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Preface to ”Recent Trends in Phosphate Mining and

Beneficiation and Related Waste Management”

Phosphorus is one of the strategic and critical raw materials and is an irreplaceable essential

nutrient for life for various planetary living organisms. However, global high-grade phosphate

reserves are known to be decreasing, and the need to mine low-grade ores, including former

waste rocks and tailings, in order to extract phosphorus-bearing minerals (i.e., apatite) is becoming

increasingly crucial.

At the same time, concerns about access to critical raw materials and their availability for the

future of the industry, in particular for energy storage, are growing. Nevertheless, phosphate ores

are known to contain some of these elements, such as rare earth elements and uranium, that may

represent valuable bonuses in phosphate ore trading. The recovery of these vital elements from

phosphate waste may help in developing the needs of green energy for the future and contribute

to the achievement of the sustainable development goals around the phosphate industry.

Also, various types of waste stream are continuously produced by the phosphate industry,

such as carbonated and/or siliceous waste rocks during ore extraction, clayey sludges (or tailings)

produced during apatite concentration, and phosphogypsum generated by the chemical industry that

transforms the apatite into phosphoric acid. These waste products consititute huge volumes, reaching

a ratio between 5 to 10 tons of waste per ton of concentrated phosphate apatite. The management of

these waste products is becoming an important issue in terms of public concern and environmental

and financial aspects. In the framework of sustainable mining and circular economy objectives,

several ecofriendly and green solutions for the recycling and management of waste rocks from

phosphate mining, tailings, and phosphogypsum are highlighted in this Special Issue.

The published papers in this Special Issue highlight the opportunities related to the beneficiation,

management, and recycling of low-grade phosphate ores as well as the numerous related by-products

considered as waste but that can be valorized/reused as secondary raw materials. .

Mostafa Benzaazoua, Yassine Taha

Special Issue Editors
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This Special Issue contains a series of selected papers concerning phosphate along with its mining
and transformation life cycle. Phosphate extraction and beneficiation is one of the most vital mining
industries in the world. Phosphorus derived from phosphate ores is a vital element of life and an
exceptional component in fertilizers and food industries. However, many challenges are currently
being faced in the extraction of phosphorus, one of the most strategic and critical raw materials [1].
Global high-grade phosphate reserves are known to be decreasing, and the need to explore low-grade
ores, including former waste rocks and tailings, to extract apatite is becoming increasingly crucial.

In this regard, a recent review of the beneficiation techniques and reagents that can be used
for the beneficiation of low-grade ores with high impurity contents was conducted by Ruan et
al. [2]. The beneficiation process of a low-grade sedimentary phosphate ore (12 wt.% P2O5) from the
Gafsa-Metlaoui sedimentary basin in southern Tunisia was investigated [3]. The researchers succeeded
in reaching a recovery rate of 92.4% and improved the P2O5 grade of concentrate to 27.1%. Moreover,
Matiolo et al. [4] investigated the possibility of recovering ultrafine apatite particles, usually lost within
tailings, by comparing different column size flotation processes.

In addition, phosphate ores are known to contain other critical raw materials (CRMs), such as
rare earth elements and uranium, that may represent valuable bonuses in phosphate ore trading.
The recovery of these vital elements from phosphate wastes may help in developing the needs of
green energy in the future and contribute to the achievement of the Sustainable Development Goals.
The occurrence of rare earth elements (REEs) and their bearing phases within different streams of
phosphate ore processing in China was discussed by Yang et al. [5], using mineral liberation analysis
(MLA) coupled with electron probe microanalysis (EPMA). Apatite, allanite, monazite, pyrochlore, and
gypsum were identified as the main REE-bearing phases in the different studied samples. Li et al. [6]
investigated the geochemical and mineralogical characteristics of primary and weathered dolomitic
phosphorites containing REEs from the Zhijin mining district in Guizhou Province, China. Novel
polymer and chemical products were also used to recover REEs from acidic extracts of Florida phosphate
mining materials [7].

Various types of waste streams are continuously produced by the phosphate industry such as
carbonated and/or siliceous waste rocks, clayey sludge, and phosphogypsum. These wastes represent
huge volumes, reaching a ratio between 5 and 10 tons of waste per ton of concentrated phosphate
apatite. The management of these wastes is becoming an important issue in terms of public concerns
and environmental and financial aspects. In the framework of sustainable mining and circular economy
objectives, several ecofriendly and green solutions for the recycling and management of phosphate
mine waste rocks, tailings, and phosphogypsum are highlighted in this Special Issue. Phosphate
mine tailings coming from beneficiation plants were tested for their potential reuse as membrane

Minerals 2019, 9, 755; doi:10.3390/min9120755 www.mdpi.com/journal/minerals1
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filter products [8]. Also, it was proven by Amrani et al. [9] that phosphate mine waste rocks can be
successfully used as potential alternative secondary raw materials in road construction. According to
this study, the phosphate mine waste rocks were proven as natural aggregates similar to conventional
materials commonly used for road construction applications. Phosphogypsum is the subject of
two other papers in this Special Issue. It was demonstrated that phosphogypsum can be used in a
sustainable way in cemented paste backfill applications [10,11]. The radioactivity of different industrial
solid wastes, phosphogypsum among them, was assessed by Shen et al. [12]. The study provided a
quantitative analysis for the safe use of the evaluated wastes in Guizhou building materials.

The published papers in this Special Issue highlight the opportunities related to the beneficiation,
management, and recycling of low-grade phosphate ores as well as the numerous related by-products
considered as wastes but that can be valorized/reused as secondary raw materials. These solutions
can contribute to resource recovery from the growing amounts of mine wastes, finite natural resource
conservation by recycling of these wastes, and environmental impact reduction.

Conflicts of Interest: The author declares no conflict of interest.
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Abstract: Phosphate ore is an important raw material for manufacturing fertilizers and phosphorous
chemical products. While most of the phosphate resources cannot be directly treated as feed stock
due to the low grade of P2O5 and high content of impurities. In order to obtain a qualified phosphate
concentrate, the beneficiation of the low-grade phosphate ore is, hence, of great necessity. Many
beneficiation techniques can be employed to upgrade the P2O5 grade of phosphate ores based on their
characteristics in chemical composition and texture. The flotation process is most widely applied to
balance the P2O5 recovery ratio and cost. In this review, the dominant techniques for the beneficiation
of phosphate ores are introduced. Moreover, the factors that affect the flotation of phosphate ore,
including the properties of mineralogy, flotation reagents (depressants and collectors) and flotation
medium, were systematically analyzed.

Keywords: phosphate ore; beneficiation; mineralogy; depressant; collector; interfering ions

1. Introduction

Phosphate ore is an essential raw material for manufacturing phosphoric industrial products,
and it is irreplaceable. It has been widely utilizing in agriculture, chemical industry, food, pharmacy,
etc. The world’s phosphate reserves total up to 70 billion tons. Morocco has the biggest phosphate
resources, a reserve of 50 billion tons, accounting for 71.43% of the total amount [1]. China, Morocco, the
United States and Russia are the leading countries of phosphate production with a proportion of 79%.
Other countries including Brazil, Jordan, Egypt and Saudi Arabia take up the rest of the production.
There are four major types of phosphate resources according to the mineralization, viz., igneous
deposits, metamorphic deposits, sedimentary deposits and biogenic deposits (guano accumulations).
Approximately 75% of phosphate resources is attributed to sedimentary origin [2].

The high-grade phosphate ore will go through the wet process and pyrogenic process respectively
to obtain the intermediate products of phosphoric acid and phosphorus, which can be used to produce
various phosphate fertilizers and phosphates. The requirements for phosphate concentrate used in wet
phosphoric process are (1) a P2O5 grade higher than 30%, (2) a CaO/P2O5 ratio less than 1.6, and (3) a
MgO content less than 1% [3]. However, with an increasing population and a demand for phosphate,
the high-grade phosphate ores with a low content of impurities are being depleted. Most of phosphate
ores are not suitable for direct use in the acidulation process because they have a relatively low P2O5

content and generally contain a series of gangue minerals, mainly quartz, mica, feldspar, dolomite,
calcite, clays and so on. Therefore, the industry of phosphate beneficiation is confronted with a great
challenge, i.e., how to exploit these low-grade phosphate ores in economical and efficient way [4].

Since the low-grade phosphate ores must be pretreated to reach a qualified phosphate concentrate,
the beneficiation techniques and reagents become extremely critical to achieve the selective separation
of phosphate minerals. Based on the diverse compositions and texture of the run-of-mine, the

Minerals 2019, 9, 253; doi:10.3390/min9040253 www.mdpi.com/journal/minerals3
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corresponding beneficiation processes and reagents are introduced. This paper comprehensively
reviews the phosphate beneficiation techniques, reagents and the factors affecting phosphate flotation,
aiming at providing a guideline for the development and utilization of phosphate ores in the future.

2. Beneficiation Techniques for Phosphate Ores

2.1. Flotation

Due to the high efficiency in the removal of silicate and carbonate gangue minerals, froth flotation
is dominantly employed for the beneficiation of phosphate ore, especially for low-grade sedimentary
phosphate rocks. Generally, direct flotation by anionic surfactants or reverse flotation by cationic
surfactants are conducted to remove the silicate gangues from phosphate ores. During the direct
flotation process, the pulp pH was adjusted to around 9.5 by adding soda ash, and a proper amount of
water glass was required simultaneously to depress the float of silicate minerals. Then, the phosphate
minerals turned out to be floated with the assistance of anionic surfactants. For the reverse flotation
process, silica was floated using cationic surfactants in a weak acidic or neutral pH, and the phosphate
minerals (dominantly apatite) were obtained from the underflow product. The superior adsorption
of cationic surfactants on silica rather than apatite probably can be attributed to the more negatively
charged surfaces of silica [5]. The conventional “Crago” double float process is used to remove silica
twice from phosphate ore in Florida. Due to the higher fatty acid prices, lower feed grade and stricter
environmental regulations, a new reverse “Crago” process comprised of amine-fatty acid flotation was
developed [6], and its schematic flowsheet is given in Figure 1. For the removal of carbonate gangues,
a high separation efficiency can be achieved using reverse anionic flotation at around pH 4.5 without
the addition of a phosphate depressant [7].

Figure 1. The reverse “Crago” double float process for beneficiation of Florida phosphate ore [6].

The phosphate ores mainly contain the siliceous phosphate rock, calcareous phosphate rock and
calcareous-siliceous phosphate rock. Different types of phosphate ores should be subjected to specific
flotation processes for upgrading according to the mineral composition characteristics. Both of the
anionic direct flotation and cationic reverse flotation are applied for the beneficiation of siliceous
phosphate rock, while the single anionic reverse flotation is preferred to beneficiate the calcareous
phosphate rock. A two-step flotation process, named direct-reverse flotation (Figure 2) or double
reverse flotation, is usually carried out to remove silica and carbonate gangue minerals stepwise from
the calcareous-siliceous phosphate rocks [8].

4
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Figure 2. The direct-reverse flotation process for beneficiation of calcareous-siliceous phosphate ore [9].

However, it is found that the reagent consumption in direct flotation mid-low grade phosphate
rocks is relatively higher and, thus, increases operating cost. At the same time, the recycled water is
also difficult to reuse, and the high temperature is required sometimes, which results in the application
of the direct process being highly restricted. Thereof, it is only suitable to beneficiate the low-grade
phosphate ores. At present, the single reverse flotation is attracting concentrated focus and has been
widely applied to beneficiate phosphate ores in China.

In some cases, an appropriate amount of silica in the phosphate concentrate is desired for the
production of phosphoric acid by the wet process. As we know, the fluorine in phosphate ores will
react with acid to generate HF and further corrode the surrounding facilities. However, this adverse
effect can be greatly reduced, since the silica reserved in the flotation concentrate can react with HF to
form SiF4 and fluorosilicates [10]. The production practice has shown that it is economically feasible to
obtain a qualified phosphate concentrate using single reverse flotation in case of the high-magnesium
calcareous phosphate rock is mixed uniformly with a certain proportion of siliceous phosphate rock.

2.2. Attrition Scrubbing and Desliming

This technique is commonly used for the treatment of weathered phosphate ores that contains
a relatively high content of clays. In this case, a coarse phosphate concentrate can be obtained after
the elimination of fine-grained clays. This method has been successfully applied on the high-grade
weathered phosphate ores in Dianchi area (Yunnan, China). As the weathered phosphate ores were
crushed and sieved, the fraction of −25 mm was used to conduct the scrubbing and desliming; as
a consequence, a high-quality concentrate with a grade of P2O5 above 32% was obtained after the
gangue clays that dominant in sesquioxide (Al2O3 + Fe2O3) were removed [11,12]. At the same time,
this process has also been applied in the Crago flotation process for the preliminary enrichment of
phosphorites ahead of the anionic-cationic flotation section [6,13].

However, it should be noted that there is still a certain amount of phosphorus remaining in the
scrubbed tailings, and its grade is nearly up to 19%. If phosphorus slurry deposits into the tailings
pond instead of being effectively recovered, it will cause a big waste of valuable resources and a
nonnegligible environmental issue. He et al. confirmed that using a direct flotation can effectively
recover the phosphorus from the scrubbed tailings in Yunnan and finally obtained a concentrate
assaying 28.26% P2O5 with a recovery of 80.37% [12].

5
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2.3. Electrostatic Separation

Electrostatic separation is always used to pre-concentrate grained phosphate minerals by discarding
a certain proportion of silica. This approach can reduce the energy consumption of grinding and the
cost of chemical reagents and water usage. Sobhy and Tao investigated the feasibility of using rotary
triboelectrostatic separator in a dry beneficiation process of Florida phosphate ores [14]. Their results
showed that a concentrate containing 30% P2O5 with a recovery of more than 85% was collected and
that the acid insoluble rejection also reached almost 90%. The Saudi phosphate ores are always in
grain size with 9–70 mm and can be upgraded by an electrostatic separator (COM Tertiary XRT B2400,
GREANEX, Wilmington, DE, USA). In the laboratory experiment and industrial test, respectively,
60.2% and 44.65% of silica was demonstrated to be removed [15]. However, this method is usually
restricted by the low capacity of the electrostatic separators and, thus, has not been applied for the
large-scale production of phosphate concentrate.

2.4. Magnetic Separation

Magnetic separation is successfully applied for the beneficiation of igneous apatite deposits,
which is abundant in ferriferous minerals, such as magnetite or titanomagnetite. The beneficiation
of apatite from the “Barreiro” complex carbonatite phosphate ore in Brazil can be realized by a
consecutive low-intensity magnetic separation, desliming, flotation and high intensity magnetic
separation process [16]. Meanwhile, it is confirmed that magnetic separation has a potential application
on the treatment of coarse-grained sedimentary phosphate ore for the removal of magnetic gangues.
Blazy and Jdid conducted a high-gradient magnetic separation (HGMS) on the Egyptian Abu Tartur
high-grade phosphate ore in the size range of 38–210 mm. A concentrate assaying 31.2% P2O5 with a
recovery of 70% was obtained through the removal of dolomite gangue minerals [17]. It was observed
that the ferriferous dolomite selectively entered into the magnetic product during the magnetic
separation process, while the phosphate minerals remained in the nonmagnetic part. Another research
also demonstrated that the removal of dolomite carbonates from a marine sedimentary phosphate ore
(80–250 μm) can be achieved through magnetic the separation process [18].

The exploration of the magnetic separation process on the fine-grained rock phosphate ores was
undertaken by Shaikh and Dixit [19], and the schematic flowsheet was given in Figure 3. Phosphate ores
(53–63 μm) from Rajasthan and Madhya Pradesh were subjected to a two-stage high-gradient magnetic
separation. In the first stage, the calcite/iron was coated by magnetite and effectively separated as
the magnetic product under the effect of sodium oleate and dipotassium hydrogen phosphate. The
phosphorite and silica remained in the nonmagnetic proportion. In the second stage, the phosphorite
was selectively coated by the magnetite again and consequently enriched in the final magnetic product
in the presence of sodium oleate and sodium metasilicate. A final concentrate containing about 31.5%
P2O5 and 8.8% SiO2 was obtained under the optimized condition while the overall recovery of P2O5

was only 65.0%. It can be seen from the above research that the phosphate recovery is low during
the magnetic separation, and thus, this method is not efficient for the beneficiation of fine-grained
phosphate ores.

2.5. Gravity Separation

Gravity separation is carried out according to the density difference between valuable minerals
and gangue minerals. Because of the similar density of apatite and gangue minerals, it is usually
difficult to recover phosphate minerals that are disseminated into fine grains. However, the coarse
phosphate minerals with a strip structure in the sedimentary phosphate rock were proved to be
effectively beneficiated by discarding tailings through gravity separation. In this case, the energy
consumption for grinding is drastically reduced. The band-shaped phosphate rock in the Yichang
(China) area contains an abundance of phosphate minerals which are mainly distributed ranging from
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2 mm to 18 mm. It is feasible to adopt gravity separation to beneficiate this type of phosphate rock.
The typical flowsheet of gravity separation for phosphate rocks is given in Figure 4.

Phosphate Ore
(Phosphorite, Calcite/Iron and Silica )

Magnetite
Sodium Oleate

K2HPO4

1st HGMS

Nonmagnetics
(Phosphorite, Silica )

Magnetics
(Calcite/Iron)

Magnetite
Sodium Oleate

Sodium Metasilicate

Nonmagnetics
( Silica)

Magnetics
(Phosphorite Concentrate)

2nd HGMS

Figure 3. Schematic flowsheet of high gradient magnetic separation for Rajasthan and Madhya Pradesh
rock phosphate [19].

Figure 4. Schematic flowsheet of gravity separation for sedimentary phosphate rock characterized by a
strip structure.

Through the addition of magnetite (nearly 92% passing 0.1 mm), the density of the pulp can be
adjusted to 2.85–2.91 g/mL, which further facilitates the separation of the valuable and gangue minerals.
After subjecting the pulp to gravity separation, the desired minerals are collected in the underflow
through sedimentation while the gangue minerals report to the mid-product and overflow. This is
often achieved by using a heavy medium cyclone. The mid-product and overflow product are usually
merged in order to sieve out the coarse-sized tailings which can be used for mine backfilling. Magnetite
contained in the underflow and overflow can be effectively recycled through a medium draining screen
followed by magnetic separation. Afterwards, the nonmagnetic materials will be further subjected to
concentration and filtration, and a fine-grained concentrate and tailing slime can be obtained. This
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method has been successfully applied on the Yichang phosphate ore which contains 23.50% P2O5.
The content and recovery of P2O5 in the concentrate are up to 30.64% and 85.60% respectively. The
annual capacity of the local plant has enlarged to 1.2 million tons since the year of 2008 in the Yichang
area [20]. As an economical and environmentally friendly beneficiation technique, gravity separation
is increasingly popularized and applied by some phosphate mining enterprises in China.

So far, the physical beneficiation processes such as scrubbing, gravity separation and electrostatic
separation processes have not achieved large scale application because it is still difficult to obtain
satisfactory phosphate concentrates. At the same time, the P2O5 content in the tailings is still high,
which results in a low P2O5 recovery from these processes. In order to obtain qualified concentrates
and to maximize mineral utilization simultaneously, it is necessary to combine these processes with
flotation to form a joint beneficiation process [21]. At present, the main combining processes which
have been scaled up include the scrubbing-flotation process, the magnetic-flotation process and the
gravity-flotation process.

2.6. Calcination

More than 10% of marketable phosphates are produced by calcination in the world [2]. During
the calcination process, calcareous minerals are decomposed into calcium oxide and magnesium
oxide at temperature about 950 ◦C, and carbon dioxide is released. Then, the calcined phosphate
rocks are subjected to quenching by using NH4Cl or NH4NO3 solution at a concentration of about
5%. Subsequently, the fine grained Ca(OH)2 and Mg(OH)2 are discarded as the slime phase after a
classification by hydrocyclone, and the coarser high grade concentrate are successfully separated. For
those phosphate ores containing organic matter, it is also an efficient technique for upgrading at a
temperature of 650–750 ◦C [22].

However, it consumed large amounts of energy during the calcination, making this process only
suitable for Mideast countries that have low energy cost and limited water sources. Compared to
the total energy required for the physical beneficiation of phosphate ores, the consumption needed
for calcination is doubled [2]. Furthermore, the solubility and reactivity of the calcined phosphate
rocks may decrease during the manufacture of phosphoric acid by the wet process. Watti et al. [23]
pointed out that the solubility of a calcined product sharply decreased with the increase of temperature
because the dissolved P2O5 in a solution of citric acid varied from 9.32% to 3.55% when the treatment
temperature increased from 25 ◦C to 1000 ◦C. It also has been revealed that the quenching process for the
calcined ore was inefficient with the fine sizes and at low temperatures [24]. The above results showed
that there are still some technical challenges remaining in the calcination of calcareous phosphate ore.

2.7. Acid Leaching

The calcareous phosphate ores can be also upgraded by acid leaching. In this process, the
carbonate gangue minerals prefer to dissolve in the dilute acid solution, while the phosphate minerals
remain in the leached residues. As a result, the separation of the phosphate minerals against carbonate
gangue minerals is achieved. Using common mineral acids often results in the dissolution of P2O5

and causes the loss of P2O5 recovery while the leaching selectivity of the organic acids proves high.
Therefore, the organic acids are preferred in the leaching process. The commonly used organic acids
are lactic acid [25], formic acid [26] and succinic acid [27].

In order to obtain a satisfactory removal of the carbonate gangue minerals, it is necessary to
optimize the leaching parameters such as the acid concentration, reaction time, particle size, solid to
liquid ratio and reaction temperature [28]. Gharabaghi et al. [29] found that the leaching process for a
low-grade calcareous phosphate rock should be optimized to obtain the qualified concentrate when
using acetic acid. The best result was achieved by using 15 wt. % of acetic acid concentration at a
liquid to solid ratio of 15:1, an optimum reaction time of 60 min and a leaching temperature at 40 ◦C.
After leaching, the P2O5 content can be improved to 32.1% with the P2O5 recovery of 81%. Although
the chemical leaching process of the calcareous phosphate rock is relatively simple and the qualified
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concentrate can be obtained under the optimized leaching conditions, there are still some drawbacks,
such as (1) the involved organic acids are costly, which greatly increases the production cost as well,
and (2) the leaching process usually requires 30–60 min [30], which is much longer than other physical
beneficiation methods. Abu-Eishah et al. [28] found that the demanded leaching time was more than
1.2 h to deal with the phosphate ores. The long leaching time greatly limits the capacity of plants and
restricts the large-scale production of phosphates. As a result, the profit of plant has been reduced.

From the discussion above, beneficiation techniques and their applications for various phosphate
ores are summarized in Table 1.

Table 1. Beneficiation techniques and their applications for various phosphate ores.

Beneficiation Techniques Phosphate Rock Types Applications

Flotation
Siliceous phosphate rock

Calcareous phosphate rock
Calcareous-siliceous phosphate rock

Widely applied in the beneficiation of
various phosphate rocks on a large scale,

especially for refractory sedimentary
phosphate ore

Attrition scrubbing-desliming Weathered phosphate ores
Used for discarding clay minerals and

eliminating the detrimental effect of slimes
on the subsequent flotation process

Gravity separation Sedimentary phosphate rock
characterized by a strip texture Discarding gangues to achieve the

preconcentration of phosphate minerals
Magnetic separation Phosphate ores containing

magnetic gangues

Calcination Calcareous phosphate rock Acceptable for areas that have low cost
energy and limited water resources

Electrostatic separation Coarse gained siliceous phosphate
rock Mostly are experimental studies in

laboratory scale
Acid leaching Calcareous phosphate rock

3. Factors Affecting the Flotation of Phosphate Ore

Satisfactory separation results can be easily obtained by a relatively simple flotation technique
when beneficiating phosphate ore with a high degree of crystallinity. However, for the sedimentary
phosphate ore characterized by fine grained dissemination and complex chemical composition, it
is very difficult to obtain a high-grade phosphate concentrate with an acceptable recovery rate. In
addition, as flotation is a gas-solid-liquid three-phase interface reaction process, there are many factors
that can affect phosphate ore flotation, such as, mineralogical properties, flotation reagent properties
and flotation medium properties.

