively.

Another study investigated an alternative PG specimen press-forming method and
called it “the two-step hydration process” [47]. The process consisted of creating specimens
through press forming and, after 1 d of curing, immersing them in water for 0.5 h (for
secondary hydration); then, they were naturally cured for a determined time period. In this
case, the optimal mixture was found to be 25 wt.% PG, 23.47 wt.% river sand, and 1.53 wt.%
hydrated lime, with a 7-day compressive strength of 29 MPa, which is a remarkably high
value that is comparable to concrete. It should be noted that no OPC was included in the
mixture; thus, this solution is ecologically friendly.

Fornes et al. thoroughly investigated the previously mentioned “two-step hydra-
tion process” in subsequent publications by studying the dependence of the compressive
strength of PG specimens on various processing parameters: mixing-water content; press-
forming pressure; and the application (or not) of the immersion procedure with respect to
the content of zeolite additives, specimen size, and the type of PG [48]. Hence, a deeper
understanding of the applicability of these processing methods was achieved.

Press-forming processing is not only suitable for producing PG bricks or blocks. Other
types of products, such as plasterboards, can also be manufactured. Zhou et al. created
paper-free and fiber-free plasterboards by applying intermittent press forming in immer-
sion conditions [49]. In this manner, the achieved flexural strength of the manufactured
PG boards was 14.7 MPa. Hence, it can be concluded that the application of press form-
ing, which improves the mechanical properties of PG products, may be encouraged in
building products.

3.3. Phosphogypsum-Based Biocomposites
3.3.1. Phosphogypsum-Based Hempcrete

In response to the sustainability challenges faced by the construction industry, an
innovative composite material has been developed to address these concerns. This new
material boasts significantly lower embodied energy and carbon footprint when compared
to traditional construction materials. It is formulated using a low-emission gypsum binder,
which includes industrial byproducts such as PG, along with agricultural waste hemp
shives. The development of bio-based construction materials using a combination of hemp
shives and gypsum resulted in low-density materials (from 200 to 400 kg/m3), employing
a straightforward and robust production method [50]. The resulting building material
exhibited a negative net carbon dioxide (CO2) impact, with up to 92 kg CO2 equivalent
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entrapped per cubic meter. The study encompassed an examination of both physical and
mechanical properties. The weight ratio of the biofiller to binder in compositions ranged
from 0.83 to 2.50 (volume ratio from 0.04 to 0.12). Increasing the gypsum content in these
mixtures resulted in enhancements in mechanical properties and an increase in the thermal
conductivity coefficient. Thermal conductivity ranged from 0.058 to 0.101 W/(m·K), and
compressive strength varied from 0.10 to 0.57 MPa. Biodeterioration testing revealed that
the biocomposites, with a pH in the range of 5.60 to 6.55, facilitated the rapid growth of
mold. Mold growth was somewhat reduced in composites with higher gypsum content,
while PG promoted even faster mold growth (Figure 2). Notably, Cladosporium, Rhizopus,
Chaetomium, and other molds were observed on samples, even in early testing stages,
raising concerns about the limited suitability of such gypsum-based biocomposites in dry
conditions. To enhance water and mold resistance, treatment with waterproof or fungicidal
substances, or pH adjustment using lime or another mineral binder with a high pH value,
is essential.
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The same mixture formulations were evaluated with respect to fire performance.
Significantly, the research utilized a cone calorimeter to evaluate the fire performance of
commercially available gypsum-based and PG-based composites for the first time [51].
The findings indicate that the gypsum content plays a pivotal role in determining fire
resistance. With elevated gypsum content, a char layer was formed, contributing to a
reduction in the peak heat release rate by limiting mass and thermal transfer. Increasing
the gypsum content led to a delayed ignition time, extending it from 14 to 19 s, and a
substantial 57% reduction in the peak heat release rate. Interestingly, the use of PG as a
binder, when compared to commercial gypsum, demonstrated a slight improvement in fire
resistance. This improvement may be attributed to the presence of impurities with high
water-attracting properties within the PG structure.