3.1. Mineralogical Properties

3.1.1. Mineral Type

The influence of crystal chemistry properties on the floatability of apatites was systematically
investigated by Rodrigues and Brandao [31], and the curves was illustrated in Figure 5. They stated
that the floatability of different types of apatite decreased in the order of pegmatitic apatite (Durango,
C. Grosso and Camisao), igneous apatite (Tapira and Catalao), metamorphic apatite (Monteiro),
metasedimentary apatite (Itataia) and sedimentary apatite (Igarassu). The floatability of pegmatitic
apatites is excellent with a value approaching 100% at a wide pH range. The maximum floatability was
observed at neutral pH for the floatability of igneous and metamorphic apatites, and the floatability of
metamorphic apatites decreased faster than that of igneous apatites under acid and alkaline conditions.
Generally, the floatability of the metasedimentary apatite and sedimentary apatite is poor and the
recovery is low in the whole variation range of pH value.
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Figure 5. Microflotation curves of various apatite samples using 2.5 × 10−5 mol/L sodium oleate [31].

Through the determination of the unit cell parameters, it was found by Rodrigues and Brandao
that the unit cell parameter of igneous, metamorphic and sedimentary-metamorphic apatite is higher
than that of sedimentary apatite. The degree of crystallinity decreased in the rank regarding the
geological origin: pneumatolitic-hydrothermal, pegmatitic, igneous, metasomatic, metasedimentary
and sedimentary. It can be concluded that there is a positive correlation between the floatability and
crystallization degree of apatite. They identified that apatites with a higher degree of crystallinity
displayed much better floatability, while apatites with a lower crystallinity level needed a higher
collector concentration to reach the same floatability corresponding to a highly crystalline one. The
worse flotation performances of the apatites having lower crystallinity levels is believed to relate to
their higher solubilities, and less stable mineral/water interfaces [31].

3.1.2. Mineral Granularity

It is known that the particle size distribution of the flotation feed has a significant effect on the
separation efficiency. Generally, the processibility of coarse-grained minerals is better than that of the
fine-grained ones. It is probably attributed to the high surface energy of the fine size, contributing to an
increased dissolution from the surface of particles. Thus, the nonselective adsorption of the reagents
and undesirable entrainment or entrapment of fine particles occurred [32]. Moreover, the commonly
used collectors in phosphate plant, amine and fatty acids are sensitive to the minerals with a fine
particle size. How to realize an efficient separation of fine particles is an urgent technical problem faced
by the phosphate beneficiation plant. Recently, the effect of particle size on the flotation performance
of phosphate ore has been reported.

The flotation selectivity of apatite from a phosphate ore as a function of particle size has been
investigated by Santana et al. [32]. They found that the P2O5/Fe2O3 and P2O5/SiO2 ratios of coarse
fractions (+65, +100 and +150 mesh) were higher than the industrial requirements but that there were
no satisfied selectivity observed when using finer fraction (−400 mesh). Another study reported by
Santana showed that a phosphate concentrate with a high grade and satisfactory recovery were not
feasible from both of the coarser (+65 and +100 mesh) and finer fractions (−400 mesh). The optimum
particle size range for apatite flotation is from 37 μm to 105 μm [33]. Cationic flotation test conducted
by Guo and Li showed that the P2O5 grade and recovery of 45–74 μm fraction are higher than those of
−45 μm fraction about 2% and 5%, respectively [34].

Mineral liberation is closely related to the particle size in the flotation process of actual phosphate
ores. However, there is a certain conflict between liberation and particle size for the beneficiation of
fine-grained phosphate rocks because fine grinding is desired to achieve a higher liberation degree
and the obtained fine particles will adversely affect the separation efficiency. On the contrary, the
separation efficiency of coarse particle without adequate liberation is limited as well [35]. Therefore,
the effective liberation of desired minerals as well as avoid overgrinding of ores is of great importance
for the subsequent flotation process.
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3.2. Properties of Flotation Reagents

A flotation reagent, especially depressants and collectors, has a great impact on the selective
separation of phosphate minerals and gangues. During the flotation process, the surface of specific
mineral becomes hydrophilic due to the hydrophilic film formed after the adsorption of depressant.
Meanwhile, collector molecules are oriented on the surface of the floated mineral, causing the
enhancement of hydrophobicity. For example, the addition of depressant for gangue mineral in the direct
flotation of phosphate ore is often required. After the depression of gangues, the phosphate minerals
can effectively react with collectors and become more gathered by attaching to the rising bubbles.

3.2.1. Depressants

(1) Depressants of Silicate Minerals

Sodium silicate is an effective depressant in the direct flotation of apatite from siliceous phosphate
ore using fatty acids [36]. Compared to the infrared spectra of quartz in the absence and presence
of sodium silicate at pH 7, the adsorption of dominant hydrolysis species Si(OH)4 was detected by
Silva et al. [37]. The quartz depression mechanism was elucidated through the ligand exchange model,
where pairs of electrons were shared by sites of the surface and species of silicate. Generally, the
modulus and dosage of sodium silicate have a great impact on the depression of quartz occurred in
flotation process [38].

The depression of quartz caused by adding NaHCO3 in the pulp was also observed in both the
cationic flotation using amine and the anionic flotation using sodium oleate and Ca2+ as activators.
Sayilgan and Arol thought that the depression might result from the compression of the double layer
or competitive adsorption of Na+ and amine ions on the surface of quartz in the case of cationic
flotation. For the anionic flotation, it was convincible that the activator calcium ions could react with
the carbonate ions and precipitate, making the available concentration of Ca(OH)+ for quartz activation
apparently reduced [39].

Starch exhibited a depression effect on the flotation of quartz. Pavlovic and Brandao identified that
the adsorption of starch on the surface of quartz should be attributed to its flocculation property [40].
However, starch was not an efficient depressant for quartz due to the similar depression might have
occurred in the flotation of apatite and dolomite. Considering the cost rather than the quality of
the product, starch is still widely applied in the flotation of igneous phosphate ores in Brazilian
concentrators [41].

(2) Depressants of Carbonate Minerals

In the phosphate beneficiation practice, carbonate gangues can be efficiently removed by a reverse
flotation process with the addition of a phosphate depressant. However, for the upgrading of siliceous
calcareous phosphate ore, two types of gangue minerals need to be removed by a double float process.
In order to simplify the flotation process, attempts of the concurrent depression of silicate and carbonate
gangues should be undertaken to achieve the phosphate enrichment at one stage. Therefore, it is of
great importance to investigate the depressant for carbonate minerals. Zheng and Smith evaluated
different organic chemical reagents which functioned as dolomite depressants in the flotation of single
mineral and mixed apatite and dolomite, respectively. The results indicated that carboxymethyl
cellulose, citric acid and naphtyl anthyl sulfonates were effective depressants for dolomite [42].

The selective separation of collophane and dolomite using β-naphthyl sulfonate formaldehyde
condensate (NSFC) as a depressant by anionic flotation at pH 9 was conducted by Yu et al. [43]. More
significant changes were observed in the case of dolomite, and chemical adsorption occurred on the
dolomite while a weak adsorption on collophane through hydrogen bonds was identified. Although
the high efficiency of dolomite depression can be achieved by NSFC, there is a critical obstacle for the
large-scale application due to its chemical toxicity.
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The depression effect caused by the adhesion of bacteria, namely Bacillus subtilis and Mycobacterium
phlei on the anionic flotation of apatite and dolomite was elucidated by Zhang et al. [44]. It was found
that these two bacteria adsorbed on the surface of dolomite and functioned as depressants for both of
dolomite and apatite. It seems to be difficult for the separation of apatite from dolomite using these
bacteria as depressant, but they can modulate the flotation environment and provide a new idea for
the development of depressant for dolomite and apatite.

(3) Depressants of Phosphate Minerals

The depression of apatite can be achieved by adjusting the pH of pulp because the flotation
behavior barely occurred at pH below 4.5 in an anionic flotation of apatite without the addition of
any other phosphate depressant [5]. It is evident that the species of Ca2+, CaH2PO4

+ and H2PO4
−

are dominant at pH below 4.5 and that their concentration increases as the decrease of pH according
to the solution equilibria of dissolved apatite. [45]. It can be deduced that the species of CaH2PO4

+

and H2PO4
− should be responsible for apatite depression. H2PO4

− prefers to bond with calcium ions
exposed on the surface of apatite, resulting in the reduction of available active sites [44]. In that case,
inorganic acids and various phosphate salts, such as potassium dihydrogen phosphate and sodium
pyrophosphate, can be used as an efficient depressant for apatite [46,47].

In addition, it was reported that the addition of sulfate or oxalate salts can enhance the depression
of apatite in acid media [48,49]. El-Mofty and El-Midany claimed that the dissolved Ca2+ can precipitate
in the presence of oxalate or sulfate ions, causing more dissolution of apatite, and thus, more phosphate
ions existed in aqueous solution [49]. Though sulfuric acid and its salts demonstrate a relatively
strong depression on the phosphate minerals, it is easy to cause pipe fouling in production due to
the formation of gypsum. Consequently, phosphoric acid is considered for application in the anionic
reverse flotation for a beneficiation plant.

Aiming at enhancing the P2O5 recovery in cationic reverse flotation, various depressants including
sodium tripolyphosphate, fluosilicic acid, diphosphonic acid and starch were evaluated by Zhang
and Snow [50]. It was found that starch was an ideal phosphate depressant in the removal of
fine (−35 mesh) silica from phosphate, while sodium tripolyphosphate may be the best one for the
beneficiation of coarser (+35 mesh) feeds. The phosphate depression caused by a low molecular weight
polyacrylamide containing both hydroxyl and carboxylic acid functional groups was also investigated
by Nagaraj et al. [51]. The polymer demonstrated an excellent selectivity in the separation of apatite
from siliceous gangue using reverse cationic flotation. Various depressants used in the flotation of
phosphate ores are collected and presented in Table 2.

Table 2. Depressants used in the flotation of phosphate ores.

Mineral to Be Depressed Name of Depressant References

Silicate minerals

Sodium silicate [36,52]

Sodium and calcium lignin sulfonates [53]

Copolymers or terpolymers derived from acrylamide units and
N-acrylamidoglycolic acid units [54]

Carbonate minerals
Carboxymethyl cellulose, citric acid, naphtyl anthyl sulfonates [42]

β-naphthyl sulfonate formaldehyde condensate [43]

Phosphate minerals

Potassium dihydrogen phosphate, sodium pyrophosphate [46,47]

Sodium tripolyphosphate, fluosilicic acid, diphosphonic acid, starch [50]

Cashew gum [55]

Sulfuric acid, phosphoric acid [46,56]

Alkyl phosphate acids, hydrofluoric acid [57,58]

Dipotassium hydrogen phosphate [59]

Cellulase enzyme [60]

Iron/aluminum sulfate, tartaric acid [61,62]
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3.2.2. Collectors

(1) Anionic Collectors

Long chain fatty acids are commonly used anionic collectors in phosphate flotation, especially for
sodium oleate. With the aid of atomic force microscopy, the adsorption behavior of potassium oleate
and the precipitation of Ca2+ ions on the surface of the apatite crystal were visualized. It is believed that
the formation and precipitation of calcium dioleate occurred in the form of agglomerates on the apatite
surface. The presence of agglomerates made the apatite surface rougher and heterogeneous, which
contributing to the flotation behavior of apatite [63]. In the past decades, tall oil and oxidized petroleum
were mainly used as the source of manufacturing anionic collectors for phosphate flotation. Due to
the high temperature requirement, low flotation selectivity and relatively huge reagent consumption,
alternative sources for fatty acids can be derived from the less expensive vegetable oil, such as rice
bran oil, hydrogenated soybean oil, cottonseed oil and jojoba oil [9,41,64].

To further improve the solubility and selectivity of fatty acid soap at an ambient temperature, the
modified fatty acids characterized by a multifunction group was designed and synthesized though
chlorination, hydroxylation and etherification. The flotation results of a low-grade collophanite showed
that the modified soybean oil had a better performance than a conventional fatty acid collector with
a less dosage [65]. For those anionic surfactants with a low foamability, such as sodium dodecyl
sulfonate and sulphosuccinate, they are mostly used as an auxiliary reagent to improve the flotation
performance of reagent in practice [66].

(2) Cationic Collectors

In the practical flotation of phosphate ores, cationic collectors are dominantly used for the removal
of silicate minerals. Guo and Li claimed that the alkyl amine salt (DAH) is a more effective collector for
removing the silica from the fine siliceous calcareous phosphate ore as compared to the ether-amine
salt or the quaternary ammonium salt (CTAB) [67]. The flotation behavior of pure quartz studied
by Sahoo et al. indicated that cetyl pyridinium bromide and benzyl dimethyl tetradecyl ammonium
chloride were more effective than the conventional cationic collector DDA and CTAB [68]. Flotigam
EDA 3 (R–O–CH2–CH2–C–NH2) and Flotigan 2835-2L (R–O–(CH2)3–NH–(CH2)3–NH2), manufactured
by Clariant, were selected as the collector for quartz flotation. It was observed that ether diamine was
more effective in the flotation of medium and coarse quartz, while ether monoamine performed better
in the case of fine fraction [69]. On the other hand, the above cationic collectors were used for the
dephosphorization of an iron ore. Flotigam EDA at a dosage of 150 g/t led to a 0.201% phosphorus
concentrate and mass recovery of 62.31%, while the use of Flotigam 2835-2L presented a phosphorous
content of 0.31% and mass recovery of 90.24% [70].

The advantage of the cationic collector is that it can achieve the separation of valuable minerals
from gangues at a low temperature with less consumption of the reagent. However, amine collectors
are generally sensitive to the slimes contained in the run-of-mine ore. Additionally, attributed to the
high foam viscosity, it is difficult to defoam during the flotation process when using an amine as the
collector. Therefore, cationic collectors are suitable for the flotation of coarse-grained ores, but they
show relatively poor performance in the separation of fine-grained materials.

(3) Amphoteric Collectors

This type of collector can be used for the removal of dolomite from phosphate ores. Their flotation
selectivity is relatively high over a wide pH range and negligibly influenced by the dissolved species
and temperature. It is reported that a phosphate concentrate assaying above 32% of P2O5 with a
recovery around 90% can be obtained from a mixture of pure phosphate and dolomite minerals when
using dodecyl-N-carboxyethyl-N-hydroxyethyl-imidazoline as the collector [71,72]. The separation
of dolomite from Abu-Tartur phosphate ore using a similar amphoteric collector was conducted by
Elmahdy et al. [73]. Under the determined optimal flotation parameters, a concentrate of 0.53% MgO
and 31% P205 with a recovery of 90% was obtained. Measurements of the zeta potential and adsorption
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in the absence and presence of amphoteric surfactant were performed to elucidate the mechanism. The
results indicated that a much greater variation was observed on the calcite surface when compared
to the case of apatite surface at an alkaline pH [74,75]. Therefore, the amphoteric surfactant can
preferentially be adsorbed on the surface of calcite and can achieve the selective separation of calcite
and apatite. However, most of the amphoteric collectors are limited to laboratory studies, and the real
industrial application has been barely reported.

(4) Mixed Collectors

The mixture of various surfactants is the main research issue of the development of collector in
the flotation of phosphate ore, especially for an ionic and nonionic surfactant mixture. Some mixed
collectors used in phosphate flotation is presented in Table 3. It is well-known that mixed collectors are
supposed to have a number of synergistic advantages over an individual surfactant. The presence of
nonionic surfactants can enhance the adsorption of ionic surfactants on the surface of minerals due to
the hydrophobic chain interactions and the reduction of electrostatic repulsion between ionic head
groups [76,77]. The measurement of the contact angle of sodium oleate on the apatite surface in the
absence and presence of the ethoxylated nonylphenol surfactant (NP-4) showed that the beneficial
effect of the nonionic surfactant was achieved at low oleate concentrations (0.1–5 mg/L). It was further
confirmed that the activity of ionic surfactants is enhanced with the addition of nonionic surfactant due
to the synergistic effect in the formation of mixed micelles and the reduction of surface tension [78,79].
However, it should be noted that the excessive addition of the nonionic surfactant would cause an
adverse effect on the flotation process. A decreased adsorption of reagent on apatite surface was found
by Sis and Chander when using the mixture of sodium oleate and NP-4 at a weight ratio of 2:1 [80].
They thought that the adsorption decrease caused by nonionic surfactant could be attributed to the
competition between the surfactants or the prevention of oleate ions from the precipitation as calcium
oleate salt [80,81].

Mixing the anionic collector with nonionic surfactants is also desirable in improving the selectivity
of the flotation process. It is reported that the alkyl-hydroxamic acid had a higher selectivity in
phosphate flotation than the traditional fatty acid/fuel oil. When it was further used as a collector in
the flotation of francolite together with alcohol, the francolite recovery was drastically enhanced [8].
Base on the high-speed video images which clearly exhibited the detachment of collector mixture drop
from the quartz surface and then spread on apatite surface, the selective attachment of hydroxamic
acid and alcohol collector mixtures in phosphate flotation was confirmed [82].

The effect of mixing anionic collectors with nonionic surfactants on the selective separation of
Ca-bearing minerals, including calcite and francolite, has been investigated by Filippov et al. [76].
A synergetic behavior of mixed collectors of anionic surfactants such as alkyl hydroxamate (AERO
6493), di-2-(ethylhexyl) phosphoric acid (D2EHPA) and iso-tridecanol (PX4826) has been shown in the
flotation data on francolite and calcite. It is noted that the difference in floatability of francolite and
calcite was significantly enhanced at pH 8 when using a mixture of AERO 6493 and PX4826 without the
presence of calcite depressant. Furthermore, synergistic effects of primary amine and PX4826 in terms
of calcite and apatite recoveries by flotation at pH 8 were also observed [83]. The dephosphorization of
magnetite ore by froth flotation showed that the anionic flotation response of apatite increased in the
presence of nonionic ethaoxylated nonylphenol with no effect on the magnetite flotation [84].
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Table 3. Mixed collectors used in the flotation of phosphate ores.

Type of Mixed Collector Primary Collector Auxiliary Reagent References

Anionic-anionic

Fatty acids petroleum sulfonates and
ethoxylated alcohol ether sulfates [85]

Fatty acids alkyl aryl sulphonate and sulphated
fatty acid [86]

Oleic acid Sodium dodecyl benzene sulfonate
and oxidized paraffin soap [87]

Cationic-anionic N-aminoethylpiperazine Fatty acids [88]

Cationic-nonionic Primary amine (Cataflot) Iso-tridecanol (PX4826) [83]

Anionic-nonionic

Fatty acids hydrocarbon oil such as kerosene or
fuel oils [89]

Fatty acids Esters of orthophthalic acid or
maleic acid [90]

Fatty acids Alkylphenol ethoxylates [81,91]

hydroxamate (AERO 6493),
di-2-(ethylhexyl) phosphoric

acid (D2EHPA)
Iso-tridecanol (PX4826) [76]

3.3. Properties of Flotation Medium

The influence of flotation medium properties on beneficiation efficiency is significant as well,
including pH, temperature and ions. For a determined flotation process, the pH and temperature of
pulp are usually controlled in a certain range. However, interfering anions and cations are inevitably
present, and their concentration varies based on the water quality and solubility of minerals, especially
when recycled water is used. To figure out how various anions and cations affect the flotation
performance of minerals, extensive efforts have been taken by many researchers. The effect of metal
ions on the floatability of apatite was investigated by Ruan et al. [5], and the micro-flotation results
were showed in Figure 6. It is seen that the appropriate amount of Ca2+ and Mg2+ can improve the
floatability of apatite but had a negligible effect on the flotation performance of dolomite, whereas
Al3+, Fe3+ and excessive amounts of Ca2+ decreased the recovery of apatite in anionic flotation. The
apparent decline of the apatite recovery caused by Al3+ and Fe3+ was attributed to the preferential
precipitation of Al(OH)3 and Fe(OH)3 on the apatite surface, and the hydrophilicity of apatite was
enhanced [5].

   

Figure 6. (a) Effect of pH on the floatability of apatite in the presence of metal ions at a concentration of
2.5 × 10−3 M; (b) Effect of ionic concentration on the floatability of apatite at neutral pH [5].

Teague and Lollback found that the recovery of P2O5 was inversely proportional to the hardness
of the water used in grinding, conditioning and flotation, whilst the P2O5 grade of the concentrates
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was observed to increase from 26.6% to 30.9% as the water hardness decreased [21]. The effects of Ca2+,
Mg2+, PO4

3− and SO4
2− on the direct flotation of phosphate ore were investigated by Luo et al. [92].

An adverse influence of these ions on the flotation performance was ascertained, and the selectivity or
beneficiation efficiency decreased as ion concentration increased. The authors explained that the Ca2+

and Mg2+ probably reacted with CO3
2− to form insoluble salts and nonselectively precipitated on the

surface of minerals, while PO4
3− and SO4

2− might have interacted with mineral surface through a
chemical reaction or adsorption. Consequently, the magnitude of adsorption of the collector decreased,
resulting in the efficiency reduction of beneficiation.

The effect of Ca2+, Mg2+, F− and PO4
3− on the flotation performance of apatite was evaluated

by other researchers [16,93]. It was found that all the mentioned ions significantly contributed to the
decline in apatite recovery. Santos et al. stated that Ca2+ and Mg2+ reacted with the apatite collector
and caused the reduction of amount available for collection, while F− reacted with the calcium present
in fluorapatite and interfered the collector’s function. Hence, it is necessary to minimize the ion
concentrations in recycled water by pretreatment due to the detrimental effect on the flotation process
caused by various anions and cations [94].

4. Summary

Flotation is dominantly used in the beneficiation of phosphate ores while calcination can be
feasibly used in when the fuel energy cost is low and the water source is limited. The application of
attrition scrubbing and desliming, magnetic separation and gravity separation should be referred to the
characteristic of phosphate ores in chemical composition and texture. In that case, the pre-concentration
of valuable minerals and cost reduction are achieved. For example, coarser phosphate concentrates
are obtained when use attrition scrubbing, desliming and gravity separation to beneficiate weathered
phosphate ores and banded structural sedimentary phosphate ores, respectively. Subsequently, the
ultrafine components and overflow products are subjected to flotation for the further recovery of
phosphate minerals.

The properties of mineralogy, flotation reagents and the medium have significant impacts on the
flotation efficiency or selectivity of phosphate ore. Highly crystallized and coarse-grained phosphate
ores have a good processibility. Hence, it is of great necessity to achieve a relatively high degree of
mineral liberation and to avoid overgrinding concurrently. Depressants and collectors are the key
reagents during the flotation process. Sodium silicate is mostly used to depress silica in a direct
flotation. Organic chemical reagents including carboxymethyl cellulose and naphtyl anthyl sulfonates
are effective depressants for dolomite. Inorganic acid and phosphoric salts demonstrate a depression
effect on the floatability of phosphate minerals. Collectors used in phosphate flotation can be classified
into anionic, cationic, amphoteric and mixed surfactants in terms of reagent type. Fatty acids are
commonly used as anionic collectors, while cationic amines are used to remove silica in the flotation of
phosphate ores. Mixed collectors like mixtures of ionic and nonionic surfactant exhibit more desirable
performance than individual collector due to the beneficial effect caused by synergistic advantages.
Additionally, the presence of Ca2+, Mg2+, Al3+, Fe3+, F−, PO4

3− and SO4
2− showed a detrimental

effect on the flotation performance of phosphate ores. Consequently, pretreatment should be taken to
minimize the ion concentration if there is an excessive amount of interfering anions and cations.
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Abstract: The enrichment of the low-grade-phosphate ore of the Tozeur-Nefta deposit was
investigated using scrubbing-attrition, ball grinding and anionic/cationic reverse flotation in order to
separate phosphate-rich particles from their gangue. The choice of the beneficiation process was based
on the petrographic, mineralogical and chemical analyses. The petrographic and mineralogical studies
have revealed the abundance of phosphatic (carbonate-fluorapatite-CFA) particles) coupled with
carbonates (calcite, dolomite,) and silicates (quartz, illite, kaolonite) that constitute the (endo/exo)
gangue of these ores. Chemical analysis has demonstrated that the raw phosphate sample contains
low amounts of P2O5 (12.0%) and MgO (4.9%) and high amounts of CaO (40.7%) and SiO2 (20.5%).
Microscopic observation/counting has shown that the release mesh occurs in the 71–315 μm size.
Scrubbing-attrition, grinding and reverse flotation methods were applied to the +71μm fraction.
Scrubbing-attrition tests of the 71–315 μm fraction have helped to improve the P2O5 grade to 15.5%.
Ball-grinding tests were used to reduce the coarse fraction +315 μm. Grounded materials were sieved
to 71–315 μm and combined with the scrubbed fraction in the flotation feed. Reverse-flotation tests
of the phosphate-rich fraction (71–315 μm) have helped to improve the P2O5 grade to 27.1%, with
a recovery rate of 92.4%.

Keywords: Gafsa-Metlaoui Basin; low-grade phosphate; silicate-carbonate gangue; froth flotation;
upgrading

1. Introduction

Tunisia is the second largest phosphate producer in Africa, with an annual production of about
8 million tons (Mt) [1,2]. The country also boasts about 1750 Mt of phosphate reserves. The main phosphate
resources in Tunisia are distributed over three major Eocene sedimentary basins: the Gafsa-Metlaoui Basin,
the Meknessi Basin and the Sra Ouertane Basin [3–6]. The Tozeur-Nefta deposit, which is the subject of the
current study, is located in the Southwest region of the Gafsa-Metlaoui Basin, and has remained untapped.
In order to upgrade its phosphate-production capacity, the Compagnie des Phosphates de Gafsa (CPG,
Tunisia) has planned to make use of the Tozeur-Nefta deposit before 2020. This deposit, which has been
the subject of several studies [7–11], contains about 410 Mt of phosphate, has been considered, to date,
as a strategic reserve. The majority of the low-grade phosphate ore is organized either in the form of
a single layer or a layer-beam including non-phosphatic intercalations [12].
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Currently, phosphate fertilizers are generally produced from primary-phosphate ores. Phosphate
material can easily be separated from the gangue and concentrated by conventional beneficiation
techniques (i.e. washing process). As a result of the concurrent increase in demand for phosphate
products, and the continuous depletion of phosphate reserves, much more focus is made today on
opportunities to recover phosphate ores from secondary sources (i.e. tailings and low-grade ore
deposits). These new sources are continually investigated, as is happening now at the Hazara deposit
in Pakistan (16% P2O5) and the Kohe-lar deposit in Iran (5.01% P2O5) [13,14]. Upgrading processes of
sedimentary-type phosphate ores consist of separating the gangue minerals (silicates and carbonates)
from the valuable phosphate material [15–17]. New processing techniques are needed to upgrade the
low-grade phosphates to commercial-grade products (P2O5 > 28%) [18]. The choice of the suitable
beneficiation process requires a good knowledge of the mineral assemblages of the studied ore [19].
Several industrial processes are used worldwide for the enrichment of phosphate ores, ranging from
simple mechanical preparation to more complex treatment schemes, which combine several methods
such as flotation, magnetic, electrostatic and dense-media separation (DMS). Calcination is applied for
the enrichment of phosphates that are rich in organic materials, like those of the Youssoufia deposit in
Morocco [12], or that include a carbonated gangue, like those of Akashart’s phosphates in Iraq [20].
Electromagnetic separation is used mainly for the valorization of igneous phosphates, such as that of
the Phalaborawa deposit in South Africa [21]. Acid leaching is a process of enrichment of siliceous and
calcareous phosphate ore applied to the Abbotabad deposit in Pakistan [22,23]. Magnetic separation is
used to separate magnetic minerals from phosphate ore of the feebly magnetic ankerite, as noted in the
Abu Tartur phosphate ore deposit of Egypt [24]. Practically speaking, crushing, grinding and screening
methods are used to remove coarse-textured materials. These techniques are also used in the large
phosphate-ore deposits of Kef Eddour and Oum El Khecheb, located in the Tunisian Gafsa-Metlaoui
Basin [25,26]. Generally, washing, attrition and desliming methods are used to remove the major part
of the clay-type binder [27].

Flotation is the most widely used method for the enrichment of medium-grade phosphate rock.
This method is mainly employed for the separation of phosphate minerals from silicate gangue [28,29].
Flotation may be conducted in of two ways depending on the composition of the material to be
processed: direct flotation and/or reverse flotation. That is to say, direct flotation consists of floating
the phosphate minerals and depressing the gangue material, while reverse flotation consists of floating
the gangue minerals and keeping the phosphatic matter in the slurry. Direct flotation is less effective in
the presence of carbonated gangue because of similar physicochemical properties between phosphate
and carbonate minerals [28]. Reverse flotation is the most common method used for the separation of
phosphate minerals from carbonated gangue [30].

Several studies on reverse-flotation of phosphates with siliceous and carbonated gangues showed
satisfactory results in terms of grade and recovery of P2O5 [14,26,31–36]. Reverse flotation can be
applied as unique process for the beneficiation of sedimentary siliceous carbonate phosphates, such
as those of Ayata (Tunisia) [31] and Sebaiya (Egypt) [33]. It can be preceded by other techniques
including grinding (e.g. igneous phosphates of kola (Brazil) [32] and sedimentary phosphates of
Kef-Eddur (Tunisia) [26]) and gravity separation followed by direct flotation (e.g. phosphate ore slime
of Yichang (China) [36]). Other flotation parameters have been studied; the most important are release
mesh, flotation reagents type/dosage, and pH and pulp concentration. The present work differs from
previous studies by in the following way: (i) release mesh, (ii) processes that precede flotation (sizing,
washing, attrition and ball milling), (iii) two reverse flotation stages, although used by others, it was
performed in this work under specific conditions of pH, reagents type/dosage and air flow-rate.

The present study consists of characterizing the low-grade sedimentary phosphate ore of the roof
series of the Tozeur-Nefta deposit, while having for objectives: (i) the examination of the mineralogical
and geochemical characteristics of the studied phosphate ore, and (ii) the design of an efficient
and economic process for the beneficiation of low-grade phosphate ores, including siliceous and
carbonated gangues.

22



Minerals 2019, 9, 2

2. Materials and Methods

2.1. Sampling and Separation

The trench sampling method was used to extract 400 kg of raw phosphate material from the roof
series of the Tozeur-Nefta deposit. All samples were crushed using a jaw crusher to 100% below 10 mm
in size, then homogenized and divided by a riffle-sample divider to obtain representative sub-samples,
each one weighing 2 kg. After further quartering, one sub-sample was ground manually in an agate
mortar into a fine powder for XRD and chemical analysis. One of the non-ground sub-samples was
used for grain-size analysis as well as for microscopic observation. The remaining sub-samples were
stored in plastic bags for phosphate beneficiation process.

2.2. Analysis

A representative sub-sample from the roof phosphate layer of the Tozeur-Nefta deposit was used
in this study to conduct the mineralogical and geochemical grain-size analyses.

2.2.1. Petrographic and Mineralogical Analysis

The petrographic analysis was carried out by means of thin sections, which were examined and
photographed with an optical microscope. Mineralogical characterization was carried out on the basis
of an XRD analysis and binocular observation methods. XRD analyses were carried out by means of
PANalytical X’Pert PRO X-ray diffractometer (Cu Kα radiation; λ = 1.5418 Å, PANalytical, Almelo,
The Netherland). Mineralogical identification was performed by means of High Score Plus software
(version 2.1, PANalytical, Almelo, The Netherland) equipped with the ICDD PDF–2 Release 2004.

2.2.2. Particle-Size Analysis and Heavy-Liquid Separation

Particle-size distribution was measured by means of the wet-sieve (AFNOR) method (from 0.40
to 10 mm size range). Binocular observation of the different size fractions of the sample was used
to identify and quantify, by visual inspection and grain counting, the relative percentages of the
major minerals, and to evaluate the release mesh of phosphate minerals. Dense media separation was
evaluated at laboratory scale through heavy-liquid separation (HLS) test work. Tetra Bromo Ethane
(TBE, density (d) = 2.96 g/cm3) was used to separate phosphate minerals (d > 2.96 g/cm3) from silicate
and carbonated gangue minerals (d < 2.96 g/cm3). Phosphate fraction was dried and examined by
binocular observation in order to manually sort phosphate grains from the remaining impurities.

2.2.3. Chemical Analysis

Chemical and analytical procedures, applied to the studied phosphate material, as considered
in the present study, are adapted from the protocols of CPG and tested in the company’s labs, where
standardized methods are used specifically for total digestion and chemical analysis of sedimentary
phosphate rocks. P2O5 and CaO were analyzed by colorimetry (Technicon Auto-analyzer, Bran-Luebbe,
SPX Process Equipment, Norderstedt, Germany) after digestion by HClO4-HCl. Atomic adsorption
spectroscopy (Perkin Elmer-AAnalyst 800, Perkin Elmer, Norwalk, CT, USA) was used to analyze
MgO, Fe2O3, Al2O3, Cu, Zn, Mn and Ni after digestion by HClO4-HF-HNO3, SiO2 after digestion
by HCl-HF and Cd after digestion by HNO3. K2O and Na2O were analyzed by flame spectrometry
after digestion by HClO4-HF-HNO3. SO3 was analyzed by gravimetry after digestion by HCl and
subsequent precipitation of SO4

2− ions as BaSO4, with a BaCl2. Loss-on-ignition (LOI) was determined
by means of a muffle furnace at 1050 ◦C. To verify accuracy, standard reference phosphate material
SRM694 (Western phosphate rock) and SRM120C (Florida phosphate rock) were digested and analyzed
according to the same protocol applied to the phosphate material considered in this study. All chemical
analyses presented experimental errors of less than 5%.

23



Minerals 2019, 9, 2

2.3. Beneficiation Processes

Beneficiation will be conducted to upgrade the +71 μm size fraction by means of sizing,
scrubbing-attrition, grinding and flotation methods.

2.3.1. Sizing, Scrubbing (Washing) and Attrition

Scrubbing treatment of raw phosphate (2 kg) was carried out for 15 min (70 rpm) and by using
a 10-L scrubber and with 40% solids in order to remove clay impurities from the surface of grains. After
scrubbing, the resulting pulp was wet-sieved (AFNOR sieves, see Section 2.2.2) to obtain the 71–315 μm
fraction and then subjected to attrition in order to remove further clay coatings from phosphate grains.
An attrition step was conducted in a Denver cell at 60% solid/liquid ratio, respectively, and 1500 rpm
(5, 10 and 15 min). The product from attrition was wet-sieved to eliminate the fraction −71 μm and the
71–315 μm fraction was used as a flotation feed.

2.3.2. Grinding

In general, the grinding of ores may lead to the liberation of the valuable minerals from the gangue.
It is obvious that wet grinding often requires less energy than dry grinding [37]. The wet-grinding
process was investigated for the +315 μm fraction in order to improve the liberation of phosphate
grains from the gangue and to make this coarse fraction more suitable for flotation. The characteristics
of grinding charge are displayed in Table 1. Steel balls of four types (B1, B2, B3 and B4), of different
diameters and weights were used in the study. The large balls are suitable for the fractionation of
coarse grains and small balls for small grains [38]. A grinding process was carried out in a ball mill
of 10-L capacity. The influence of three grinding parameters on the product fineness was studied
and optimized: (i) solid concentration (30%, 40% and 50%), (ii) grinding time (3, 4 and 5 min) and
(iii) charge ratio (3/1, 4/1 and 5/1) (Table 1). The rotation speed was fixed at 50 rpm.

Table 1. Characteristics of grinding balls.

Grinding Ball Diameter (mm) Ball Ratio (%) Weight (kg)

B1 40 7.06 0.29
B2 30 55.5 0.12
B3 25 8.91 0.07
B4 20 28.5 0.04

2.3.3. Flotation

Reverse flotation was carried out by means of two flotation reagents kindly supplied by
Clariant® Company (Shanghai, China): (i) V2711 Flotinor ([R–O–(CH2)3–NH3]+CH3COO–; anionic
collector) was used as calcite collector and (ii) Ether diamine Flotigam 2835-2L ([R–O–(CH2)3-
NH–(CH2)3–NH3]+CH3COO–; cationic collector) as quartz collector [39–41]. Fresh solutions of these
reagents were prepared daily to be used in flotation tests. Dilute H3PO4 (5%) acted both as phosphate
depressant and pH-modifier. Reverse flotation tests were performed in a laboratory Denver 1.5 L
flotation cell (model D-12). For each flotation test, a 500 g of phosphate sample was used. The dilution
of the pulp was fixed at 35% solid, rotation speed at 1500 rpm and air flow-rate at 5.4 L/min. Phosphate
is recovered after two stages of reverse flotation: first, separating phosphate from silicate gangue
minerals in natural pH (pH = 7.8) by means of cationic and anionic collectors, and then, by means of
anionic and H3PO4 reagents in acid medium (pH = 5.0) to separate phosphate from carbonate minerals.
Under acid condition, phosphate minerals are not taken up by the foams and remain in the cell.
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3. Results and Discussion

3.1. Petrographic Analysis

The most abundant phosphatic elements are displayed as rounded to sub-rounded pellets
embedded in microsparitic cement (Figure 1a). These elements are often surrounded by a thin and clear
cortex (Figure 1b). Other elements were observed in thin sections, such as bone debris of elongated
shapes (Figure 1c) and ooliths formed by growth and crystallization of micrometric phosphate layers
(Figure 1d). Aggregates of small dolomitic rhombohedra (Figure 1e) constitute the carbonated bonding
phase, which generally indicates the beginning of crystallization of the micritic material containing all
the impurities of the original mud. The exogangue is generally carbonated, showing phosphate grains
surrounded by dolomite rhombohedra (Figure 1f), while the endogangue is present either as silica
(Figure 1g) or carbonate grains (Figure 1h), occurring, respectively, as quartz or calcite included within
the phosphate grains.

Figure 1. Optical microscope observation (plane polarized light) of the roof phosphates of the
Tozeur-Nefta deposit. (a) Pellets of rounded to sub-rounded shapes bound by a microsparitic cement;
(b) Pellets surrounded by a thin clear cortex; (c) Bone debris of elongated forms; (d) Oolites formed by
the deposition of successive micrometric layers of phosphate; (e) Carbonate bonding phase formed
by euhedral dolomite; (f) Carbonate exogangue made of euhedral dolomite; (g) Silicate (quartz)
endogangue making the nucleus of the phosphate grain; (h) Carbonate (calcite) endogangue making
the nucleus of the phosphate grain.
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3.2. Mineralogical Analysis

The XRD pattern (Figure 2) revealed the presence of seven mineral species, as follows: carbonate-
fluorapatite (CFA), calcite, dolomite, illite, kaolinite, gypsum, and quartz. The binocular observation
revealed (Figure 3) the abundance of phosphate elements in the 71–315 μm fractions, carbonate
minerals are more concentrated in the −200 μm fraction, whereas free silica is mainly concentrated in
the −160 μm fraction. The mixed grains are concentrated in the coarse fraction (+315 μm). The release
mesh was defined by Blazy [42], as the size that the grains should have for the best detachment of ore
particles from the gangue (mixed grain ≤ 10%). The release mesh of phosphate grains, determined by
binocular microscope, corresponds to the 71–315 μm fractions (Figure 3).

Figure 2. X-ray diffractogram of the raw phosphate sample showing the presence of: carbonate-
fluorapatite (Cfa), calcite (Cal), dolomite (Dol), illite (Ill), kaolinite (Kln), gypsum (Gp) and quartz (Qtz).

Figure 3. Distribution of the main minerals in different size fractions of the raw phosphate sample.

3.3. Chemical Analysis

3.3.1. Raw Phosphate Analysis

Chemical analysis (Table 2) has shown a low concentration of P2O5 (12.0%) in the representative
phosphate sample of the roof series of Tozeur-Nefta deposit. It is worth noting that phosphate ores
can be classified into three groups depending on their P2O5 content [43]: (i) high-grade phosphate
ore (26 to 35% P2O5), (ii) moderately low-grade phosphate ore (17 to 25% P2O5), and (iii) low-grade
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phosphate ore (12 to 16% P2O5). According to this classification, the phosphate ore of the top series
of the Tozeur-Nefta deposit belongs to the class of low-grade phosphate. The CaO/P2O5 ratio (3.39)
is much higher than that of pure CFA (1.55) [4–6]. The concentration of SiO2 was very high (20.5%).
The concentration of Fe2O3 and Al2O3 amounting 0.65% and 1.75%, respectively, give a ratio ((Fe2O3 +
Al2O3)/P2O5) of 0.2. It is worth noting that for values > 0.1, concentrations of Fe2O3 and Al2O3 are
considered as high and, therefore, many problems can arise during the filtration and purification of
phosphoric acid [44]. Organic-matter (0.28% organic carbon), Na2O (0.39%) and K2O (0.45%) contents
are relatively low.

Results of trace elements concentrations are provided in Table 2. The measured Ni (80 mg/kg),
Zn (215 mg/kg), Cd (65 mg/kg), Cu (31 mg/kg) and Mn (296 mg/kg) concentrations are in agreement
with their equivalents in the unwashed (raw) economic ores from the main phosphate series of the
Gafsa-Metlaoui basin [1,4,5,45,46].

Table 2. Concentrations of major and trace elements in the studied raw phosphate.

Element Concentration

P2O5 (%) 12.0
CaO (%) 40.7
MgO (%) 4.95
SiO2 (%) 20.5
SO3 (%) 1.27

Fe2O3 (%) 0.65
Al2O3 (%) 1.75
Na2O (%) 0.39
K2O (%) 0.45
Corg (%) 0.28

F (%) 1.27
CO2 20.2
LOI 20.7

Cd (mg/kg) 65
Cu (mg/kg) 31
Zn (mg/kg) 215
Mn (mg/kg) 296
Ni (mg/kg) 80

3.3.2. Granulo-Chemical Analysis

The chemical characteristics of the different size fractions of the phosphate sample are shown in
Table 3. Results show that the +125–500 μm and the −40 μm fractions (24.3% and 38.8% by weight,
respectively) bear the highest amounts in CFA (21.5–11.3% and 13.2% P2O5, respectively). All the
fractions analyzed are rich in carbonate minerals (CaO concentrations vary from 35.5 to 50.7%). MgO
is concentrated in the coarse fraction (+500 μm) and particles of the −125 μm. The fraction (−40 μm)
is richer in SiO2, Fe2O3, Al2O3 and K2O than all others (Table 3), which shows that clay minerals are,
besides carbonates, among the dominant components of the fine fraction, and that most of SiO2 is
bound to clay minerals. Due to these results, scrubbing and attrition processes may be used in order to
remove the major part of slimes and clay coatings, as well as to upgrade the phosphate ore. The trace
element concentrations of the different size fractions are presented in Table 4. Results showed that the
fine fraction (−40 μm) is richer in Cu and Zn than the others. Cd is concentrated mainly in the coarse
fraction (+200 μm).
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Table 4. Concentrations (mg/kg) of metallic trace elements in different size fractions of the studied
raw phosphate.

Fraction (μm) Cd Cu Zn Mn Ni

10,000 95 31 148 574 77
8000 129 27 157 589 134
5000 102 26 138 486 97
4000 108 30 151 492 127
3150 82 24 146 544 106
2000 93 22 151 530 143
1000 98 19 113 522 88
800 104 22 112 575 144
630 110 21 112 613 138
500 103 27 120 621 142
315 106 27 110 439 133
200 80 22 85 340 93
160 67 27 84 378 21
125 76 23 95 418 58
100 57 19 91 296 116
90 47 20 84 253 66
71 40 15 80 220 70
50 40 15 79 211 68
40 45 17 83 236 63
−40 49 49 345 173 87

3.4. Enrichment Methods

As described in the material and methods section, only the +71 μm size fraction was processed
by different methods in order to obtain a phosphate-rich fraction (71–315 μm) that is suitable for the
flotation process. It is worth noting that the 40–71 μm fraction was subjected to direct and reverse
flotation tests in order to assess the flotation performance of phosphate minerals in the fraction below
71 μm. The reverse-flotation test (using the same flowsheet used for the 71–315 μm fractions) was
not successful and no stable foam was observed. Direct flotation (2 min) of phosphate minerals using
a mixture of 1000 g/t of Aero 725 and fuel oil (pH = 9; 65% solid) gave a low-grade concentrate assaying
15.1% P2O5 with a recovery rate of 76.8%. Pease et al. [47] investigated the flotation performance
of different size fractions and reported the poor floatability of fine material. Therefore, adding the
40–71 μm fraction to the flotation feed (71–315 μm) might not be a good option.

3.4.1. Scrubbing and Attrition

Scrubbing-attrition treatment was used to improve the grade and recovery of phosphate from the
P2O5 rich fraction (71–315 μm). The results of the scrubbing test (Table 5) showed that the P2O5 grade
and recovery are 13.5% and 34.3%, respectively. The P2O5 content increased by 1.45%, compared to the
representative sample (12.0%), even though this did not have a significant impact on the CaO/P2O5

ratio (3.26), compared with that of the raw sample (3.39). MgO and SiO2 contents decreased from
4.67% to 3.8% and from 20.0% to 16.5%, respectively. Cd concentration also decreased from 65 mg/kg
(raw sample) to 55 mg/kg. The scrubbing step has raised the content of P2O5 by the elimination of the
impurities such as MgO, SiO2 and Cd. The coarse fraction (+315 μm) represented 10.1% and 19.7% of
the feed and phosphate value respectively. This fraction may be ball-milled and combined with the
−315 + 71μm fraction to constitute the feed to the flotation circuit. The fine fraction (−71 μm) assays
11.5% of P2O5 and a recovery close to 45.9%. Attrition was used to improve the separation efficiency
of clay coatings from phosphate surface. Results of the scrubbing-attrition test are shown in Table 6.
The 10 min-assay leads to a P2O5 grade (15.5%) which is better than those obtained with 5 and 15 min
assays (13.7% and 14.4%, respectively).
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Table 5. Chemical analysis of scrubbed sample.

Fraction
(μm)

Weight
(%)

P2O5 (%)
CaO
(%)

CaO/P2O5
MgO
(%)

SiO2

(%)
Cd

(mg/kg)

Grade Recovery
+315 23.1 10.1 19.7 46.8 4.66 3.19 18.8 97

−315+71 30.0 13.5 34.3 43.8 3.26 3.80 16.5 55
−71 46.9 11.5 46.0 35.9 3.11 5.95 22.9 56

Reconstituted 100 11.8 100 40.78 3.46 4.67 20.0 65.2

Table 6. Chemical analysis after scrubbing and attrition treatments.