3.3.2. Phosphogypsum and Wood Fiber Waste Composites

One way to reuse PG could be the development of environmentally friendly composite
materials made from PG and fibers. Guna et al. investigated gypsum samples reinforced
with wool and coir fibers [52]. This reinforcement of gypsum made with wool and coir
fibers improved the mechanical properties (up to 90%) of the composite and increased
its resistance to moisture. Fantilli et al. used sheep wool fibers and hemp fibers in the
gypsum matrix [53]. They highlighted the better mechanical properties of biocomposites
with wool fibers compared with hemp fibers as reinforcements. This could be explained
by the better adhesion of wool fibers (more rough fiber surfaces) with gypsum matrixes.
Kaya et al. stated that the increase in wood particles increased the water absorption values
by about 28.5% and 2.1% thickness swelling values, respectively [54]. In the study by
de Oliveira et al., recycled cellulose fibers with expanded polystyrene were used for the
reinforcement of gypsum composites [55]. These additives (with the highest amounts of
expanded polystyrene) improved the thermal conductivity of the obtained composites, and
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even the lowest values reached 0.18 W/mK. According to Álvarez et al., the mechanical
properties of a gypsum-based material with the fibers of glass, basalt, polypropylene, and
wood significantly increased compared with the samples without fibers [56]. The main
properties (size, surface finishing, and length) of the fibers affected the strength values
of composite materials, as stated by Suárez et al. [57]. In some studies, the thermal and
sound insulation properties of gypsum samples were improved by incorporating fibers
based on biomaterials. In the study, a gypsum building material was designed with the
incorporation of two different fiber types: cork and paper [58]. The incorporation of cork
led to improvements with respect to insulation capacity, and the paper fiber resulted in the
improved acoustic insulation of gypsum-based composite materials. It was observed that
gypsum composite materials with natural fibers have a positive influence on sound and
thermal values [59]. The gypsum-based composite was made from gypsum as a binder,
and wood shavings or sawdust used as reinforcements could result in sound and thermal
property improvements [60]. Cherki et al. investigated the composites based on granular
cork and gypsum plaster [61]. This composite material was three times more insulating
and two times lighter than gypsum.

Fornes et al. evaluated the impact of waste wood fiber on the thermal and acoustic
insulation properties of PG samples [62]. Wood fiber waste (WFW) was obtained from used
chipboards. An inverse linear correlation was found between the amount of incorporated
WWF in the composite samples based on PG and the thermal conductivity coefficient λ. At
the highest amount of WFW (5%), the samples had the lowest value λ = 0.33 W/mK, i.e., 26%
lower than control samples (without WFW). However, this option was not recommended
due to the low strength of the samples (<10 MPa). For this reason, a compromise between
strength and thermal insulation properties was recommended. A reduction in coefficient λ,
together with satisfactory strength values, confers PG products with better parameters for
use as bricks or composite blocks.

3.4. Ternary System Binders with Phosphogypsum

There have been efforts to develop sustainable and high-performance construction
materials through the utilization of a green hydraulic ternary system binder based on waste
PG. A high-strength ternary system binder was developed, containing a major part of
gypsum, metakaolin, and Portland cement (PC) [63]. Valorization options for waste PG and
metakaolin were offered by incorporating these materials in high-performance cementitious
composites and producing highly porous lightweight foam materials. The proposed binder
has technological properties that are similar to traditional cementitious binders based on
PC. The mixture’s composition with a low W/B ratio of 0.34 was developed with the
addition of a superplasticizer. An impressive compressive strength value of up to 88 MPa
was reached. The binder proved to be suitable for producing mortar with a strength of
up to 50 MPa (Figure 3a). Foamed ternary system binder materials with density values
within the range from 368 to 697 kg/m3 were obtained, with compressive strength values
from 0.33 to 3.5 MPa and thermal conductivity values between 0.086 and 0.153 W/mK
(Figure 3b). In addition to technological properties, long-term properties, such as durability
and shrinkage/swelling, should be evaluated, as gypsum with cement can form hazardous
compounds, such as ettringite, which could lead to a loss of integrity of the material. The
utilization of PG up to 50% by weight in the binder composition was reported. Water
tightness, represented by the softening coefficient of such foamed materials, falls within
the range of 0.5 to 0.64. This approach represents a practical and sustainable solution for
decreasing the environmental impact associated with waste disposal.
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4. Life Cycle Assessment

CO2 emissions stemming from the production of PC are recognized as the highest
among those from all construction materials, accounting for approximately 8% of the
world’s total CO2 emissions. On average, the production of PC clinker, which involves
the calcination process, generates 0.81 kg of carbon dioxide for every kilogram of cement
produced. Therefore, there is a pressing need for innovative approaches that can mitigate
the adverse environmental effects associated with cement production and facilitate the
development of more advanced methods. One potential avenue for reducing environmental
risks is the adoption of materials with lower energy consumption in production that
can partially substitute PC in cement binders. This has resulted in the exploration of
alternative binders as one of the most promising solutions. Current research delves into
the environmental impact of the construction industry when an alternative to PC binders
is employed.