Time (min) Fraction (μm) Weight (%)
P2O5 (%)

Grade Recovery

5 −315+71 88.8 13.7 90.6
10 −315+71 84.2 15.5 97.2
15 −315+71 86.6 14.4 92.4

The scrubbed-attrited 71–315 μm fraction was used for HLS tests, in order to assess the “pure
phase” of phosphate, which corresponds to the optimum concentration of P2O5 that can be achieved
through enrichment methods. Results of HLS and identification of phosphate grains, under the
binocular microscope, are shown in Table 7. The highest grade of P2O5 (30.9%) achieved by HLS,
is the maximum concentration that can be obtained by physical or physicochemical separation
processes. CaO is high (49.5%), showing that the carbonates are included into the phosphate particles
(endogangue), which is in agreement with the petrographic observations. A high content of CaO in
the phosphate concentrate may increase the consumption of sulfuric acid during the production of
phosphoric acid [48]. Cd concentration (27 mg/kg) is significantly lower than that of the representative
raw sample (65 mg/kg) and the scrubbed one (55 mg/kg). Therefore, it can be stated that cadmium is
more concentrated in the exogangue of the studied phosphates.

Table 7. Results of the chemical analysis of pure phosphate phase recovered by HLS.

Element P2O5 (%) CaO (%) CaO/P2O5 MgO (%) SiO2 (%) Cd (mg/kg)

Concentration 30.9 49.5 1.60 1.09 2.22 27

3.4.2. Grinding

According to Anglaret et al. [38], the rotation speed should be between 65 and 80% of the critical
rotational speed (Vcr) of the mill. The critical rotational speed is calculated on the basis of the equation:

Vcr = 32/
√

D (1)

where D is the diameter of the grinding cell expressed in meters. The diameter of the mill, used in this
study, is equal to 0.25 m, which corresponds to a critical rotational speed of 64 rpm; the rotation speed
V varies according to the following range: 41.6 < V < 51.2. The rotation speed chosen for this study is
50 rpm.

Effect of the Grinding Time on the Grade and Recovery of P2O5

Grinding tests were evaluated at 2, 3 and 4 min after fixing the rotation speed at 50 rpm, solid
concentration at 40% and charge ratio at 5/1. Results (Table 8) have shown that the best outcome for
P2O5 grade and recovery was obtained after a 4 min-grinding period. This optimal grinding time was
chosen for the rest of the tests.
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Effect of the Charge Ratio on the Grade and Recovery of P2O5

The following charge ratio was studied: 3/1, 4/1 and 5/1 after fixing rotation speed at 50 rpm,
solid concentration at 40% and grinding time at 4 min. The results displayed in Table 8 show that the
best outcome for P2O5 grade and recovery was obtained by using the charge ratio 5/1. This optimal
ratio was chosen for the rest of the tests.

Effect of Solid Concentration on the Grade and Recovery of P2O5

Grinding tests with 30%, 40% and 50% solids were evaluated after fixing the rotation speed at
50 rpm, charge ratio at 5/1 and grinding time at 4 min. Results, displayed in Table 8, show that the
best results in term of grade and recovery of P2O5 were obtained for 40% solids.

Optimum Grinding Parameters

The optimum grinding parameters are rotation speed (Rs) of 50 rpm, charge ratio (Cr) of 5/1,
solid concentration (Sc) of 40% and a grinding time (Gt) equal to 4 min. These parameters allowed us
to improve the separation of phosphate grains from their gangue. The optimal test has shown (Table 9)
an improvement in P2O5 content, from 10.1% (before grinding) to 14.5%. The 71–315 μm fraction
released after grinding was subjected to attrition treatment by using the same parameters as the ones
employed for the scrubbed fraction (see Section 3.4.1). This step has made it possible to improve the
P2O5 content from 14.5% to 15.2% (Table 9). Grinding causes modifications in terms of grain texture,
morphology, surface chemistry, and electrical-surface charge [49]. The increase of the grain-surface
area may increase the reactivity with the flotation reagents [50].

Table 8. Grinding tests results after variation of different parameters.

Parameter to Be
Varied

Test
Time
(min)

Cr Sc (%)
Rotation

Speed (Rpm)
Weight

(%)

P2O5 (%)

Grade Recovery

Grinding time (Gt)
1 2 5/1 40 50 28.1 14.2 39.7
2 3 5/1 40 50 32.9 14.4 47.0
3 4 5/1 40 50 40 14.5 57.6

Charge ratio (Cr)
1 4 3/1 40 50 29.8 14.4 42.6
2 4 4/1 40 50 30 14.4 43.1
3 4 5/1 40 50 40.2 14.5 58.1

Solid concentration
(Sc)

1 4 5/1 30 50 28.6 14.4 40.9
2 4 5/1 40 50 40.2 14.5 58.0
3 4 5/1 50 50 31.2 14.4 44.7

Table 9. Grade and recovery of P2O5 after optimum grinding and attrition tests.

Experiment Fraction (μm) Weight (%)
P2O5 (%)

CaO (%)
Grade Recovery

Grinding
>315 33.7 6.71 22.5 47.8

71–315 40.2 14.5 58.0 46.5
<71 26.1 5.45 14.1 44.8

Attrition 71–315 87.2 15.2 91.4 46.8

3.4.3. Flotation

Flotation tests using anionic/cationic collectors [26,51,52] were applied on the 71–315 μm fractions
resulting from sizing, washing, grinding and attrition treatments (Figure 4). The flotation feed contains
(Table 10) 15.5% of P2O5 and 3.39% MgO with a very high CaO/P2O5 ratio (2.9). SiO2 content (13.2%)
is low compared to the representative raw phosphate sample (20.5%) since silicates are preferably
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associated to the fine fraction. The latter has been reduced by sieving, scrubbing and attrition. During
the flotation tests, two parameters were varied: the pH of the pulp and reagents. The siliceous gangue
floated at a natural pH by means of a cationic collector [14]. Carbonates are recovered at acidic pH
with the anionic collector which operates, at the same time, as an activator of silicates [39]. Phosphate
makes the non-floating fraction, which is recovered in acidic pH [31], and in the presence of phosphoric
acid, which is the most recommended depressant during calcite flotation [34,53,54]. The content
of the major elements in the final products of the optimal flotation test is summarized in Table 10.
Tailings are removed as a froth 1 (21.3% weight: silicates > carbonates) and a froth 2 (25.3% weight:
carbonates > silicates). The CaO/P2O5 ratio is still high (1.71) compared to the ratio required for
industrial application (CaO/P2O5 < 1.6; [44]. Initially, such a ratio could be attributable to the presence
of carbonates included in the phosphate grains, a hypothesis confirmed by Zidi et al. [26] in the study
of the low-grade phosphate discharged by the Kef Eddour washing plant. Nevertheless, part of the
floated carbonates could result from the similarity of their surface chemical propriety with respect to
apatite, which makes their separation rather difficult [33,53]. The contents of SiO2 (2.52%) and MgO
(1.03%) show a noticeable decrease compared to the flotation feed (13.2% and 3.39%, respectively).
The valuable ore (53.4% weight) is recovered as non-floating phosphate concentrate assaying 27.1%
P2O5 with a recovery rate of 92.4%.

Figure 4. Proposed flow sheet for the valorization of the studied low-grade phosphates.

32



Minerals 2019, 9, 2

Table 10. Results of chemical analysis of the flotation feed and the flotation test products.

Product
Weight

(%)

P2O5 (%)
CaO (%) CaO/P2O5

MgO
(%)

SiO2

(%)Grade Recovery

Flotation feed - 15.5 - 44.6 2.9 3.39 13.2
Floating 1 (Tailings) 21.3 3.23 4.40 36.6 11.3 5.96 26.0
Floating 2 (Tailings) 25.3 2.01 3.20 47.2 23.5 4.89 23.9

Non-floating
(Phosphate-concentrate) 53.4 27.1 92.4 46.5 1.71 1.03 2.52

Reconstituted 100 15.7 100 44.6 2.80 3.05 12.9

4. Conclusions

Phosphates of the Tozeur-Nefta roof series have, so far, been rejected as non-profitable material.
This study has revealed that this material is a low-grade ore (12.0% P2O5) with siliceous and carbonated
gangue. Beneficiation assays (sizing, scrubbing-attrition, grinding and flotation) were conducted on
the +71 μm fraction of this material. Scrubbing followed by attrition of the 71–315 μm fractions to
improve the grade to 15.5% P2O5. The +315 μm fractions were wet-grounded and sieved to 71–315 μm
and floated altogether with the fraction 71–315 μm, as yielded by scrubbing-attrition. Reverse-flotation
tests conducted on the phosphate-rich fraction (71–315 μm) have made it possible to enhance the
grade from 15.5% to 27.1% P2O5 with a recovery of 92.4%. The results of the enrichment tests that
were carried out are considered satisfactory as long as they have allowed the beneficiated poor-raw
phosphate material to reach the levels of marketable grades. As a result, we believe that the flow sheet
developed at the end of this study can be directly applied on an industrial scale.
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Abstract: The desliming operation to discharge ultrafine particles less than 20μm prior to concentration
by flotation is a common practice in phosphate ores beneficiation plants. The first industrial application
for the beneficiation of the phosphate material with particle sizes <44 μm in Brazil was in the Araxá
plant concentrator in the beginning of the 1980s. This work shows the comparative flotation results with
two different phosphate slime samples (<40 μm) obtained from the Copebras (CMOC International)
industrial plant located in Catalão (Goiás state, Brazil), considering a circuit with rougher/cleaner
configuration with different columns sizes, as follows: Circuit 1 (rougher—4” diameter column;
cleaner—2” diameter column) and circuit 2 (rougher—6” diameter column; cleaner 4” column).
The results indicate that better flotation apatite recovery results were achieved for the circuit with
higher size columns (6” and 4”). The results can be explained by the application of a cavitation tube
in the rougher stage in the 6” column. The improved flotation performance can be attributed to
increased probabilities of collision and attachment and the reduced probability of detachment by the
small size bubbles generated by the cavitation tube in comparison with the bubbles produced by the
porous tube of the 4” column flotation.

Keywords: apatite; flotation; column flotation; slimes

1. Introduction

Flotation is considered the most effective technology to concentrate phosphate bearing minerals
from sedimentary and igneous phosphates ores [1–3]. One of the main disadvantages of phosphate
upgrading by flotation is the high sensitivity of collectors to slimes (size fraction <44 μm). Therefore,
desliming is a necessary pre-request for successful flotation [4–7] and, following this trend, the classical
aim of desliming is to remove fine particles (<37–45 μm) from the flotation feed. Fine/ultrafine particles
account for 10–30% of losses of phosphate values in the worldwide beneficiation of phosphate ores, for
instance, in Florida [8], India [9], Iran [3], Australia [6], Jordan [10], China [11], and Brazil [12–15].

There are several characterization and process studies focused on the exploitation of phosphate
bearing minerals from slimes. In the case of slimes from phosphate ores from Florida, chemical and
physical characterizations of slimes show that the P2O5 content ranges from 10% to 25% and the
particle size distribution indicates that d80 are under 30 μm with significant amount (>10–30%) under
2–5 μm. Additionally, the mineralogical composition of the slimes indicates a high content of clay
minerals, which are extremely deleterious to the flotation process [8]. Similar chemical and physical
characteristics of the slimes can be found in phosphate ores from Brazil [13–15], Australia [6], and
India [9]. Regarding the technological approaches to the concentration of ultrafine phosphate bearing
minerals from slimes, one strategy is based on desliming in hydrocyclones with low diameters (40 mm)
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to remove particles under 5–10 μm, followed by the flotation of the desliming product [8,13–15]. Other
alternatives tested as well were flotation using a Jameson Cell [6], column flotation [3,16], and also
flotation with nanobubble injection in conventional flotation machines without desliming prior to
flotation [3].

Pradip and Sankar [9] carried out studies with a slime sample from the Maton rock phosphate
beneficiation plant located in Rajasthan, India. One of the major sources of losses in phosphate values
is due to slimes generated during the washing of the crushed ore product, called “crusher slimes”.
The slimes fraction (75%; 37 μm) consists of carbonate-fluorapatite in association with quartz, kaolinite,
and limonite, and assays 18–21% P2O5, accounting for 10–15% losses of phosphate values in the plant.
In this work, the authors concluded that it is possible to float phosphate ore slimes, all passing 37 μm
(50%; 8 μm), from Maton, India using a sodium oleate collector, under reagent conditions very different
from what is required and currently practiced in the plant for a relatively coarser feed (80%; 74 μm).
It should also be possible to condition the slimes separately and then combine them with the coarse
ore feed in the existing flotation circuit in the plant.

In contrast with the established methods of phosphate beneficiation where classification by
hydrocyclone is mainly used to remove ultrafine particles as tailings, Teague and Lollback [6] describe
a process which successfully beneficiates phosphate ore with a high proportion of ultrafine particles
(80% <20 μm) to be recovered via flotation without prior classification to remove ultrafine particles
(<2–5 μm). The process uses conditioning with reagents at high wt % solids (at least 70 wt %) and
flotation with Jameson cells in a rougher, scavenger, cleaner configuration to recover at least 80% P2O5

at a grade of 32% P2O5 or greater. The Jameson cell was found to have an advantage over conventional
flotation cells when treating ultrafine particles, due to their intense mixing zone and propensity to form
small bubbles. Pourkarimi et al. [3] carried out studies with a slime sample from the Esfordi phosphate
processing plant from the central desert in Iran in Yazd province. The ore contained about 10% of the
mass, with a grade of more than 16% P2O5 and d80 of less than 30 μm. The authors compared the
results considering flotation in the presence and absence of nanobubbles using a Denver flotation cell
and carried out the generation of nanobubbles based on the cavitation phenomenon through a venturi
tube. The flotation results indicated that the existence of nanobubbles in the process had positive
effects, so that more than 90% of phosphates with a grade of more than 40% were recoverable in the
presence of nanobubbles, while in their absence, under the same conditions, the P2O5 grade was 37%.
The recovery of apatite in flotation in the presence of nanobubbles significantly increased up to more
than 30%, compared to flotation in the absence of nanobubbles.

One alternative to the flotation of phosphate slimes is the application of the column
flotation [10,12–16]. Al-Thyabat et al. [7] evaluated the floatability of Jordanian phosphate slime
(<38 μm) in a batch column flotation cell, 100 cm high and 5 cm in diameter. Flotation was conducted
using sodium oleate as a collector and methyl isobutyl carbinol (MIBC) as a frother. Rougher flotation
yielded a concentrate assaying 29.19% P2O5 with 90.29% recovery at the following flotation parameters:
A total 2.6 cm/s superficial gas velocity, 20 ppm frother dosage, 0.205 mmol/L collector concentration,
and 40% weight solids. It was also found that conditioning with the same collector dosage, but with a
different solids weight percent, gave different flotation results.

The Brazilian phosphate industry has made great efforts to develop technology for the production
of phosphates from slimes as shown by Guimarães and Peres [12–14]. The first industrial application
was in the Araxá concentrator in the beginning of the 1980s, in a circuit consisting of desliming in
40 mm hydrocyclones and apatite flotation in column machines. This technology has been upgraded
since 1984 by means of significant improvements in the desliming operation, concerning equipment
and process control, utilization of a more adequate reagent system, and the use of flotation machines
that provide improved performance and metallurgical yield. The concept of this process was still
expanded to other Brazilian plants located in Catalão (Goiás state), Tapira (Minas Gerais state), and
Cajati (São Paulo state) in the 1990s. It is estimated that the apatite concentrate from slimes represents
11% to 13% of the overall production. The apatite concentrate grade achieved from slimes are P2O5
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at 33.0–35%; Fe2O3 at 3.0–6.5%; Al2O3 at 0.4–1.0%; MgO at 0.1–1.6%, and SiO2 at 1.5–5.5%. More
recently, Matiolo et al. [15] showed the results of a flowsheet developed for apatite concentration from
a slime sample provided by the industrial phosphate ore plant Copebras (China Molybdenum-CMOC
International), located in Catalão (Goiás state, Brazil). Considering the flowsheet with the desliming in
the hydrocyclones (40 mm in diameter) in two stages, followed by apatite flotation in the column, a
final concentrate of 35.6% P2O5 was obtained, with main impurities of Fe2O3 and SiO2 around 4.0%
and 5.1%, respectively, using only rougher flotation. Taking into account the mass and metallurgical
balances of desliming and flotation, the overall mass recovery was around 9.5% and the P2O5 recovery
was 25.5%.

This work is the continuation of previous work with the Copebras phosphate slime samples. by
Matiolo et al [15] This article does a comparison considering a circuit with rougher/cleaner configuration
with different sized columns flotations, as follows: Circuit 1 (ro—ugher4” diameter column; cleaner—2”
diameter column), and circuit 2 (rougher—6” diameter column; cleaner 4” column). The influence
of collector and depressant dosages, pulp pH, superficial wash water velocity (Jw), ore variability,
and superficial air velocity (Jg) were evaluated on the flotation separation parameters (P2O5 grade
and recovery and impurities content) for both circuits. The chemical quality target for the apatite
concentrate is P2O5 > 33.0%, SiO2 < 8%, and Fe2O3 < 6.5%.

2. Experimental

2.1. Ore Sample

The two slime samples tested in this work were provided by Copebras (CMOC International)
located in Catalão (Goiás state), Brazil. Detailed information on the sample preparation procedures
can be found in the study by Matiolo et al. [15]. The slime samples were collected from the overflow
of the hydrocyclones, which was around 10 tons (dry basis) of the slime in pulp with 16% solid
content by weight. The sample characterization included chemical analyses by X-ray fluorescence
(PANalytical AXIOS WDS, PANalytical, Almero, the Netherlands) and mineralogical characterization
by XDR (Rietveld method) (Bruker-D4 Endeavor, Bruker, Germany). The particle size distribution was
determined by the laser diffraction technique using a Malvern Master size particle analyzer (Malvern
Panalytical Ltd., Malvern, UK).

The particle size distribution of slime Sample 1 showed that the characteristics for diameters D32,
D10, D50, and D90 were, respectively, 2.6 μm, 1.0 μm, 5.7 μm, and 24.7 μm, whereas for Sample 2 the
values were D32 = 5.0 μm, D10 = 2.1 μm, D50 = 13.8 μm, and D90 = 43 μm. The chemical analyses
for both samples showed that the P2O5 grade was around 12–13% and the CaO was around 11–14%.
In terms of the major contaminants, SiO2 and Fe2O3 stood out, with grades of 19.7% and 27.7% for
Sample 1 and 15.8% and 24.8% for Sample 2, respectively (Table 1). The main mineral phases in the
samples were apatite (around 33%), goethite with a 26% grade content, and quartz with 18%.

Table 1. Chemical analysis of the slime samples.

Sample Al2O3 BaO CaO Fe2O3 MgO P2O5 SiO2 Nb2O5 CaO/P2O5

1 3.9 1.2 14.0 27.7 2.4 13.3 19.7 0.62 1.05

2 2.8 1.6 16.5 30.0 1.0 14.0 12.5 0.89 1.18

2.2. Desliming

Figure 1 shows the apparatus for the desliming operation of the slime samples. Each container,
holding 1 m3 (40 in total) of the slime sample, was connected to a vertical pump with a system that
allowed pulp recirculation to the container and also to a 3.6 m3 tank. In this tank, water was added to
adjust the solids in the pulp to around 8%, which represented the solids to the feed of the desliming
stage. From the storage tank, the pulp was pumped to the hydrocyclone apparatus. Desliming was
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carried out in two stages, where the underflow from the first stage fed the second stage. The underflow
of the second stage fed the apatite flotation and the overflow from both stages was discharged as
tailings. The hydrocyclone used was supplied by Weir Minerals. The apex finder was 7 mm in the
first stage and 5.5 mm in the second. In both stages, the vortex finder was 10 mm and the operational
pressure was 4 kgf/cm2 in the first stage and 3 kgf/cm2 in the second.

  

Figure 1. Apparatus for the desliming operation.

3. Flotation Studies

3.1. Reagents

Soybean oil soap was used as an apatite collector and was obtained after saponification for a
period of 15 min with a fatty acid/NaOH ratio of 5:1. Gelatinized corn starch was used as the gangue
mineral depressant, with a starch/NaOH ratio of 4:1 and a reaction time of 10 min, in a solution with
concentration at 20% w/w. After the saponification and gelatinization, both reagents were diluted
in distilled water, producing 1% w/w solutions. For pH adjustment, a 2% NaOH solution was used.
Tap water from the city of Rio de Janeiro’s supply network was used to attain the correct percentage of
pulp solids in the flotation studies.

3.2. Pilot Plant Flotation Tests

Figure 2a shows the schematic flowsheet considering the desliming and flotation stages for apatite
concentration from the slime samples and Figure 2b shows a general view of the columns at CETEM’s
pilot plant (ERIEZ, Delta, Canada). The underflow obtained in the second stage of desliming, at 35%
solid content by weight, fed the flotation circuit. The rougher/cleaner flotation trials were performed
using columns with internal diameters of 6”, 4”, and 2” and a height of 7.0 m. The effective volume of
each column was 100 L, 46 L, and 13 L, respectively. The main objective of this study was to compare
the flotation performance considering a rougher/cleaner circuit for apatite flotation with the following
two different circuits: Circuit 1 (rougher—4” diameter column; cleaner—2” diameter column) and
circuit 2 (rougher—6” diameter column; cleaner 4” column). The solid feed rate in each circuit was
35 kg/h and 46 kg/h dry basis, respectively.

From the storage tank, the pulp was pumped to a cylindrical tank where it was conditioned with
gelatinized corn starch and the pH was adjusted (between 9.5 and 10.8) with NaOH. The depressant
dosage ranged from 2300 g/t up to 3000 g/t. After conditioning with the depressant, the pulp was
conditioned with soybean oil soap in a cylindrical tank, at 35% solids by weight, with dosages from
70 g/t to 130 g/t. The mean residence time for conditioning was 10 min for the depressant and around
20 min for the collector. After conditioning, the pulp was diluted to 20% solids by weight and fed in the
rougher column. The froth obtained in the rougher fed the cleaner, and the sink fractions from rougher
and cleaner were discharged as final tailings. Bubbles were generated with controlled pressure and
flow via a forced air passage in a porous tube at the bottom of the 4” and 2” columns. The bubble
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generation of the 6” column flotation was through the recirculation of a portion of the pulp through a
cavitation tube. The operational pressure on the cavitation was around 3.5 kgf/cm2. The pulp/froth
interface was controlled by a level sensor that was connected to the tailings pump and the wash water
and air flow rate were controlled by a flow meter. After reaching the stationary stage, samples of the
rougher and cleaner tailings and cleaner concentrate were collected simultaneously for 2 min for mass
and metallurgical balances. The samples were flocculated and dried in an oven for 24 h at 80 ◦C. Then,
the samples were weighed, disaggregated, and separated in aliquots for chemical analysis by X-ray
fluorescence spectroscopy to determine the metallurgical balance.

(a) (b) 

Cleaner

Rougher

Rougher

Figure 2. Schematic flowsheet for the apatite concentration from (a) the slime samples and photo from
(b) the column flotation units.

4. Results and Discussion

4.1. Desliming

The mass and oxide balance for the optimized desliming conditions for Sample 1 are shown in
Table 2. The feed of the first desliming stage contained 8% solids by weight and produced an underflow
with 16% solids by weight and an overflow with 2–3% solids by weight, which was discharged as final
tailings. The mass and P2O5 recoveries of the underflow were 70% and 78%, respectively. The P2O5

grade increased from 13.3% at the feed to 14.3% in the underflow. The P2O5 in the overflow was 10.1%.
The underflow of the first stage fed the second stage, which was carried out in the same hydrocyclone
applied in the first stage with an apex finder of 5.5 mm and the operation pressure was regulated to
3 kgf/cm2. The solids content in the overflow of the second stage was 4–5%, the d50 was 5 μm, and the
P2O5 grade was 11% and was discharged with the final tailings together with the overflow produced
at the first stage. The solids content in the underflow of the second stage was 35–36%, the d50 was
18 μm, and the P2O5 grade was 16.4%. The mass and P2O5 recoveries at the second stage were very
similar to the first stage, reaching 70% and 77%. The underflow obtained at the second stage fed the
conditioning circuit and then the flotation circuit. Considering both stages, the overall mass recovery
was around 50% and the P2O5 recovery was 60%. Regarding the SiO2 and Fe2O3 contaminants, it was
observed that the iron impurities tended to decrease after desliming, as opposed to what was observed
for the SiO2 content, which tended to increase after this process.

The results of the desliming stage for Sample 2 are shown in Table 3. The P2O5 content at the
flotation feed (underflow of second stage) was quite similar to that obtained for Sample 1, assaying
around 16%. Regarding the SiO2 and Fe2O3 impurities, a reduction of the iron bearing minerals
content in the flotation feed was observed when compared to the feed sample, as observed in Sample 1.
The SiO2 content in the flotation feed was almost the same as that in the feed process sample.
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Table 2. Metallurgical and mass balance of the desliming stage (Sample 1).

Stage Stream
Mass

Rec (%)

Grade (%) Distribution (%)

Al2O3 CaO Fe2O3 MgO P2O5 SiO2 Al2O3 CaO Fe2O3 MgO P2O5 SiO2

1
Over 29.9 4.5 9.9 33.9 2.3 10.1 16.5 35.4 21.4 36.9 29.0 23.1 25.3

Under 70.1 3.5 15.5 24.7 2.4 14.3 20.7 64.5 78.5 63.0 70.9 76.8 74.6

2
Over 29.8 4.4 11.5 31.1 2.5 11.3 17.3 37.5 21.3 40.0 31.5 22.5 24.0

Under 70.2 3.1 17.9 19.7 2.3 16.4 23.2 62.4 78.6 59.9 68.4 77.4 76.0

Feed 100 3.8 13.8 27.4 2.4 13.0 19.4 100 100 100 100 100 100

Table 3. Metallurgical and mass balance of the desliming stage (Sample 2).

Stage Stream
Mass

Rec (%)

Grade (%) Distribution (%)

Al2O3 CaO Fe2O3 MgO P2O5 SiO2 Al2O3 CaO Fe2O3 MgO P2O5 SiO2

1
Over 43.2 3.7 12.9 35.3 1.2 11.5 12.3 58.4 33.9 51.4 43.1 34.8 42.6

Under 56.8 2.0 19.2 25.5 1.2 16.4 12.6 41.6 66.1 48.6 56.9 65.2 57.4

2
Over 15.0 2.8 10.9 28.8 1.1 12.7 10.5 20.3 8.9 17.9 13.5 11.7 12.0

Under 85.0 1.9 19.8 23.4 1.2 16.9 13.3 79.7 91.1 82.1 86.5 88.3 88.0

Feed 100 2.7 16.5 29.7 1.2 14.3 12.5 100 100 100 100 100 100

4.2. Flotation Studies

This topic presents the results and discussion of the apatite flotation studies considering
rougher/cleaner flotation in 6”, 4”, and 2” columns. As mentioned before, one circuit consisted
of the application of a 6” column for the rougher stage and a 4” column for the cleaner. The second
circuit applied the 4” column for rougher flotation and a 2” column for the cleaner. The influence of
collector and depressant dosages, wash water superficial velocity, pH, and air superficial velocity were
evaluated on flotation separation parameters. The flotation recovery was calculated as a function of
the hydrocyclone underflow (flotation feed).

Figure 3 shows the curve of the P2O5 grade versus the recovery, considering apatite rougher/cleaner
configuration for both circuits evaluated. As shown in the figure, the P2O5 recovery ranged from
80% to 25% with a P2O5 grade variation from 22% to almost 38%. In general terms, the flotation
performance (grade and recovery) in the circuit with 6” and 4” columns was better compared to the
circuit with 4” and 2” columns, especially for the P2O5 grade between 30% and 34%.

Figure 4a shows the comparative results for the P2O5 grade/recovery curve considering the
rougher flotation in the 6” and 4” columns and for cleaner flotation considering the 4” and 2” columns
(Figure 4b). The results for the circuit applied in the 6” and 4” columns were obtained with the flotation
of Samples 1 and 2 and considering the Sample 1 flotation for the circuit with the 4” and 2” diameter
columns. The performance (grade and recovery) of rougher flotation in the 6” diameter column was
superior to the results obtained for the 4” diameter column. As it can be observed, the P2O5 recovery
ranged from 90% to 40%, with a P2O5 grade variation from 17% to almost 34%. Furthermore, a linear
relation between the P2O5 grade and losses was verified for the rougher tailings.

A fundamental difference between both columns is the fact that the bubble generator of the
6” column is a cavitation tube, while the bubble generator of the 4” column is a porous tube.
Hydrodynamic cavitation to generate bubbles has been use to enhanced the flotation of fine and
ultrafine particles [17–19]. Tao et al. [17] evaluated the effect of picobubble injection produced
by the hydrodynamic cavitation principle in association with the conventional sized bubbles
produced by a static mixer on the flotation response of fine coal particles. The results indicated
that picobubbles significantly enhanced the coal flotation process with higher recovery and lower
product ash. The flotation recovery increased by 10–30% depending on the process operating conditions.
Zhou et al. [18] incorporated a cavitation tube in the feed line to a conventional flotation cell for the
flotation of fine silica and ZnS precipitates (<5 μm). The results showed that there is a substantial
increase in fine silica recovery for a given flotation period when using the cavitation tube (without
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added air). Additionally, a 40% increase in rate constant was obtained using a cavitation tube (1.3 mm
nozzle diameter), even though the overall aeration was less (2.15 L/min compared to 3 L/min without
the tube). This increase in the flotation rate constant again suggests that small bubbles generated by
cavitation in the feed stream played a role in enhancing flotation kinetics.

Figure 3. P2O5 grade/recovery curves for rougher/cleaner flotation. Comparative results of the circuit
with 6” and 4” and 4” and 2” column flotation.

(a) Rougher flotation (b) Cleaner flotation 

Figure 4. P2O5 grade/recovery curves for rougher (a) and cleaner (b) stages. Comparative results for
rougher flotation in 6” and 4” column flotation and for cleaner flotation in 4” and 2” column flotation.

As for cleaner flotation, it could be observed that the results obtained in the flotation with the 2”
column showed a higher distribution compared to the results obtained for the 4” column. This can be
explained by the fact that cleaner flotation in the 2” column had more process variables tested, focused
on optimization of this stage, including changes in the superficial air velocity (Jg) and wash water (Jw),
besides the reagents dosage variation. For the flotation in the 4” column as a cleaner, only the effect of
the collector, depressant dosage, and pH were evaluated for Jg and the Jw kept fixed at 0.51 cm/s and
0.20 cm/s, respectively. The P2O5 losses on the cleaner flotation with the 4” column ranged from 2% to
a maximum of 12%, considering the P2O5 grade variation from 9% to 25%. On the other hand, it could
be observed that the cleaner flotation in the 2” column showed a much higher variation, especially
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for the P2O5 losses, which ranged from 10% to values up to 24% for the similar P2O5 content in the
sink fraction.

The relation between the P2O5 grade in the final apatite concentrate and the content of Fe2O3 and
SiO2 impurities for both circuits evaluated are shown in Figure 5. The variation of the Fe2O3 content
in the final apatite concentrate is very similar for both circuits and it is independent of the sample.
The SiO2 content has the same trend observed for the iron impurities in Sample 1 for both circuits,
whereas the SiO2 content in the final concentration of Sample 2 is significantly lower than that obtained
for Sample 1. These results indicate that contamination of the apatite concentrate strongly depends on
the ore characteristics that feed the plant and it is less influenced by the scale tested. As shown before,
the SiO2 grade in Sample 2 is much lower when compared with Sample 1, unlike the iron content,
which is quite similar in both samples.

(a) Fe2O3 content—Cleaner concentrate (b) SiO2 content—Cleaner concentrate 

Figure 5. Relation between the P2O5 grade and Fe2O3 (a) and SiO2 (b) impurities in the final apatite
concentrate for both circuits. Flotation studies with Samples 1 and 2.

A summary of the best results achieved using rougher/cleaner configuration for the circuit with
the 4” and 2” columns is shown in Table 4 for the flotation studies with Sample 1. Considering the
average results for the three tests, mass recovery was around 23% and P2O5 recovery and grade were
54% and 35.2%, respectively. The SiO2 and Fe2O3 impurities levels were 3.0% and 5.2%. Reagent
consumptions were 117 g/t to the collector, around 2700 g/t to the depressant, and 410 g/t to NaOH and
the pulp pH was fixed at 9.7.

Table 4. Summary of the best results obtained in experiments at 4” and 2” column flotation.
Rougher/cleaner. Feed solids rate: 35 kg/h; pH = 9.7. Flotation studies with Sample 1.

Test
Recovery (%) Grade (%) Consumption (g/t)

Mass P2O5 P2O5 Fe2O3 SiO2 Collector Depressant

1 24.2 52.7 34.3 2.9 6.2 123 2353
2 25.3 57.7 35.5 3.0 5.1 116 2737
3 22.7 53.5 35.8 3.0 4.2 113 3259

Average 24.1 54.6 35.2 3.0 5.2 117 2783

Table 5 shows the effect of pulp pH variation, for the values 9.7 and 10.8, on the flotation
performance for the experiments using the 6” and 4” columns in rougher/cleaner configuration in
experiments with Sample 1. The collector dosage was 130 g/t and the depressant was 2900 g/t. It can be
observed that a reduction of the pulp pH from 10.8 to 9.7 decreases the P2O5 content in the concentrate,
going from 33.4% to 31.4%. The reason for the dilution of the concentrate is exclusively caused by
the increase of the SiO2 from 5.3% to values around 10%, since the iron content is virtually the same.
The increase in mass recovery, from 34.6% to 36.9% with the decrease of the pH value, is due the
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increase in the SiO2 content once the P2O5 recovery is almost the same for both pH values evaluated,
reaching 72%.

Table 5. Effect of pH variation on the flotation performance for experiments at 6” and 4” column
flotation. Rougher/cleaner. Feed solids rate: 45 kg/h. Flotation studies with sample 1.

Test
Recovery (%) Grade (%) Consumption (g/t)

Mass P2O5 P2O5 Fe2O3 SiO2 pH Collector Depressant

1 35.0 72.1 33.7 5.2 5.2

10.8

132 3004
2 33.5 70.2 33.5 5.6 5.2 127 2905
3 35.3 73.8 33.1 5.9 5.5 129 2947

Average 34.6 72.0 33.4 5.6 5.3 129 2952

1 33.5 68.2 31.7 5.2 9.1

9.7

123 2815
2 37.9 72.6 31.6 4.9 9.7 125 2844
3 36.2 69.7 31.3 5.1 9.8 133 3029
4 39.9 74.9 31.0 5.2 10.2 130 2959

Average 36.9 71.3 31.4 5.1 9.7 127 2911

Flotation results for Sample 2 in the experiments carried, out with the 6” and 4” columns, are
shown in Table 6. The average collector dosage for the four tests was around 80 g/t and the depressant
was 2600 g/t at the pulp pH of 9.7. The average mass and P2O5 recovery were 27% and 51% for a
P2O5 grade of 32.8%. Compared to the results obtained from Sample 1, the SiO2 content in the final
concentrate was much lower in the experiments with Sample 2, reaching an average grade of 1.0%.
On the other hand, the iron content is very similar for both samples. The lower SiO2 content reached in
the concentrate of Sample 2 can be explained by the lower grade in the slime feed sample that was
analyzed at 12.5%, compared with the 19.7% of Sample 1.

Table 6. Summary of the best results obtained in experiments at 6” and 4” column flotation.
Rougher/cleaner. Feed solids rate: 45 kg/h. pH = 9.7. Flotation studies with Sample 2.

Test
Recovery (%) Grade (%) Consumption (g/t)

Mass P2O5 P2O5 Fe2O3 SiO2 Collector Depressant

1 25.6 47.2 32.8 4.8 0.7 72 3000
2 24.6 44.6 32.7 3.8 0.6 69 2880
3 27.4 54.5 33.1 4.2 1.2 94 2380
4 30.7 57.7 32.7 4.4 1.5 87 2215

Average 27.1 51.0 32.8 4.3 1.0 80 2618

Regarding the reagent consumption (collector and depressant), it was observed that the average
collector dosage is similar to the levels applied at the industrial scale in Brazilian plants. On the other
hand, the depressant dosage is much higher, reaching values up to 2500 g/t. Usually, the depressant
dosage does not exceed 1200–1300 g/t. Matiolo et al [15] evaluated the depressant dosage on apatite
flotation from slimes. The results indicated that both parameters (P2O5 grade and recovery) improve
when the depressant dosage increases from 1230 g/t to values reaching higher than 1700 g/t. It was also
found that to control the iron impurities in the final flotation concentrate, the depressant dosage must
be up 2200 g/t to a maximum of 3000 g/t.

A similar approach to that evaluated in this study of recovering the valuable fine phosphate
particles (<45 μm) from their slimes through the application of the column flotation technique was
tested by Abdel-Khalek [20]. Tests were performed using oleic acid as a collector for the phosphate
minerals and sodium silicate as a depressant for their associated gangues. The main operating
parameters affecting the performance of column flotation were investigated. The results indicate that
the best operating conditions for column flotation of phosphate slimes are as follows: A superficial
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gas velocity of 0.84 cm/s, a frother concentration of 0.1 kg/ton, a column height of 230.5 cm, and a
superficial water velocity of 2.2 cm/s. Under these conditions, a product assaying 25.3% P2O5 and
14.64% I.R. (insoluble residue), with a P2O5 recovery of about 51.52%, is obtained from a feed containing
18.26% P2O5 and 24.03% I.R. Such grades and recoveries are not obtained by applying the conventional
froth flotation technique, even after cleaning the rougher concentrate. Recovery of more than 50% of
phosphate from disposed slimes will improve the economic viability of the beneficiation process for
phosphate ores. It will also help to solve the environmental problems associated with the disposal of
these slimes.

5. Conclusions

It was possible to obtain apatite concentrates from two different slime samples with P2O5 grades
higher than 33%, which can be applied to SSP (single superphosphate) and TSP (triple superphosphate)
production. Considering desliming and flotation, the overall mass recovery ranged from 9% to 12%
and P2O5 recovery ranged between 29–42%. It is estimated that the earnings obtained by recovery
of the apatite from slimes may represent an increase in 4% of the overall P2O5 recovery at industrial
plants. The results obtained in this study indicate that the flotation results were better in the circuits
with higher column flotation (6” and 4”). The results can be explained by the application of a cavitation
tube in the rougher stage in the 6” column. The improved flotation performance can be attributed to
increased probabilities of collision and attachment and the reduced probability of detachment by the
small size bubbles generated by the cavitation tube in comparison to the bubbles produced by the
porous tube of the 4” column flotation.
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Abstract: Rare earth elements (REEs) are defined as lanthanides with Y and Sc. Rare earth occurrences
including the REE-bearing phases and their distributions, measured by rare earth oxides (REOs), in the
streams of processing a phosphate ore were determined by using MLA, the mineral liberation analysis
and EPMA, the electron probe microanalysis. The process includes an apatite ore beneficiation
by flotation and further processing of the beneficiation concentrate with sulfuric acid. Twenty-six,
sixty-two and twelve percent of the total REOs (TREO) contents from the ore end up in the products
of beneficiation tailings, phosphogypsum (PG) and phosphoric acid, respectively. Apatite, allanite,
monazite and pyrochlore are identified as REE-bearing minerals in the beneficiation process. In the
beneficiation tailings, the REEs are mainly distributed in monazite (10.3% TREO), apatite (5.9% TREO),
allanite (5.4% TREO) and pyrochlore (4.3% TREO). Gypsum, monazite, apatite and other REE-bearing
phases were found to host REEs in the PG and the REEs distributions are 44.9% TREO in gypsum,
15.8% TREO in monazite, 0.6% TREO in apatite and 0.6% TREO in other REE-bearing phases.
Perspectives on the efficient recovery of REEs from the beneficiation tailings and the PG are discussed.

Keywords: rare earth elements (REEs); phosphate ore processing; REE-bearing phases; beneficiation
tailings; phosphogypsum (PG)

1. Introduction

The grade of apatite ores can vary from 4% to 20% phosphorus pentoxide (P2O5). Normally,
beneficiation by flotation is needed to obtain a high grade (often more than 30% P2O5) apatite
concentrate. Meanwhile, beneficiation tailings including waste clay are produced. Then phosphoric
acid is prepared in the wet-process by adding sulfuric acid to the apatite concentrate. Phosphogypsum
(PG) is the major solid product formed during the process. Rare earth elements (REEs) comprising
15 lanthanides plus Y and Sc are normally contained in the phosphate rocks in various contents from
0.03 to 1.0 wt. % [1,2]. In the phosphate rock processing, most of the REEs from the phosphate rock
(over 85%) end up in the wastes (waste clay, flotation tailings and phosphogypsum) [3]. Because
these wastes have very fine grain sizes and complex mineralogical compositions, the reprocessing of
them for economic recovery of REEs becomes very challenging [3]. Research was carried out to verify
whether the wastes might be useful as a raw material for REEs recovery [4–12] and the manufacture of
building materials [1]. However, the extraction of REEs and other valuable elements from these wastes
in phosphate processing has not been industrially realized, while trace elements are considered one of
the main environmental concerns of direct use [13].

The incorporation of REEs in PG from solution during the wet-process of phosphoric acid
production using sulfuric acid has been investigated for phosphate rocks with different REE grades and
it is concluded that about 60–70% of the initial REEs content was lost into the PG [14–20]. Meanwhile,
the occurrence modes or the precipitated phases of REEs in the PG are considered but conclusions
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are still disputable. Jin et al. (2011) [21] concluded that REEs were present as tiny crystals of rare
earth sulphates. A study by Santos et al. (2006) [22] showed that although REEs were enriched in
the PG samples they were not associated with CaSO4 itself. The study by Borges et al. (2016) [23]
indicated that REEs occur as sulphates, carbonates, fluorides and phosphates. Schmidt et al. (2009) [24]
concluded that Eu3+ was adsorbed as an inner-sphere species on the precipitated gypsum. In addition,
REEs including Y, La, Ce, Nd, Sm and Pr were detected on the PG surface in both elemental as well
as oxide forms by TOF-SIMS [6]. Alhassanieh et al. (2012) [25], in contrast, concluded that Eu3+ was
incorporated in the structure of the gypsum as opposed to being adsorbed on the gypsum surface.
The study by Dutrizac, J.E. (2017) [14] on the behaviour of all the trivalent REEs concluded that the
rare earth ions are structurally incorporated in gypsum, according to a mechanism involving the
replacement of three Ca2+ ions by two REE3+ ions and a vacant Ca2+ lattice site.

Compared to the studies on the incorporation and the occurrence modes of REEs in the PG
during the wet-process of phosphoric acid production, the studies about REEs transferring and their
occurrences in the beneficiation process are very limited. A study by Zhang et al. (2018) [3] indicated
that REEs during a phosphate ore processing are distributed approximately 40% in waste clay, 10% in
amine tails, 38% in PG and 12% in phosphoric acid but how the REEs occur in these products was
not investigated.

In the present study, the occurrences of REEs, including REE-bearing phases and REEs distribution,
in the streams of processing a phosphate rock were studied on the basis of mineralogical analyses
using MLA, the mineral liberation analysis and EPMA, the electron probe microanalysis of the apatite
ore, the flotation concentrate and the PG. Potential technological pathways for REE recovery from the
beneficiation tailings and the PG are discussed.

2. Materials and Methods

The samples of apatite ore, flotation concentrate, and PG were obtained from a phosphate mine,
which is a carbonatite deposit with an in-situ grade of around 5.0% P2O5. The general concentration
process is that the ore is crushed and ground first and then flotation is performed to obtain the apatite
concentrate. The beneficiation concentrate is then treated using sulfuric acid for phosphoric acid
production. At the same time the PG is produced as the leaching residue. Currently, the material of PG
in the mine is not used commercially. Because the beneficiation is a physical process, the REE-bearing
phases in the concentrate and the tailings are the same as in the ore.

The samples were split into 100 g subsamples for chemical and mineralogical analyses. The PG
sample was classified by screen into three fractions (+75 μm, −75 + 45 μm and −45 μm) and was
analysed separately.

Leaching experiments of the flotation concentrate with sulfuric acid were carried out at the
conditions of sulfuric acid concentration 2.5 M, temperature 60 ◦C, acid solution 500 mL, solid 150 g
and agitation speed 400 rpm.

Sodium peroxide plus sodium hydroxide digestion was used for the determination of REEs using
the ICP-MS, the inductively coupled plasma mass spectrometry, technique, which was performed by
Labtium Oy in Finland. The limits of detection (LODs) of the ICP-MS for REEs are shown in Table 1.

Table 1. The limits of detection (LODs) of the ICP-MS for REEs (mg/kg).

La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Y Sc

0.1 0.1 0.1 0.2 0.2 0.05 0.05 0.1 0.1 0.1 0.05 0.1 0.05 0.1 1 1
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The modal mineralogy (i.e., the percentages of the mineral components), the mineral liberation
and the grain size distribution of REE-bearing minerals were measured by using a mineral liberation
analyser (MLA) (a FEI MLA Quanta 600 system) at the Geological Survey of Finland in Outokumpu.
Minerals were identified mostly based on EDS analyses. Using the EDS analysis, the composition
of a certain mineral was determined, and the composition was compared to the composition of the
mineral as specified in the MinIdent mineralogy database and a mineralogical book [26]. Also, the EDS
spectrum was compared to the spectra in the databases of MLA.

For determining the chemical compositions of REE-bearing phases in the samples, and also of
certain minerals that cannot be unequivocally identified by the semi-quantitative approach of MLA,
the electron probe microanalysis (EPMA) was performed by the wavelength dispersive technique
using a Cameca SX100 instrument at the Geological Survey of Finland in Espoo. All analyses were
determined using an accelerating voltage of 20 kV. The probe currents and beam diameters used were
6–60 nA and 1–10 μm, respectively. Analytical results were corrected using the PAP on-line correction
programme [27]. Depending on samples and minerals the limits of detection (LODs) of the EPMA for
REEs are shown in Tables 2 and 3.

Table 2. The limits of detection (LODs) of the EPMA for REEs with sample phosphogypsum
(PG) (mg/kg).

REE-Bearing
Phase

La Ce Pr Nd Sm Gd Tb Dy Ho Er Yb Lu Y

Gypsum 184 170 247 340 223 246 70
Apatite 176 148 262 340 230 233 79

Monazite 481 329 545 640 253 527 362 378 532 551 290 222 426
Other phase 185 183 259 362 251 275 85

Table 3. The limits of detection (LODs) of the EPMA for REEs with samples of ore and apatite
concentrate (mg/kg).

REE-Bearing
Phase

La Ce Pr Nd Sm Gd Dy Y Sc

Apatite 983 1100 1576 2194 2138 2027 1077 930
Allanite 1353 1534 2022 2678 2700 2460 1411 1126

Monazite 1353 1534 2022 2678 2700 2460 1411 1126
Zircon n.d. * 1302 1846 2569 2515 2368 1243 1060 421

Pyrochlore 1721 1821 2571 3644 3458 3247 1794 1640 603

* not determined.

It should be stressed that, because the mineral identification was carried out using the
semi-quantitative EDS method, phases with complex chemical compositions, such as allanite, aeschynite,
britholite and pyrochlore, should in fact be referred to as phases with allanite-like, aeschynite-like, and
so forth, compositions. However, although identification of such phases cannot be treated as entirely
accurate, for the sake of clarity and readability of the text simplified and more general names will
be used.