At first glance, replacing PC with supplementary cementitious materials (SCMs)
appears to be an effective and immediate solution for reducing the environmental impact
of PC-based materials. However, results have shown that the total energy consumption
and CO2 emissions during the production of cement-based materials do not decrease
proportionally to the reduction in PC usage. In some cases, this substitution may even lead
to additional environmental harm. Three reviewed scenarios were compared regarding
CO2 emissions using LCA—all materials used in the scenarios are calculated for 1 kg
of material (Table 1). In the first scenario, a commercial gypsum binder (CG), PG, and
lime binder were used to produce hempcrete with a bulk density of 400 kg/m3 [51]. The
second scenario was associated with ternary hydraulic binder production from PG, PC,
and SCM. The material was compared to traditional PC CEM I 42.5 N from the Ecoinvent
database. Both binders had a compressive strength of 50 MPa at the age of 28 days [63].
The third scenario compared pressed blocks produced from 100% PG. In total, a mass of
water equal to 16% of the mixture’s weight was added to the mixture and then pressed
with 15 or 20 MPa pressure to attain a specimen density value from 1882 to 1914 kg/m3 and
compressive strength value from 48 to 58 MPa [64]. Blocks were compared to commercial
concrete blocks with a density of 1840 kg/m3 and a compressive strength of 13.1 MPa. Data
for comparison were taken from the results of Dahmen et al. [65].

Data with respect to PG are not available in the Ecoinvent database; thus, a process was
developed to avoid the dumping of PG in stockpiles, and the PG stockpile was transported
to the production site [44]. However, no CO2 emissions were reduced from PG stockpiles;
thus, the main climate change benefit is from the transformation of PG as a waste product,
meaning that there are no added impacts due to the material’s production.
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Table 1. The mixture compositions used for LCA with various PG applications and reference
compositions.

Composition

Material PG CG Lime CEM I Sand Gravel Metakaolin Hemp
Shives H2O Ref

CG biocomposite - 300 - - - - - 120 290 [51]
Lime biocomposite - - 300 - - - - 120 270 [66]
PG biocomposites 300 - - - - - 120 290 [51]

PG ternary binder 55 - - 22.5 - - 22.5 - 34 [63]
CG ternary binder - 55 - 22.5 - - 22.5 - 34 [63]
CEM I - - - 100 - - - - 29 Ecoinvent

PG pressed blocks 100 - - - - - 16 [64]
CG pressed blocks - 100 - - - - - - 16 [64]
Pressed concrete
blocks - - - 17 91 37 - - 9.3 [65]

When PG is transformed into products with market value instead of being sent to
landfill, CO2 can be captured during this process. Within this study, the capture of CO2
was achieved by replacing traditionally used materials in different composites with PG [67].
Figure 4 indicates that using PG instead of lime results in a CO2 reduction of 0.61 kg CO2
eq/1 kg instead of CG 0.55 kg CO2 eq/1 kg. Considering that all three biocomposites
contain hemp shives in their composition, there is potential for these materials to yield
a net-negative CO2 value, thereby benefiting the environment through CO2 capture via
hemp shives. However, this outcome hinges on the proportions of hemp shives and other
materials in the composition. Among these biocomposites, two demonstrate a capacity
to capture more CO2 than they produce, while lime biocomposites generate more CO2
than they capture despite containing the same amount of hemp shives as the others. Both
PG and CG ternary binders exhibit comparable results, whereas the CEM I binder leads
to a more than twofold increase in CO2 emissions at 0.89 kg CO2 eq/1 kg. Given their
equivalent strength, it can be inferred that both PG and CG ternary binders offer viable
options for realizing similar outcomes in addressing climate change. Regarding blocks,
while all exhibit similar densities, there are substantial variations in the strength of pressed
concrete blocks. Nonetheless, this discrepancy bears minimal significance considering that
both CG and concrete pressed blocks yield nearly identical impacts on climate change.