The analytical steps and strategy are presented in Figure 1. By combining MLA and EPMA
analyses, the REEs concentrations contributed by all REE-bearing phases in the samples are determined.
Then, the REE occurrences, for example, the weight distributions of REEs in the streams of the
phosphate rock processing with REE-bearing phases, are achieved by combining experimental and
commercial production data.

49



Minerals 2019, 9, 262

 

MLA

Modal mineralogy

EPMA

Concentrations of 
REEs in all REE-
bearing phases

Experimental 
and 

commercial 
production 

data

REE 
concentrations 

contributed 
from all REE-

bearing phases

Determination 
of REEs 

occurrences in 
phosphate 

rock 
processing 

streams

Figure 1. The analytical steps and strategy.

3. Results

3.1. The Individual Concentrations of REEs

The individual concentrations of REEs (measured by rare earth oxides (REOs)) of the ore,
the flotation concentrate and tailings and the PG analysed by ICP-MS are shown in Table 4. All the
REEs except Pm were detected in the samples but eight REEs, La, Ce, Pr, Nd, Sm, Gd, Dy and Y, are
found with relatively high concentrations. Other REEs are in trace contents (REOs < 5 mg/kg). The
contents that are smaller than the limits of detection are marked by n.d. (not detected). The contents of
total REOs (TREO) are: 539 mg/kg in the ore; 3431 mg/kg in the concentrate; 255 mg/kg in the tailings;
and 2280 mg/kg in the PG. It is noted that for the PG the REEs are not evenly distributed in the size
fractions and the fine fraction (−45 μm) has higher contents of TREO as shown in Table 5.

Table 4. The individual REEs concentrations of the ore, concentrate and PG by ICP-MS (mg/kg).

La2O3 Ce2O3 Pr2O3 Nd2O3 Sm2O3 Eu2O3 Gd2O3 Tb2O3 Dy2O3

Ore 89.60 235.43 30.08 119.32 17.80 4.48 12.39 1.27 5.11
Flot Conc 581.81 1488.11 201.08 800.22 116.46 28.44 78.52 7.69 29.02
Flot Tail * 41.23 112.33 13.27 52.41 8.11 2.13 5.89 0.64 2.76

PG 339.75 1029.09 134.00 547.27 81.87 19.57 51.87 4.95 17.44

Ho2O3 Er2O3 Tm2O3 Yb2O3 Lu2O3 Sc2O3 Y2O3 TREO

Ore 0.76 1.79 0.18 1.00 n.d. 10.00 19.68 539.02
Flot Conc 4.09 8.95 0.82 4..11 0.50 9.50 81.28 3431.11
Flot Tail * 0.43 1.09 n.d. 0.69 n.d. n.d. 13.63 254.83

PG 2.41 4.92 0.34 1.15 n.d. n.d. 45.72 2280.56

* Calculated based on chemical analysis results of ore and concentrate (the concentrate mass yield is 8.95 wt. %
according to the concentrator production record).

Table 5. The individual REEs concentrations of in the size fractions of +75, −75 + 45 and −45 μm in the
PG (mg/kg).

La2O3 Ce2O3 Pr2O3 Nd2O3 Sm2O3 Eu2O3 Gd2O3 Tb2O3 Dy2O3

+75 μm 290.85 930.0 126.39 528.37 79.55 18.99 50.14 4.83 17.33
−75 + 45 μm 261.53 839.81 113.29 473.55 73.06 17.48 45.53 4.49 15.61
−45 μm 485.53 1358.69 166.19 652.01 94.62 22.70 60.97 5.76 19.63

Ho2O3 Er2O3 Tm2O3 Yb2O3 Lu2O3 Sc2O3 Y2O3 TREO

+75 μm 1.83 4.80 0.23 1.25 n.d. n.d. 41.65 2096.34
−75 + 45 μm 2.29 4.35 0.34 1.25 n.d. n.d. 41.15 1893.84
−45 μm 2.06 3.89 0.23 0.91 n.d. n.d. 36.45 2909.74

The weight percentages of three size fractions of the PG are: +75 μm 36.1 wt. %, −75 + 45 μm 33.7 wt. % and −45 μm
30.2 wt. %.
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3.2. REE-bearing Phases and Distributions of REEs

3.2.1. Beneficiation Process

The modal mineralogy of the apatite ore and concentrate by MLA are shown in Table 6. Apatite,
allanite, monazite, zircon and pyrochlore were found to be REE-bearing minerals which contain
measurable amounts of REEs. Apatite was enriched from a content of 8.9%wt in the phosphate rock to
that of 88.5%wt in the concentrate, but other REE-bearing minerals were not enriched during flotation.
Because flotation is a physical process mineral phases are not changed. Thus, the modal mineralogy of
the tailings can be calculated based on analysed data of the ore and concentrate.

Table 6. Modal mineralogy of the ore and flotation concentrate by mineral liberation analyser (MLA).

Mineral
Phosphate Rock,

wt. %

Apatite
Concentrate,

wt. %

Tailings,
wt. % *

REE-bearing
minerals

Apatite 8.880 88.460 1.052
Monazite 0.003 0.004 0.003
Allanite 0.0051 0.0046 0.005
Zircon 0.018 0.008 0.019

Pyrochlore 0.003 0.001 0.003

non REE-bearing
minerals

Calcite 16.680 8.700 17.460
Ankerite 0.081 0.140 0.075
Dolomite 2.450 1.350 2.561

Other silicates 70.780 1.020 77.64

* calculated data based on analysed data of ore and concentrate. The mass yields of the concentrate and tailings are
8.95% and 91.05% according to the concentrator production record.

These REE-bearing minerals identified by MLA were taken into account in the EPMA analyses
from which the concentrations of REEs in all the REE-bearing minerals (measured by REOs) were
determined (Table 7). The data in the table are the average calculated data of multiple analyses.
The numbers of analyses are stated in Table 7.

Eight REEs, including La, Ce, Pr, Nd, Sm, Gd, Dy and Y, were measured for all five REE-bearing
minerals. The REOs marking as n.d. in the table are below the LODs. It noted that Sc was detected
by ICP-MS in the ore and flotation concentrate shown in Table 4. According to the authors’ previous
experience and a study [28] zircon and pyrochlore might be the Sc-bearing phases. Thus, Sc was
measured by EPMA for zircon and pyrochlore but was not detected (below the LOD) because the
EPMA has higher LOD than ICP-MS. For apatite, allanite and monazite Sc was not measured.

Table 7. The individual concentrations of REEs in all the REE-bearing phases: apatite, allanite, monazite,
zircon and pyrochlore by EPMA (mg/kg) (measured by REOs).

Apatite Allanite Monazite Zircon Pyrochlore

Number of analyses 20 9 11 9 7

La2O3 n.d. 51724 173018 n.d. 35183
Ce2O3 2133 127800 381318 n.d. 149817
Pr2O3 n.d. 12401 32844 n.d. 19167
Nd2O3 n.d. 35174 95177 n.d. 72237
Sm2O3 n.d. n.d. 5425 n.d. 10919
Gd2O3 n.d. n.d. n.d. n.d. 5010
Dy2O3 n.d. n.d. n.d. n.d. n.d.
Sc2O3 n.d. n.d.
Y2O3 n.d. n.d. n.d. n.d. 1459
TREO 2133 227099 687782 0 293792
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The concentrations of REOs contributed by each REE-bearing mineral in the ore, the concentrate
and the tailings are obtained from the analysis results of MLA and EPMA and presented in
Figures 2–4, respectively.

For the ore with over 81% of REEs are in apatite and other REE-bearing minerals: monazite,
allanite and pyrochlore carry about 19% of REEs. Zircon was identified the REE-bearing mineral but
the contents of all REOs were below the LODs. The REEs in apatite are mainly Ce and other REEs are
below the LODs. The REEs, such as La, Nd, Pr and Y, are present in significant amounts in monazite,
allanite and pyrochlore.

During flotation, apatite was effectively enriched in the concentrate. For the concentrate, almost
all (98%) of REEs are in apatite. In contrast, for the tailings nearly 80% of REEs are carried by monazite,
allanite and pyrochlore. That is, REEs are lost into the tailings mainly due to the fact that monazite,
allanite and pyrochlore have poorer flotation efficiency compared to apatite.

Figure 2. Rare Earth oxide (REO) concentrations in the REE-bearing phases of the ore (mg/kg).

Figure 3. REO concentrations in the REE-bearing phases of the concentrate (mg/kg).
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Figure 4. REO concentrations in the REE-bearing phases of the tailings (mg/kg).

According to the concentrator production record in the flotation process, the mass yields of
concentrate and tailings are 8.95% and 91.05%, respectively. The recoveries of REEs measured by TREO
content in the concentrate and the tailings from the ore for different REE-bearing phases were calculated
based on the data of REO concentrations shown in Figures 2–4 and in Table 8. Over 89% of TREO were
recovered in the concentrate from apatite but much less from allanite, monazite and pyrochlore, that is,
most of REEs from allanite, monazite and pyrochlore are lost into the tailings. The overall recoveries of
TREO content in the concentrate and the tailings are 74.1% and 22.0%, respectively. It is noted that
because of different detection limits and accuracies of MLA and EPMA the summations are not exactly
100% but in the range of 95.0% to 100.8%, which are at very high precisions.

Table 8. Recoveries of total rare earth oxide (TREO) in the concentrate and tailings from different
REE-bearing minerals.

Apatite Allanite Monazite Pyrochlore Total Rec

Concentrate 89.2 8.2 10.8 2.8 74.1
Tailings 6.1 91.9 90.0 92.2 22.0

Sum 95.3 100.0 100.8 95.0 96.1

3.2.2. The Phosphogypsum (PG)

Modal mineralogy of the PG sample in three size fractions calculated by MLA are shown in
Table 9. REE-bearing minerals including monazite, aeschynite and britholite were identified. Monazite
(0.01–0.12%) is the prevailing REE mineral. The other two occur only in trace amounts. Monazite is
more concentrated in the fine fraction of −45 μm and the content reaches 0.12 wt. %. The concentrations
of monazite in the fractions of +75 μm and −75 + 45 μm are almost the same, only 0.01–0.02 wt. %. The
distributions of monazite in the size fractions is consistent with the REE distribution in these fractions
as shown in Table 5.

The mineralogical analysis indicates that the grain size of monazite is around 20 μm and the
liberation degrees of monazite (>95% liberated) in the fractions of −45 μm, −75 + 45 μm and +75 μm
are 100%, 95% and 85%, respectively.

Gypsum (Ca(SO4)·2(H2O)) is, naturally, the dominating mineral with the average content of
97.5 wt. % which was detected by EPMA to be a REE-bearing phase. The other REE-bearing phase
listed in the table is not a clear mineral identified by MLA and EPMA.
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Table 9. Modal mineralogy of the PG sample (wt. %).

Mineral +75 μm −75 + 45 μm −45 μm

REE-bearing phases

Gypsum 96.513 99.017 97.094
Apatite 0.802 0.055 0.119

Monazite 0.011 0.017 0.119
Other REE-bearing phase 0.061 0.031 0.211

Non REE-bearing phases

Celestine 0.123 0.0545 0.475
Fluorite_mix 1.249 0.212 0.867

Tremolite 0.334 0.136 0.149
Other (silicates, Fe-oxide, etc.) 1.121 0.493 0.938

Total 100 100 100

The individual concentrations of REEs (measured by REOs) in all the REE-bearing phases by
EPMA are shown in Table 10 which are the averages of many measurements. The REOs marking as
n.d. in the table are below the LODs. Based on these data in Table 10 and the data of modal mineralogy
in Table 9 the REO concentrations associated and distributions with these phases are calculated and
shown in Figure 5. It is revealed that the TREO concentration in the PG is 0.16%wt and almost all
(>98%) of REEs are shared by gypsum and monazite. Gypsum is the largest carrier of REEs which
holds over 73% of REO content and 25% of REO content is contained in monazite. The REO contents
shared by apatite and the other REE-bearing phase are less than 2%.

Table 10. The individual concentrations of REEs (measured by REOs) of the REE-bearing phases (mg/kg) *.

Gypsum Apatite Monazite Other REE-Bearing Phase

Number of analyses 89 37 8 5

La2O3 n.d. 506 192,697 2176
Ce2O3 592 1587 393,139 6358
Pr2O3 n.d. n.d. 31,134 776
Nd2O3 342 1025 77,262 2444
Sm2O3 n.d. n.d. 4124 453
Gd2O3 n.d. n.d. 856 280
Y2O3 n.d. 179 n.d. 235
TREO 934 3788 699,212 122,622

* Certain elements in empty fields were not detected.

Figure 5. REO concentrations in REE-bearing phases (mg/kg) and recoveries (%).

54



Minerals 2019, 9, 262

A leaching experiment of the apatite concentrate with sulfuric acid under conditions of sulfuric
acid concentration of 2.5 M and a temperature 60◦C showed the yield of PG by weight (ratio of PG
weight to feed weight) in the leaching process is 128%.

The precipitation rates of REEs from the concentrate into the PG were calculated by combining the
data of REO concentrations shown in Figure 5 and the yield of PG in the leaching process. The results
are shown in Table 11. It is indicated that, depending on the element, the calculated precipitation rates
from the concentrate into the PG are in the range of 28.2% to 90.0% REO. The overall precipitation of
TREO is 85.1%. Because the recovery of TREO in the concentrate is 74.1% the recovery of TREO in the
PG from the ore is 63.0%.

Table 11. The precipitation rates of REO from the concentrate into the PG (%).

La2O3 Ce2O3 Pr2O3 Nd2O3 Sm2O3 Eu2O3 Gd2O3 Tb2O3

74.75 88.52 85.30 87.54 89.98 88.08 84.56 82.39

Dy2O3 Ho2O3 Er2O3 Tm2O3 Yb2O3 Lu2O3 Y2O3 TREO

76.92 75.42 70.36 53.07 35.82 28.16 72.00 85.08

3.3. Occurrences of REEs in the Processing Streams

From the analyses shown, assuming the phosphate mine processes 1.0 Mt of the phosphate
rock annually, the occurrences and distributions of REEs (measured by TREO contents) among the
processing streams are summarized in Table 12. It is shown that during the processing, 26% and 62%
of the TREO contents from the rock, respectively, end up in the beneficiation tailings and the PG. In the
tailings the REEs mainly occur in the phases of apatite, monazite, allanite and pyrochlore and in the
PG the REEs largely occur in the phases of gypsum and monazite. Only 12% of them are recovered
from the product of phosphoric acid in the form of ions.

Table 12. The Occurrences of REO in the Processing Streams.

Product Weight, t TREO, mg/kg
REEs Occurrence

REE-Bearing Phase TREO, t %

Phosphate Rock 1,000,000 233 233 100.0

Apatite 189.3 81.3
Allanite 11.5 5.0

Monazite 22.7 9.7
Pyrochlore 9.3 4.0

Concentrate 89,500 1928 172.5 74.1

Apatite 168.8 72.5
Allanite 0.9 0.4

Monazite 2.5 1.1
Pyrochlore 0.3 0.1

Tailings 910,500 66 60.3 25.9

Apatite 13.7 5.9
Allanite 12.5 5.4

Monazite 24.0 10.3
Pyrochlore 10.1 4.3

Phosphogypsum (PG) 114,560 1258 144.1 61.9

Gypsum 104.6 44.9
Apatite 1.3 0,6

Monazite 36.7 15.8
Other REE-bearing

phase 1.4 0.6

Phosphoric acid ? ? Ions in solution 28.4 12.2
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4. Discussion

In this study both MLA and EPMA analyses were used to determine REEs occurrence in the
products and the wastes generated during the processing of apatite ore. Compared to using only MLA
the combination of MLA and EPMA analyses provides more precise analysis data because of trace
contents of REEs and complexity REE-bearing phases in these products and wastes. For instance,
for this studied case MLA only identifies the occurrences of less than 20% of REOs in the PG. Over 80%
of REOs existing in the phase of gypsum cannot be recognized by this method. EPMA is able to acquire
more precise and quantitative elemental analyses of all REE-bearing phases. Thus, the distributions of
REEs in the products of ore beneficiation process and concentrate wet-process can be determined and
the values of these products on REEs recovery can be quantitatively assessed.

Compared to ICP-MS analysis the MLA-EPMA method can quantify the chemical compositions
of mineralogical phases by measuring solid materials at the micrometre scale. The measured data of
Ce2O3 and TREO for four different samples by ICP-MS and MLA-EPMA methods are compared in
Table 13.

As shown in Table 13, the data of Ce2O3 and TREO measured with two methods are comparable.
For the trace REEs in these samples there are large deviations between the measured data of their
oxides by two methods because of significant differences on the detection limits of elements.

Table 13. The comparison of the measured data of Ce2O3 and TREO for four different samples by
ICP-MS and MLA-EPMA methods (mg/kg).

Ore Concentrate Tailings PG

Ce2O3 TREO Ce2O3 TREO Ce2O3 TREO Ce2O3 TREO

MLA-EPMA 213 233 1909 1928 37 56 770 1258
ICP-MS 235 539 1488 3431 112 255 1029 2281

The outcomes presented in Table 12 provide not only the basic data to judge the values of these
products and wastes generated during the apatite ore processing on the recovery of REEs but also a
perspective for commercial recovery of REEs in which both the grades of REEs and their occurrences
(REE-bearing phases and REEs distributions) are very important parameters.

For different phosphate ores throughout the world the contents of total REEs vary from 0.03 to
1.0 wt. % [1,2]. This study was based on a phosphate ore with the content of total REEs 0.05 wt. %.
As most apatite ores have similar mineralogy of REEs the methods and outcomes from this study are
significantly valuable for the studies of REEs recovery from other apatite ores.

According to this study, the beneficiation tailings and PG are certainly the main sources of REEs in
this apatite ore processing. They contain 26% and 62% of the REEs from the rock, respectively. In the
tailings REEs occur in the phases of apatite, monazite, allanite and pyrochlore. Flotation could be used
to concentrate apatite and monazite using fatty acids or hydroxamates as the collectors but allanite and
pyrochlore have normally poor floatability using conventional reagents. Wet high intensity or gradient
magnetic separation could improve their recoveries according to our previous study [29]. Fine grain
sizes of the REE-bearing phases, low degrees of their liberation and low REEs grade would cause
the recovery of REEs very challenging by physical techniques (flotation and magnetic separation).
Limited studies have been conducted on REE recovery from the beneficiation tailings. In a study [3] of
a phosphate ore from Florida, USA the process of gravity separation using a shaking table followed by
flotation was applied to concentrate the REE-bearing minerals, monazite and xenotime. Then sulfuric
acid leaching was used to recover the REEs from the concentrate but the REE recovery of the physical
process was about 30% and the final recovery of the REE was less than 20%.

In the PG, the REEs mainly occur in the phases of gypsum and monazite. Physical methods
such as screening, flotation and magnetic separation could be applied to concentrate monazite but
high recovery of REEs is not expected because only 26% of the REEs are carried by monazite in the
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studied sample. Most (73% REOs) REEs carried by gypsum cannot be enriched by physical methods.
In addition, higher contents of REEs are distributed in very fine size fractions, such as in the fine fraction
of −45 μm as showed in Table 5. Physical processes become more challenging for the concentration of
REEs from the PG.
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Abstract: In order to provide a good theoretical guidance for the development and utilization of
weathered phosphorite resources, we investigated the geochemical and mineralogical characteristics
of primary and weathered phosphorites. The analysis of trace elements showed that the primary
ore has hydrothermal sedimentation effect in the later stage, the weathered ore has obvious residual
enrichment and the phosphate ore belongs to clastic lithologic phosphate rock. In addition, through
leaching test method, it was shown that rare earth elements are present in fluorapatite in the form
of isomorphic substitution, and the proportion of rare earth elements adsorbed on clay and other
minerals was likely to be between 2% and 3%. The light rare earth elements are relatively enriched in
both primary and weathered phosphorite, and Ce and Eu have obvious negative anomalies. The
primary phosphorite is a dolomitic phosphorite containing rare earth elements, which are naturally
enriched by weathering, and its weathered ore has obvious residual enrichment, while the deposit
was characterized by normal marine sedimentation and hydrothermal action.

Keywords: phosphorite; weathered ore; geochemical characteristic; rare earth elements;
technological mineralogy

1. Introduction

Phosphorite is a non-renewable resource without substitute and a significant raw material
for phosphatic fertilizers and phosphorus-based chemicals [1–3]. There are abundant sedimentary
phosphorite deposits in China, most of which were formed in the Neoproterozoic Late Sinian and in
the Paleozoic early Cambrian [4,5]. Supergene weathering of these phosphorites produced weathered
phosphorite, a potential industrial type of phosphorite, which is a high-quality ore [6]. The formation
of weathered phosphorite is restricted and controlled by the geochemical characteristics of primary
ore and the external conditions of ore bodies or rock masses presence [7]. Weathering changed the
characteristics of phosphorite, and there is a significant difference between weathered ore and primary
ore, regardless of their characteristics or grade [8]. Relative to fresh phosphorite, weathered phosphorite
is generally enriched in alkali metals, alkaline earth elements, halogen and radioactive elements,
and depleted in mantle elements [7,9]. Weathered phosphorites are also characterized by generally
enrichment in light rare earth elements (LREE), depletion in HREE, and Eu negative anomaly [10,11].

Different rocks and ores have different resistance to weathering. Carbonate is easier to be
weathered and denuded than phosphate, and the weathering products, calcium, and magnesium are
easily leached away, residually enriching apatite [12–14]. The phosphorites of Gezhongwu Formation
in Zhijin County mainly are bioclast dolomitic and siliceous. The bioclastic components of the
phosphorites consist of pelecypods, gastropods, algae, etc [15]. Wang et al. (2004) studied the genesis
of the Xinhua phosphorite deposit in Guizhou China and analyzed the REE composition of the ore
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using ICP-MS [16]. They concluded that phosphorite was formed exclusively by marine sediments
deposited in ancient pericontinental seas. They also suggested that the phosphorite deposit was
subjected to strong weathering after deep buried diagenetic processes, which did not change its REE
composition remarkably. A systematic study of leaching of rare earths from a phosphorite ore using
four leaching modes [17]: sulfuric acid leaching, phosphoric acid leaching, mixed acid leaching, and
two-step leaching of phosphoric acid and sulfuric acid was carried out by Jin et al.(2017). Wang (2011)
found that the Sr/Ba ratio of weathered phosphorite ores is generally less than 1 due to dissolution of
dolomite [7], and the U/Th ratio is generally significantly lower than that of primary phosphorite ores.

Although some geological work has been done on the phosphorite deposits in southern China, the
weathered phosphorite has not been fully recognized and studied. In this study, we investigated the
mineralogical and geochemical composition of the primary and weathered phosphorites to optimize
the use of weathered phosphorite and their rare earth elements in industry.

2. Materials and Methods

2.1. Materials

Six phosphorite samples from different locations in the Zhijin mining district in the Guizhou
Province, China, were analyzed for their major oxides and trace elements composition, using the lithum
borate/lithum metaborate and X spectrofluorimetry methods [18,19]. The assay results are summarized
in Table 1. The samples 1 and 2 are form primary phosphorites and samples 3 to 6 are form weathered
phosphorites according to the weathered phosphorite criteria proposed by Zhang et al. [6,20].

Table 1. Major oxides (%) and trace elements(ppm) of the studied phosphorite samples.

Oxides

Phosphorite

Primary Weathered

Sample No.