In order to understand the reduced CO2 emission correlations when replacing tradi-
tionally used materials with a certain amount of PG, an indicator was developed, where
the difference in impact between PG and traditional materials is determined based on the
amount of PG (kg) in the material (see Table 2). The total CO2 reduction kg/CO2 eq was
calculated per 1 kg of material and divided by the sPG content in the material. The higher
the reduction coefficient, the more effective the substitution of traditional construction
materials. It is also noteworthy that the highest CO2 capture was observed with respect to
biocomposites, and the most effective use of PG in the production of construction materials
is in the ternary binder. This can also be concluded from two factors. First, PC has higher
CO2 release values during production compared to the lime binder; the other factor is
that the higher amount of PG in biocomposites produces a good reduction value, while
it does not reach the efficiency of PC substitution as the density of the produced material
is lower. Furthermore, when comparing PG materials to those with the greatest impact,
it is crucial to acknowledge that CO2 reduction is not dependent on PG alone but also on
other materials within the composition, such as metakaolin. This distinction is vital, as the
compositions are not identical.
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Table 2. The CO2 reduction efficiency of PG in proposed applications.

Materials PG Content in Material, % CO2 Reduction, kg CO2eq PG CO2 Reduction Efficiency,
kgCO2/kgPG

PG biocomposite 71 0.61 0.82
PG ternary binder 55 0.56 1.01

PG pressed concrete blocks 100 0.11 0.11

5. Closing the Loop of Phosphogypsum—Conclusions

PG, a byproduct of the phosphate fertilizer industry, presents both environmental
challenges and opportunities for recycling and utilization. Due to its association with natu-
rally occurring radioactive elements, such as radium, uranium, and thorium, the proper
management of PG is essential in order to minimize radiation exposure and environmental
contamination. Regulatory guidelines and PG practices should be followed to ensure the
safe handling, storage, and disposal of PG. The effective recycling and utilization of PG
offer significant environmental, economic, and social benefits, including reduced waste
generation, resource conservation, and sustainable development. By implementing innova-
tive technologies and practices, as well as fostering collaboration among stakeholders, the
full potential of PG can be realized, contributing to a more circular and resilient economy.
Recycling and utilizing PG contributes to waste reduction and resource conservation by
repurposing a byproduct of industrial processes. This supports circular economy principles
by minimizing waste generation and maximizing the value of secondary resources.

PG offers a sustainable alternative to natural gypsum in various applications; its
abundance, cost-effectiveness, nutrient content, and waste utilization potential can be
leveraged. However, proper management and regulatory oversight are necessary to address
environmental and health considerations associated with its utilization.
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26. Nizevičienė, D.; Vaičiukynienė, D.; Michalik, B.; Bonczyk, M.; Vaitkevičius, V.; Jusas, V. The Treatment of Phosphogypsum with
Zeolite to Use It in Binding Material. Constr. Build. Mater. 2018, 180, 134–142. [CrossRef]

27. Singh, M. Role of Phosphogypsum Impurities on Strength and Microstructure of Selenite Plaster. Constr. Build. Mater. 2005, 19,
480–486. [CrossRef]

28. Singh, M. Treating Waste Phosphogypsum for Cement and Plaster Manufacture. Cem. Concr. Res. 2002, 32, 1033–1038. [CrossRef]
29. Singh, M.; Garg, M.; Verma, C.L.; Handa, S.K.; Kumar, R. An Improved Process for the Purification of Phosphogypsum. Constr.

Build. Mater. 1996, 10, 597–600. [CrossRef]
30. Han, S.; Zhao, Z.; Cheng, Y.; Liu, Y.; Quan, S. On Pretreatment Experimental Study of Yunnan Phosphorus Building Gypsum.

Adv. Mat. Res. 2014, 1025–1026, 837–841. [CrossRef]
31. Liu, S.; Fang, P.; Ren, J.; Li, S. Application of Lime Neutralised Phosphogypsum in Supersulfated Cement. J. Clean. Prod. 2020,

272, 122660. [CrossRef]
32. Kaziliunas, A.; Leskeviciene, V.; Vektaris, B.; Valancius, Z. The Study of Neutralization of the Dihydrate Phosphogypsum

Impurities. Ceram. Silik. 2006, 50, 178–184.
33. Ölmez, H.; Erdem, E. The Effects of Phosphogypsum on the Setting and Mechanical Properties of Portland Cement and Trass

Cement. Cem. Concr. Res. 1989, 19, 377–384. [CrossRef]
34. Liu, D.S.; Wang, C.Q.; Mei, X.D.; Zhang, C. An Effective Treatment Method for Phosphogypsum. Environ. Sci. Pollut. Res. 2019,

26, 30533–30539. [CrossRef] [PubMed]
35. Chen, X.; Gao, J.; Liu, C.; Zhao, Y. Effect of Neutralization on the Setting and Hardening Characters of Hemihydrate Phosphogyp-

sum Plaster. Constr. Build. Mater. 2018, 190, 53–64. [CrossRef]
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