1 2 3 4 5 6

P2O5 19.36 9.42 30.12 29.21 31.01 35.18
SiO2 13.61 24.95 17.59 18.29 17.69 10.15

Al2O3 1.57 1.71 4.25 4.75 2.91 2.23
Fe2O3 0.99 0.95 3.28 3.49 2.74 1.98
CaO 35.75 26.98 38.73 37.59 39.51 44.72
MgO 7.79 10.36 0.55 0.61 0.54 0.27
Na2O 0.06 0.07 0.08 0.08 0.06 0.09
K2O 0.42 0.53 1.13 1.27 0.90 0.57
TiO2 0.08 0.05 0.12 0.13 0.12 0.11
L.O.I 18.50 23.70 3.90 4.06 3.33 2.78

Total 98.13 98.72 99.75 99.48 98.81 98.08

Trace Elements (ppm)

Ba 183 3200 433 479 732 455
Ce 142 78 247 232 210 272
Cr 20 20 40 40 50 40
Cs 1 1 2 2 2 1
Dy 27 14 46 44 42 53
Er 15 8 26 25 24 29
Eu 6 4 10 10 13 14
Ga 4 3 9 10 7 6
Gd 34 18 58 55 53 69
Hf 1 1 2 2 1 2
Ho 6 3 10 9 9 11
La 207 103 370 353 288 406
Lu 1 1 2 2 2 2
Nb 2 2 4 4 2 2
Nd 150 81 258 241 227 307
Pr 35 19 62 58 52 72
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Table 1. Cont.

Trace Elements (ppm)

Rb 9 8 27 28 19 14
Sm 27 14 45 42 41 54
Sn 1 1 1 1 1 1
Sr 679 335 677 722 698 1305
Tb 5 2 8 7 7 9
Th 7 5 9 9 5 9
Tm 2 1 3 3 3 3
U 5 3 10 9 18 11
V 19 8 33 32 72 24
W 2 2 2 2 1 3
Y 317 166 566 538 518 602

Yb 8 5 14 14 13 16
Zr 49 37 74 66 44 54

U/Th 0.64 0.57 1.03 1.01 3.55 1.11
Sr/Ba 3.72 0.10 1.56 1.51 0.95 2.87
Rb/Cs 14.92 10.25 15.46 14.71 10.32 16.63
Zr/Hf 37.69 37.00 35.24 31.43 33.85 31.76

2.2. Methods

2.2.1. X-ray Diffraction (XRD) Analysis

In order to identify the mineral composition of phosphorite samples, an X-ray powder diffract
meter (Rigaku D/MAX 2500, Tokyo, Japan) was applied by using Cu Kα radiation (40 kV, 100 mA). The
samples were scanned at the speed of 6◦/min over a 2θ range of 2.6–45◦. Furthermore, SIROQUANT
software (V3, Sietronics) was carried out to quantify the mineralogical composition. The software used
the full-profile Rietveld method to refine the shape of calculated XRD pattern against the profile of a
measured pattern [21].

2.2.2. Optical Microscopy

Thin section of phosphorite samples were prepared and investigate by optical microscopy [22,23].
An Olympus CX21 polarizing microscope was used to investigate the mineral characteristics and
textural relationships of phosphorite.

2.2.3. SEM-EDX

The morphology, composition, and orientation of phosphorites were studied using a Hitachi
3400 N scanning electron microscope (SEM) in Guizhou University Physical and Chemical Testing
Center lab. The morphology was studied using back scattered electrons (BSE) and the composition of
the various phases using EDX [24–26].

2.3. Leaching Test

In order to determine the presence of REE, phosphorite samples were leached with different acids
and inorganic salts [17]. A 10 g composite sample was leached with acid (HCl or HNO3) and whereas
a 5 g composite samples was leached with inorganic salt. The experiments were carried out at room
temperature for 2 h in 100 mL leaching agent with acids concentrations of 1%, 3%, 5%, 7%, 9%, and
11% and inorganic salts concentrations of 5%, 10%, 15%, 20%, and 25%. The main reactions can be
summarized as follows [27]:

Ca5(PO4)3F + 10HCl → 3H3PO4 + 5CaCl2 + HF(g) (1)

Ca5(PO4)3F + 10HNO3 → 3H3PO4 + 5Ca(NO3)2 + HF(g) (2)

2RE3+ + Ca5(PO4)3F →
(
2RE3+, 3Ca2+

)
[PO4]F + 2Ca2+ (3)
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The four leaching agents were hydrochloric acid (HCl), nitric acid (HNO3), ammonium chloride
(NH4Cl) and sodium chloride (NaCl). HCl and HNO3, both with an analytical purity, were purchased
from Chongqing Chuandong Chemical (Group) Co., Ltd. (Chongqing, China); while the other reagents
were obtained from Tianjin Kemiou Chemical Reagent Co., Ltd. (Tianjin, China).

2.4. Mathematical Method for Judging Independent Minerals

Independent minerals, concentrated state of elements, are particles larger than 0.001 mm in
diameter and can be studied with naked eyes or under the microscope. There are two basic conditions
for the formation of independent minerals [17]: one is relative stability under certain physical and
chemical conditions; the other is certain element content. It is necessary to carry out mathematical
analysis on the content of phosphorus and rare earth elements in the phosphate rock and calculate
their mean value and mean variance. If the ratio of the mean value and mean variance of the two are
significantly different (generally considered to be 20%), rare earth will exist in the form of independent
mineral; otherwise, it will exist in a dispersed form such as homogeneity, adsorption, etc.

When a dependent variable, y, varies to some extent with an independent variable, x, it can be
assumed that they have the following relationship: y = a + bx. According to the analysis in Table 1,
we let y be the content of rare earth elements and x be the content of phosphorus pentoxide. The
regression equation was established, and the coefficients a and b were obtained using Equations (4–8).

b =

∑
(xi − x)(yi − y)∑

(xi − x)2 (4)

a = y− bx (5)

x =
1

Nsa

∑
xi (6)

sx =

√∑
(xi − x)2

Nsa − 1
(7)

sy =

√∑
(yi − y)2

Nsa − 1
(8)

where y and x are the mean values of dependent variable y and independent variable x, respectively;
sx and sy are the mean square deviation of x and y, respectively; Nsa is total number of samples.

3. Results and Discussion

3.1. Comparion of Mineral Composition between Primary Weathered Phosphorites

All the samples are rich in CaO, P2O5 and SiO2 (Table 1). The L.O.I in primary phosphorite
is higher than in weathered ore. Fluorapatite is present in both primary and weathered ores, with
respective averages of 31.7% and 79.3% (Figure 1). Dolomite was detected only in primary ore with an
average content of 48.75% (Figure 1 no. 1 and 2).
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Figure 1. X-ray diffraction (XRD) patterns of studied phosphorite samples.

3.2. Ore Texture Differences

Figure 2 shows the distribution and textural characteristics of various minerals present in the ore.
The composition of the various minerals was studied with a SEM equipped with an EDX detector
(Figure 3) [28,29]. The results showed that fluorapatite, embedded in dolomitic matrix, is the main
phosphorus-bearing mineral. Fluorapatite occurs in spherical, oolitic, and clastic forms, in mainly
grey-yellow and grey-brown colors under transmitted light. Dolomite is the main cement in the rock
and is colorless or white under plane parallel light. Dolomite also appears in the matrix of phosphorite
as euhedral and subhedral isolated crystals and aggregate. Quartz was randomly distributed in
the dolomite matrix, with a few crystals disseminated in phosphorite. It occurs as granular and
hypidiomorphic grains with clean surfaces.

  

  

Figure 2. Cont.
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Figure 2. Photomicrographs of phosphorite. (a) no.1 crossed nicols. (b) no.1 perpendicular polarized
light. (c) no.2 plane polarized light. (d) no.2 crossed nicols. (e) no.4 plane polarized light. (f) no.4
crossed nicols. (g) no.5 plane polarized light. (h) no.5 crossed nicols.

Figure 3. Cont.
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Figure 3. SEM-EDX results of samples. (a,b) no.1; (c,d) no.4.

3.3. Comparison of Trace Elements

As shown in Table 1, the primary and weathered ores are enriched in Ba, Ce, La, Nd, Sr, and Y,
and depleted in Co and Ni. Gallium, a chalcophile element related to hydrothermal activity [22], was
enriched in the weathered ore and gradually depleted with the increase in temperature. Chromium, a
siderophile element mainly found in ultrabasic and basic rocks, was also enriched in the weathered ore
and mainly found in basic rocks and ultrabasic rocks.

U and Th are lithophile elements with similar geochemical properties, and they usually occur in
oxides or oxygen-bearing salts [19]. U/Th values (see Table 1) of primary ore are lower than 1, while
those of weathered ore are higher than 1, which indicates that hydrothermal precipitation has an effect
on the later stage of primary ore, and weathered ore has obvious residual enrichment properties. The
average Sr/Ba values (Table 1) of primary and weathered ores are all greater than 1 except for sample
No.6, indicating that the phosphate rock is clastic in origin. The mean Rb/Cs values of primary ore and
weathered ore were almost the same, indicating that these active lithophile elements were adsorbed or
bound evenly in the minerals of the original rock. Both Zr and Hf are high field strength elements and
indicate differences in hydrothermal action, the former was enriched at an early stage while the latter
at a later stage. The Zr/Hf value of weathered ore was significantly smaller than that of primary ore,
indicating that primary ore was related to the early hydrothermal activity while weathered ore was
relevant to the later stage.

3.4. Comparison of Rare Earth Elements

As shown in Table 2, the content of total rare earth elements in weathered phosphate rock was
higher than that in primary ore. Concentration of LREE is higher than that of HREE in both types of ore
(average LREE/HREE ratio = 1.35, average (La/Yb)N ratio = 16.11), and δCe and δEu are obtained using
Equations (9) and (10). Figure 4 shows negative Ce and Eu anomalies in primary and weathered ores,
while La, Nd and Y are relatively enriched. The negative Ce anomaly indicates that there may be two
situations: one is that the ore-forming environment of phosphate rock was oxidizing and Ce4+ with
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small ion radius was difficult to enter apatite lattice to form a loss; the other is that Ce4+ can easily form
CeO2 which lead to loss during the reworking of phosphate rock in marine environment. The negative
Eu anomalies indicate that magma was differentiated by a certain intensity of crystallization [14–17].
In summary, the characteristics of REE indicated that the phosphorite belongs to the normal marine
sedimentary rock.

δCe = CeN/(LaN × PrN)0.5 (9)

δEu = EuN/(SmN × GdN)0.5 (10)

Table 2. Rare earth elements(ppm) of phosphorite.

REE

Primary Phosphorite Weathered Phosphorite

Sample No.

1 2 3 4 5 6

La 207 102.5 370 353 288 406
Ce 142 78.3 247 232 210 272
Pr 35.4 19.1 61.6 58.1 52 72.1
Nd 149.5 80.6 258 241 227 307
Sm 26.6 14.5 45.4 42.2 41.1 54.3
Eu 6.34 3.65 10.45 9.89 12.6 14
Gd 33.8 18.45 57.6 54.8 52.8 69.1
Tb 4.55 2.48 7.78 7.35 7.02 9.05
Dy 27 14.3 46.2 43.7 41.7 53
Ho 5.63 3.04 9.86 9.33 9 11.25
Er 14.65 8.05 26 24.7 23.7 29.1
Tm 1.71 0.97 2.98 2.85 2.69 3.28
Yb 8.43 4.76 14.35 13.75 12.8 16.25
Lu 1.13 0.67 1.87 1.81 1.65 2.08
Y 317 165.5 566 538 518 602

ΣREE 980.74 516.82 1725.09 1632.48 1500.06 1920.51
LREE 566.84 298.6 992.45 936.19 830.7 1125.4
HREE 413.9 218.22 732.64 696.29 669.36 795.11

LREE/HREE 1.37 1.37 1.35 1.34 1.24 1.42
(La/Yb)N 16.37 14.36 17.19 17.12 15 16.66

δEu 0.64 0.68 0.62 0.63 0.82 0.70
δCe 0.36 0.39 0.35 0.35 0.38 0.35

Figure 4. Normalized rare earth elements (REE) patterns of phosphorite samples (after Boynton,
1984 [30]).

3.5. Analysis of Rare Earth Elements (REE) Occurrence State

3.5.1. Analysis of Independent Form

After calculation, the average values x = 25.7170 and y = 0.1379, the mean square errors
sx = 9.5433 and sy = 0.0528, and the regression equation y = 0.0054x − 0.0019 were obtained. As a
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consequence, the values
(

x
y

)
= 186.451 and

(
sx
sy

)
= 180.747 were also acquired, and they differ by

3.06%, which is much less than 20%. Therefore, it is considered that the rare earth elements are unlikely
to exist as an independent mineral [15,31,32].

3.5.2. Analysis of Isomorphic Form

Rare earth elements can either exist in the form of independent minerals or isomorphic substitution
in the minerals’ lattices. If the REE exists in the form of a separate mineral such as monazite and
xenotime, it is difficult to dissolve in the dilute acid, even in small amounts. If the rare earth elements
exist in the crystal lattice of colloidal phosphate ore, their physicochemical properties should be
similar, the rare earth elements can be completely dissolved in dilute acid together with the colloidal
phosphate [31]. Therefore, under certain conditions, the fluorapatite in phosphorite can be dissolved
by dilute acid, and the leaching rate of phosphorus and rare earth elements can be analyzed to study
the deportment of rare earth elements [31].

The leaching process (see Equations (1)–(3)) was carried out using a magnetic stirrer at room
temperature. It can be seen from Figure 5 that the leaching rates of phosphorus and rare earth are
approximately the same. When the leaching rate reaches 99.98%, it no longer increases with increase of
acid concentration, meaning they exist in the form of isomorphism. With the dissolution and lattice
destruction of apatite, phosphorus and rare earth elements were transferred into the solution at the
same time. The isomorphic substitution involves the replacement of Ca2+ in apatite by REE [31].

Figure 5. Results of acid leaching test. (a) HCl leaching test; (b)HNO3 leaching test.
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3.5.3. Analysis of Ion Adsorption Form

If rare earth elements are adsorbed on clays or other minerals, they (REE) can generally be leached
out by inorganic salts [33–35]. In this experiment, a 5 g composite sample was leached with NH4Cl
and NaCl for 2 h in 100 mL inorganic salts with different concentrations and the results are shown in
Figure 6. The leaching rate of rare earth increases slowly with increasing concentration of inorganic
salts until at 2.6%, which indicates a low amount of adsorbed REE. Taking into account experimental
errors, its content is likely to be between 2% and 3% [33–36].

Figure 6. Results of inorganic salts leaching test.

4. Conclusions

The weathering of primary phosphorite in southern China increases the concentration of P2O5,
Fe2O3, and Al2O3, and decreases the MgO, CaO, and CO2 content. The concentration of trace elements
including Ba, Ce, La, Nd, Sr, and Y was also increased, while the Co and Ni content was strongly
depleted, indicating the inheritance from the original rocks. The U/Th ratios indicate that the primary
ore was affected by hydrothermal imprint in the later stage of sedimentation, and the weathered
ore was residually enriched in REE. Light rare earth elements are enriched relative to HREE in both
primary and weathered ores, and Ce and Eu both have negative anomalies. The REE occurs mainly in
fluorapatite crystal lattice and in isomorphic substitution with Ca, with only a small proportion (2–3%)
adsorbed onto the mineral surface. Their ability to form separate minerals is low. The characteristics of
rare earth elements indicated that the phosphorite deposits are normal marine sedimentary rocks.
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Abstract: To meet the growing global demand for rare earth elements (REEs), nontraditional mining
sources of these metals are being investigated. Phosphate ore and phosphate mining wastes have
been identified as possible alternative sources to REEs. In this study, REEs were extracted from
Florida phosphate mining materials using mineral and organic acids. The REEs were then recovered
at high efficiencies using a chelating polymer, 1-octadecene, polymer with 2,5-furandione, sodium
salt. At pH 1.5, the chelation polymer effectively bound nearly 100% of the rare earth elements
extracted from the solids. Overall extraction and recovery yields were between 80% for gadolinium
and 8% for praseodymium from amine tailings, between 70% for terbium and 7% for praseodymium
from phosphogypsum, between 56% for scandium and 15% for praseodymium from phosphate rock,
and between 77% for samarium and 31% for praseodymium from waste clay. These results suggest
that this chelating polymer efficiently recovers rare earth elements from acidic extracts of phosphate
mining waste products.

Keywords: phosphate; phosphogypsum; acid extraction; REE recovery

1. Introduction

Phosphate mining and fertilizer production is a vital global industry and is essential to global
agriculture and food markets. One of the most common phosphate sources is fluorapatite (Ca5(PO4)3F),
with monazite ((Ce,La,Nd,Th)PO4,SiO4) and xenotime (YPO4) being phosphate-containing minerals
commonly found with fluorapatite at around 1% by mass [1]. While monazite and xenotime are
sources of phosphate, they are also an important source of elements known as rare earth elements
(REEs). REEs are commonly substituted in place of calcium in the mineral structure. REEs are a group
of 17 elements comprising the 15 lanthanide elements along with yttrium and scandium. Although not
part of the lanthanide series of elements, yttrium and scandium are included because they have similar
geochemical properties. The REEs are important elements because they are used in many technology-
and energy-related applications: high-strength permanent magnets, lightweight alloys, electric motors,
petrochemical refining, and fluorescent/optical displays [2].

During phosphate mining in Florida, the phosphate ore is purified and concentrated to attain
phosphate rock, while the less concentrated portions, in the form of phosphatic clay and sand, are
discarded. The phosphate is then extracted from the phosphate rock as liquid phosphoric acid, with the
residual solid being CaSO4 or phosphogypsum. Due to the presence of monazite and xenotime, Florida
phosphate rock, phosphate clay, and phosphogypsum have been shown to contain significant levels
of REEs [3–9]. It is estimated that 100,000 tons of REEs are co-mined with phosphate rock annually;
these REEs become discarded as waste or remain in the phosphate-containing fertilizer or end product,
making them a potential source for REEs [1].
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While using phosphate rock and phosphate mining materials as a new source of REE metals is
promising, there are technological hurdles that need to be addressed to make the process economically
viable. Currently, the extraction and separation of REEs involves complex chemistries as well as
advanced engineering and environmental considerations. One approach for extracting the REEs
from phosphate mining materials is by leaching with different extraction liquids. Previous studies
have used concentrated strong acids to extract REEs from phosphate mining materials; however,
the use of concentrated strong mineral acids comes with economic and environmental drawbacks,
including long reaction times often at elevated temperatures [10–13]. To circumvent the disadvantages
of strong mineral acids, weak organic acids can be used to produce REE complexes that improve
dissolution [14]. In addition, organic acids can act as reducing agents and can control the oxidation
state of the REEs, preventing the formation of insoluble REE oxides and leading to enhanced extraction
concentrations [15].

REEs leached from phosphate mining materials need to be recovered from the extraction medium.
Previous studies have used phosphoric acid-based solvent recovery chemicals or ion exchange
resins to recover REEs from acid leach solutions [16,17]. Other investigations have attempted to
improve this recovery process by removing non-REE impurities by magnetic separation or selective
precipitation [18,19]. However, these methods have not yet seen widespread commercial acceptance
because of various limitations, such as high cost, low efficiency, and the inability to economically
extend the technology to large-scale operations.

Recently, the use of sorbents during the extraction process has been investigated. Rychkov and
co-workers [4,20] reported the use of Purolite C160 as a cation exchange resin for the separation of
REEs from phosphogypsum acidic suspensions. Purolite C160 is a polystyrenic, macroporous, strong
acid cation resin that contains sulfonic acid functional groups. This resin has been shown to exhibit
Freundlich isotherm behavior and a regeneration efficiency of more than 95% [21]. When used for
the recovery of REEs from acid mine drainage, this resin had affinities for calcium and magnesium,
and showed adsorption yields for the REEs of 85% to 89% [22].

In this study, we investigate the use of a chelating polymer, 1-octadecene, polymer with
2,5-furandione, sodium salt, to recover REEs from acid leach solutions. This chelation polymer
is water-insoluble, and has been shown to possess novel metal adsorption characteristics [23].
It demonstrates metal adsorption capacities substantially higher than those of other heterogeneous
adsorbents and almost equivalent to those obtained with homogeneous adsorbents. Additionally,
the polymer exhibits pseudo-second-order kinetics, and has an adsorptive behavior accurately
characterized by the Dubinin–Radushkevich isotherm model. The working pH range of the polymer is
1.5 to 14.

1-Octadecene, polymer with 2,5-furandione, sodium salt, contains dicarboxylic head groups that
have high affinity for several polyvalent metal ions, including the transition metals and lanthanides,
while showing low affinity for calcium and magnesium. In addition, the chelating polymer does not
contain nitrogen, sulfur, or phosphorus; it can be efficiently filtered from aqueous solutions; and it can
be regenerated for multiple recovery processes, making it environmentally friendly and economically
attractive [3,23].

In the present study, we investigate the recovery of REEs from acidic extracts of four materials
produced during phosphate mining: phosphate rock, phosphatic waste clay, phosphogypsum,
and amine flotation tailings. The chelating polymer (1-octadecene, polymer with 2,5-furandione,
sodium salt) is used to recover the REEs from acid extraction solutions.

2. Materials and Methods

Nitric acid (trace metal grade), citric acid anhydrous (lab grade), and ascorbic acid were purchased
from Fisher Scientific (Waltham, MA, USA) and used as received without further purification. Phosphate
rock, phosphogypsum, waste clay, and amine tailings were obtained from the Florida Institute of
Phosphate Research (FIPR) Institute (Bartow, FL, USA). Poly(maleic anhydride-alt-1-octadecene) was
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purchased from Chevron Phillips Chemical Company (The Woodlands, TX, USA) and was converted
to 1-octadecene, polymer with 2,5-furandione, sodium salt (also referred to as poly(2-octadecyl
butanedioic acid)) [23]. The REE, uranium, and thorium content of the phosphate materials were
determined by ACZ Laboratories, Inc. (Steamboat Springs, CO, USA) using EPA Methods M3050B
and M6020. The REE, uranium, and thorium content of the extracts and polymer-treated filtrates were
determined by inductively coupled plasma-optical emission spectroscopy (ICP-OES) using a Horiba
Activa M ICP (Edison, NJ, USA). ICP standard solutions were purchased from Exatol Chemical
Corporation (Clearwater, FL, USA). Moisture content was determined using a Mettler Toledo HB43-S
Moisture Balance. Particle size was determined by a Microtrac S3500 laser diffraction particle analyzer
(Microtrac, Inc., Montgomeryville, PA, USA).

2.1. Acid Extraction Methods

The extraction of REEs from the phosphate rock, phosphogypsum, waste clay, and amine tailings
was performed in triplicate and carried out as follows: Each phosphate material was dried overnight
in an oven at 100 ◦C. After drying, 40 g of a given material was mixed with 300 mL of the desired
acid extraction solution (Table 1) under magnetic stirring for 15 min at room temperature (25 ◦C).
After 15 min, the extraction solution was collected using vacuum filtration. The solid filter cake
was then washed with 50 mL of the same acid extraction solution and washed again with 50 mL of
deionized water. The filtrate was then collected and analyzed for REE, uranium, and thorium content
using ICP-OES.

2.2. REE, Uranium, and Thorium Recovery Methods

The filtrates collected above were used to assess the REE metal recovery ability of 1-octadecene,
polymer with 2,5-furandione, sodium salt. First, the pH of the filtrate was adjusted to pH 1.5 with
sodium hydroxide. The pH values of the filtrates before adding NaOH were 1.44, 0.81, 0.89, and 0.79
for phosphate rock, phosphogypsum, waste clay, and amine tailings, respectively. Then, 5.0 mL
of the pH-adjusted filtrate was diluted with 5.0 mL of deionized water, and 0.3 g (for phosphate
rock, phosphogypsum, and waste clay) or 0.2 g (for amine tailings) of 1-octadecene, polymer with
2,5-furandione, sodium salt, was added to the diluted filtrate. The mixture was shaken for 1 h on
a rotary shaker at 150 rpm and then syringe-filtered through 1.2 μm and 0.22 μm filters. The filtrates
were analyzed for REE, uranium, and thorium content by ICP-OES.

2.3. Data Analysis

The REE, uranium, and thorium concentration in mg per g of material ([REE,U,Th]mg/g) were
calculated with the following equation:

[REE, U, Th]mg/g =
[REE, U, Th]ICP,ppm × VolumeL

Mass of sample
× Dilution factor, (1)

where [REE,U,Th]ICP,ppm is the concentration from ICP-OES intensities in ppm and VolumeL is the
volume of acid used during the extraction in liters. A dilution factor was applied to the pH-adjusted
extracts and the filtrates after polymer binding to account for the change in volume due to the addition
of NaOH solution.

The standard deviation of the replicate extraction data was calculated using Equation (2):

S =

√
(xi1 − xi2)

2/2, (2)

where xi1 and xi2 are the concentrations for REEs from separate individual extractions.
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Table 1. List of Acid Extraction Solvents.

Acid Extraction Solution Acid Composition

1 2.5% HNO3
2 2.5% H2SO4
3 1.25% HNO3 + 1.25% H2SO4 (2.5% total)
4 2.5% HNO3 + 5% Citric Acid
5 2.5% HNO3 + 5% Ascorbic Acid
6 2.5% H2SO4 + 5% Citric Acid
7 2.5% H2SO4 + 5% Citric Acid

3. Results and Discussion

3.1. Acid Extraction

The physical characteristics for the phosphate materials tested can be found in Table 2. The particle
size of the waste clay was difficult to determine because of its high moisture content; then, after drying,
it formed large particles several millimeters in size. The moisture content of the phosphate rock showed
no loss on drying, because it was supplied having been previously dried by FIPR. The mineralogy of
the samples tested have been reported [6,8,9,24–26].

Table 2. Physical Characteristics of Phosphate Rock and Phosphoric Acid Waste By-Products.

Sample
Description

Sample Appearance
Average Moisture

Content (before Drying)
Average Moisture

Content (after Drying)
Average Particle

Size (d50)

Phosphate Rock Fine gray sand 1.14% 1.14% 257.3 μm
Phosphogypsum Gray to beige powder 19.36% 0.89% 72.45 μm
Amine Tailings Gray to brown wet powder 20.77% 0.23% 168.8 μm

Waste Clay Gray 60.64% 1.70% Not Determined

Figure 1 shows the amount of total REEs contained in each phosphate material. The levels of each
individual REE can be found in Supporting Information. The highest levels of REEs were in phosphate
rock, followed by waste clay, amine tailings, and phosphogypsum. The levels of REEs reported are
commensurate with previous studies on Florida phosphate rock and phosphate wastes [1]. Phosphate
rock contains the highest levels of REEs because it has the highest concentration of fluorapatite and the
REE-bearing minerals monazite and xenotime.

Figure 1. Total rare earth elements (REEs) contained in phosphate rock and phosphate waste materials.

One goal of this study was to identify potential extraction conditions that lead to high REE
extraction efficiencies while being compatible with the extraction polymer, 1-octadecene, polymer
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with 2,5-furandione, sodium salt. High-temperature extractions are commonly advantageous for
achieving higher extraction efficiencies; however, high temperatures can have adverse effects when
dealing with phosphate rock and phosphate wastes. High-temperature acid extractions can lead to the
increased dissolution of silicon and fluorine, which can lead to the formation of low-solubility REE
fluorides [27]. Also at high temperatures, calcium sulfate will convert to the anhydrous state, which
has a significantly lower solubility than the hydrated form [28]. Hence, room-temperature extractions
were used throughout this study.

It should be noted that to assess the actual environmental and economic viability of these potential
extraction methods, larger-scale studies would be required to address parameters such as waste
moisture content (dewatering), particle size (milling), solid-to-liquid ratio, and mixing efficiency.
This study was designed, in part, to determine the compatibility of the extraction polymer with
previously reported acidic extract solutions of phosphate waste products rather than optimize the acid
extraction process.

The results of the room-temperature extractions are shown in Figure 2. When using only mineral
acids, the following trend was observed for the extraction efficiency of REEs: HNO3 > HNO3/H2SO4 >

H2SO4. This trend was observed in all the phosphate materials tested. This can be attributed to the
solubility of calcium sulfate, and is consistent with previous studies, including the recent work of
Walawalker et al. [28]. Calcium nitrate has a higher solubility than calcium sulfate and is capable of
dissolving more of the calcium minerals/salts; this leads to the better extraction of the REEs contained
in the calcium minerals. While HNO3 was more efficient at the extraction of the total REEs than
H2SO4, some individual REEs showed an increased percentage of extraction when compared to the
total REEs when using H2SO4, most notably, yttrium (Individual REE extraction data are contained
in Supplementary Materials). When comparing the two REEs highest in concentration, cerium and
yttrium, cerium showed an increased extraction in HNO3 and an increased percentage when compared
to the total REEs extracted (Figure 3a). Conversely, yttrium showed that a higher percentage was
extracted in H2SO4 when compared to the other REEs (Figure 3b).

When adding organic acids, citric acid, when mixed with HNO3, increased the extraction of
REEs in only phosphate rock and phosphogypsum (Figure 2). When citric acid was used with H2SO4,
it increased the REE extraction in phosphogypsum and amine tailings, but not phosphate rock or waste
clay. Ascorbic acid showed an increased REE extraction in only waste clay, when using HNO3. When
using H2SO4, ascorbic acid had a slightly increased extraction in phosphate rock and phosphogypsum.
Calcium ascorbate had a significantly higher solubility when compared to calcium citrate and calcium
sulfate; hence, the increased solubility when adding ascorbic acid to H2SO4 can be attributed to the
increased calcium dissolution from the phosphate materials, and is in agreement with the results of
Mishelevich et al. [29]. However, as calcium has a high solubility in HNO3, the addition of ascorbic
acid had minimal effects on the REE extraction when added to HNO3.

Figure 2. Extracted REEs using mixtures of (a) HNO3, (b) H2SO4, citric acid, and ascorbic acid.
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Figure 3. Extracted (a) cerium and (b) yttrium levels in HNO3 and H2SO4.

Along with increasing the calcium/REE dissolution, ascorbic acid has the ability to act as a reducing
agent; this ability could have an impact on cerium dissolution [15]. Cerium under mild aqueous
conditions will occur in the Ce3+ state; however, at low pH and highly oxidative conditions, cerium
can convert to the Ce4+ state, which forms insoluble Ce(IV) oxide [15]. In Figure 4, the addition of
ascorbic acid to H2SO4 increased the cerium extraction in all phosphate materials; however, this could
be a result of the increased calcium and total REE dissolution. When added to HNO3, ascorbic acid
only produced an increase in cerium extraction in waste clay (Figure 4). This could indicate more
Ce(IV) being present in the waste clay when compared to the other phosphate materials.

Small amounts of uranium and thorium were co-extracted with the REEs in HNO3. Extraction yields
for uranium were 29%, 38%, 47%, and 16% from phosphogypsum, phosphate rock, waste clay, and amine
tailings, respectively. Extraction yields for thorium were 26%, 0%, 38%, and 20% from phosphogypsum,
phosphate rock, waste clay, and amine tailings, respectively (see Supplementary Materials).

Figure 4. Extracted cerium levels with ascorbic acid.

3.2. REE, Uranium, and Thorium Recovery

REE recovery studies using 1-octadecene, polymer with 2,5 furandione, sodium salt, showed that
the polymer bound REEs from all of the acid extract solutions. Due to the generally higher level of
REEs extracted with the nitric acid solution, comprehensive REE recovery studies were performed
using HNO3 extraction solutions with the results being shown in Figure 5a (REEs present in high
concentration) and Figure 5b (REEs present in low concentration).
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(a) 

(b) 

Figure 5. (a) High-concentration REE recovery using 1-octadecene 2,5-furandione, sodium salt, in phosphate
rock (PR), phosphogypsum (PG), waste clay (WC), and amine tailings (AT). (b) Low-concentration REE
recovery using 1-octadecene 2,5-furandione, sodium salt, in phosphate rock (PR), phosphogypsum
(PG), waste clay (WC), and amine tailings (AT).

77



Minerals 2019, 9, 477

In this study, overall extraction and recovery yields for the rare earth elements were between
80% for gadolinium and 8% for praseodymium from amine tailings, between 70% for terbium and 7%
for praseodymium from phosphogypsum, between 56% for scandium and 15% for praseodymium
from phosphate rock, and between 77% for samarium and 31% for praseodymium from waste clay.
Polymer recoveries for uranium were 23%, 31%, 47%, and 16% from phosphogypsum, phosphate
rock, waste clay, and amine tailings, respectively. Polymer recoveries for thorium were 26%, 38%,
and 20% from phosphogypsum, waste clay, and amine tailings, respectively. As noted in Section 3.1,
thorium was not extracted by HNO3 from phosphate rock under the conditions used in this study (see
Supplementary Materials).

1-Octadecene, polymer with 2,5 furandione, sodium salt, bound 100% of the extracted REE in the
acidic solution, representing a significant improvement to the yields of 85% to 89% previously reported
for Purolite 160 [22]. This is likely due to the Freundlich isotherm behavior exhibited by Purolite 160
and other cation exchange resins, indicating monolayer coverage of the adsorbent surface by the metal,
equal adsorbent affinity for all the binding sites, and that the adsorption at one site does not affect the
adsorption at an adjacent site [21]. By contrast, 1-octadecene, polymer with 2,5 furandione, sodium
salt, exhibits behavior best characterized by the Dubinin–Radushkevich isotherm with a mean free
energy of adsorption of 31.6 kJ·mol−1, and a metal ion concentration-dependent Gibb’s free energy
of –6.50 to –11.61 kJ·mol–1. This indicates that the polymer has a heterogeneous sorbent surface with
spontaneous chemisorption (major) and physisorption (minor) properties [23].

The extraction polymer was able to retain its ability to bind REEs in the presence of high levels of
calcium and total dissolved solids. This is an improvement to the selectivity reported by Felipe et al. for
Purolite 160 [22]. Additionally, the polymer was stable to corrosive, low-pH environments, including
nitric acid solutions. As the extraction polymer is water-insoluble, this recovery process avoids the
reported limitations of organic solvent contamination and emulsion formation associated with solvent
extraction techniques for REE recovery [27]. Additionally, the insolubility of the extraction polymer
in water avoids the high cost and technical limitations associated with organic solvent-soluble metal
binding ligands [30].

Previous studies have shown that the chelating polymer can be recycled and used for multiple
recovery processes [3,23]. We have successfully eluted the REEs from the polymer with dilute mineral
acid solutions, and reused the polymer for subsequent recovery studies for 20 cycles without loss
of function.

4. Conclusions

The two main objectives of this study were to a) identify potentially efficient REE extraction
conditions that show compatibility with the extraction polymer, 1-octadecene, polymer with
2,5-furandione, sodium salt, and b) determine the ability of the extraction polymer to bind rare earth
metals in a corrosive, low-pH environment containing high levels of calcium and other dissolved metals.

The extraction of REEs from phosphate rock and phosphate materials was investigated in dilute
mineral acids with the addition of organic acids. In general, phosphate rock contained the highest levels
of REEs and, under the extraction conditions employed in this study, HNO3 was the most efficient acid
for extracting REEs. Additional large-scale extraction and processing studies will need to be conducted
to determine the optimal extraction conditions and perform accurate mass balance calculations. Based
on the results of this and prior studies, numerous parameters, such as the moisture content of the waste
solid, particle size of the solids, solid-to-liquid ratio, mode(s) of agitation, and means of separating
the extraction solution from the waste solids will need to be optimized, along with determining if the
extraction solution can be reused. As these and other parameters are likely to significantly impact both
the performance and economic viability of this extraction process, an economic analysis of this step of
the process was not possible in this study.

The REEs were recovered from HNO3 extraction solutions using 1-octadecene, polymer with
2,5-furandione, sodium salt. At pH 1.5, the chelating polymer bound 100% of the REEs from phosphate
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rock, phosphogypsum, waste clay, and amine tailings, representing an improvement over strong acid
cationic exchange resins such as Purolite 160.

The results of this study suggest that this polymer efficiently recovers rare earth elements from
acidic extracts of phosphate mining waste products.

Supplementary Materials: The following are available online at http://www.mdpi.com/2075-163X/9/8/477/s1,
Table S1: Polymer Binding and Percent Rare Earth Element Recovery.
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Abstract: Ceramic membrane filters based on industrial by-products can be considered to be a
valorization alternative of phosphate mine tailings, even more so if these ceramic membranes are
used in the industrial wastewater treatment due to their good mechanical, chemical, and thermal
resistance. The depollution of textile industry rejections with this method has not been studied in
detail previously. In this work, ceramic membrane filters have been manufactured from natural clay
and phosphate mine tailings (phosphate sludge). Blends of the abovementioned materials with a
pore-forming agent (sawdust, up to 20 wt. %) were investigated in the range 900–1100 ◦C using
thermal analysis, X-ray diffraction, scanning electron microscopy, and mercury porosimetry. Ceramic
properties were measured as a function of firing temperature and sawdust addition. Filtration
tests were carried out on samples with advantageous properties. The results showed that gehlenite
together with diopside neoformed from lime decomposed carbonates and breakdown products of clay
minerals, while calcium phosphate derived from partial decomposition of fluorapatite. Both quartz
and fluorapatite resisted heating. The results of the experimental design showed that the variations of
physical properties versus processing factors were well described by the polynomial model. Filtration
results are quite interesting, allowing these membranes to be used in industrial effluent treatment.

Keywords: ceramic membrane; phosphate mine tailings; industrial waste; filtration; experimental
design

1. Introduction

In recent years, ceramic filtering membranes have been used in a wide range of applications
and processes such as biotechnology, pharmaceuticals, the food industry, and industrial effluent
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treatment [1–4]. The growing interest that membrane filters has received is linked to their thermal,
chemical, and mechanical properties. These remarkable properties offer ceramic membranes a large
advantage over their polymeric [5,6] and metallic counterparts. However, they are usually more
expensive than those based on polymers. In this respect, research on new ceramic materials that are
cheaper for membrane filter manufacturing should benefit from extensive use of membrane technology,
especially in developing countries, where many environmental issues should be addressed at low cost.

Micaceous clay and phosphate sludge obtained from clay deposits and phosphate-discharge plant
dams (Morocco) respectively [7,8] could be a suitable material for low-cost membrane manufacture [9,10].
In fact, this method presents the advantage of allowing the substitution of the materials commonly
used in this field (alumina, zirconia, cordierite, mullite etc.) [11–15] by other, less expensive ones (clay)
that have similar properties. Also, there is the fact that it is an excellent way of managing industrial
waste, which may constitute a potential source of pollution [8]. It has been logged that significant
amounts of the abovementioned waste can be used in some specific and/or common applications,
such as lightweight aggregates [16], soil amendments [17], or even construction [18].

Several scientific works have been performed regarding the incorporation of aluminosilicate-based
materials in the filtration membrane manufacture [19–24]. The nature of the raw material though
affects both physical and chemical properties of the final ceramic product. These properties can be
tailored for each particular application by controlling the chemical and mineralogical compositions [25],
and the microstructure of the used materials and additives. Despite this, little attention has been given
to the use of natural pore-forming agents (lime [26], starch [27,28], wood [29], organic waste (paper
from the paper industry) [30], sawdust from the woodworking industry [31–33], etc.).

This study is devoted to investigating the feasibility of the manufacture of new ceramic membrane
filters from natural micaceous clay and industrial by-product (phosphate sludge). These membranes
are designed to be used in industrial effluent treatment.

2. Materials and Experimental Techniques

2.1. Materials

The starting raw materials used in this research were a naturally occurring clay (SA) and phosphate
waste (PS). The micaceous clay was extracted from a clay stratum in the region of Safi (Morocco) known
by the pottery industry. Phosphate waste was obtained from phosphate sludge ponds generated
from beneficiation plants of Moroccan phosphate rocks (Youssoufia, Morocco). The mineralogical
compositions of the abovementioned materials are provided in Table 1 and Figure 1, respectively.
SA consisted of hydro-muscovite (25 wt. %), quartz (12 wt. %), and dolomite (63 wt. %). PS was
composed of quartz (17 wt. %), fluorapatite (44 wt. %), calcite (15 wt. %), dolomite (7 wt. %), and a
smectite clay mineral (7 wt. %).

Cedar sawdust (SC) was used in this study as a pore-forming agent. It was supplied by a local
carpentry factory (Marrakech, Morocco). All the raw materials used were sieved through a gyratory
sieve (100 μm).

Table 1. Mineralogical compositions (wt. %) of studied raw materials. SA: Micaceous raw clay and PS:
phosphate sludge. F: Fluorapatite, Q: Quartz, C: Calcite, M: Muscovite, D: Dolomite.

Mineralogical Composition

F Q D C M

PS 44 17 7 15 -
SA - 12 63 - 25
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Figure 1. X-ray diffraction patterns of phosphate sludge (PS) and a dolomite-rich clay (SA). FA:
fluorapatite (PDF #71-0880); Q: quartz (PDF # 5-0490); D: dolomite (PDF # 83-1766); C: calcite (PDF #
72-1650); M: Muscovite (PDF # 43-0685).

2.2. Experimental Techniques

Two binary mixtures (SA-SC (up to 20 wt. % of SC) and PS-SC (up to 20 wt. % of SC)) and a ternary
one (clay-phosphate sludge-sawdust (SA:PS = 50:50 and up to 20 wt. % of SC)) were prepared for the
present study. The materials were dry blended in a mortar before being moistened with tap water
(10 wt. % moisture) to have consistent and comparable specimen. The mixtures were then shaped
into cylindrical form (D = 40 mm and h = 3 mm) for the filtration tests and prismatic (L = 60 mm,
W = 10 mm and h = 5 mm) for the mechanical properties, and this using an uniaxial laboratory-type
pressing in a suitable mold (compression pressure = 2 tons). As reference, pore-forming agent-free
samples have been prepared. The samples were heated starting from room temperature in an electric
furnace (Nabertherm) at a rate of 5 ◦C/min in the range 900–1100 ◦C for 4 h and then cooled to room
temperature in the switched-off furnace.

Samples of the heated blends were analyzed with X-ray diffraction (XRD) using an Empyrean
PANalytical diffractometer operating with copper radiation (Kα(Cu) = 1.5418 Å). Quantitative
mineralogical analysis was performed using the RIR method (reference intensity ratio). The thermal
analysis was performed by a Setaram Setsys 24 apparatus (atmosphere: air; heating rate: 10 ◦C/min,
reference material: Alumina). The morphological features of the blends were studied on fracture
surfaces sputtered with Cr by a Schottky field emission scanning electron microscope (FE-SEM)
(Nova NanoSEM 650, FEI Company, Eindhoven, The Netherlands) coupled with an energy dispersive
spectroscopy (EDS) (TEAM™ integrated EDS with an Apollo X silicon drift detector) for quantitative
X-ray microanalysis. Mercury intrusion porosimetry (Pore Master 33, Quantachrome Instruments)
was used to determine the pore volume distribution. It is established on the basis that a non-wetting
liquid (any with a contact angle superior than 90◦) will only intrude into capillaries under pressure.
The relationship between the pressure and capillary diameter is described by Washburn [34] as
Equation (1):

P =
−4 γ cos(θ)

d
(1)

where P: pressure, γ surface tension of the liquid, θ: contact angle of the liquid, and d: diameter
of the capillary. Mercury must be forced using pressure into the pores of a material. The pore-size
distribution is determined from the volume intruded at each pressure increment. Total porosity is
determined from the total volume intruded.
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The bending strength was performed with an Instron 3369 apparatus. The load and loading used
speed were 50 kN and 0.1 mm/min, respectively. For this trial, five heated samples were studied.

Filtration tests were conducted on a laboratory microfiltration pilot, using a recycling configuration.
The pilot was equipped with two silver wire electrodes used to measure the diffusion potential.
The diffusion potential coefficient is defined by the Equation (2) [35]:

DP =
ΔE
ΔP

(2)

where ΔE: the electric potential between the walls of the membrane and ΔP the applied pressure.
The tests were performed at room temperature. The membranes were conditioned by immersion in
distilled water for 12 h before the filtration tests. The schematic diagram of the filtration pilot is shown
in Figure 2. It was principally composed of a circulation pump, air compressor, feed container of
two liters, two manometers, and a membrane model. Transmembrane pressure was variable via a
pressure regulator. The filtering surface area was about 24 cm2 for all filtration samples. It is worth
noting that three membrane samples were employed for flirtation tests to obtain the reproducibility of
experimental results. Moreover, all filtration experimentations were conducted at room temperature.

Figure 2. Scheme of the filtration pilot.

The chemical oxygen demand (COD) was determined using a LOVIBOND PCcheckit vario
(LOVIBOND, London, UK), which contains a photometer and an ET 108 reactor. 2 mL of samples was
mixed with the oxidizing acid solution in a vial that was then held at 150 ◦C for 2 h. After cooling, the
mixed solution was analyzed in the PCcheckit vario photometer.

The biological oxygen demand (BOD) was measured using a LOVIBOND IR-Sensomat containing
an IR-pressure-sensor and a stirring system. 500 mL of every sample was kept in a flask in an incubator
for 5 days. Variance in air pressure was detected by the IR-sensor and converted directly into mg/L
of BOD.

Suspended solids content was measured using a DR2010 portable data logging spectrophotometer
(photometric method).
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2.3. Experimental Design

The variations of the technological properties (Yi) of the membranes versus the processing factors
(sawdust addition (τ), temperature (T), and soaking time (t)) was assessed using a second-degree
polynomial model [16,36,37]. This equation is in the following form:

Y = a0 + a1X1 +a2X2 + a3X3 + a11X1
2 + a22X2

2 + a33X3
2 + a12X1X2 + a13X1X3

+a23X2X3

Y = a0 +
k∑

i=1
aiXi +

k∑
i=1

aiiX2
i +

k−1∑
i=1

k∑
j=i+1

aijXiXj

(3)

where: X1, X2 and X3 are the coded variables corresponding to τ, T and t, respectively.

X1 =
τ− τ0

Δτ
; X2 =

T − T0

ΔT
; X3 =

t− t0

Δt
(4)

τ0, T0, and t0 are the sawdust addition, firing temperature, and soaking time at the centers of the
experimental range (τ0 = 12.5 wt. %, T0 = 1000 ◦C and t0 = 2.5 h). Δt, ΔT, and Δt are the variation steps
of the considered variables (Δt = 7.5 wt. %, ΔT = 100 ◦C and Δt = 1.5 h). a0 is a constant, and a1, a2,
and a3 are the weights of the effects of sawdust addition, temperature, and soaking time, respectively.
aij expresses the weight of the interaction effect between i and j factors, and aii is considered to be a
curve-shaped parameter. The coefficients were calculated by Nemrod software using the least-squares
regression [38,39]. For this purpose, multiple experiments (16) were performed according to the Dohlert
matrix. The test at the center was multiplied (repeated 3 times) to estimate the experimental error.
The experiments proposed by Doehlert matrix and the experimental values of physical properties
are shown in Table 2. The accuracy and validity of the used model was confirmed by the analysis of
variance (ANOVA) [40–42] represented in Table 3.

Table 2. Experimental design matrix (Doehlert) and measured values of the studied properties. Y1:
density; Y2: firing shrinkage; Y3: water absorption; Y4: bending strength.

X1 X2 X3 τ (wt. %) T (◦C) t (h)
Density

Firing
Shrinkage

Water
Absorption

Bending
Strength

Y1 (g/cm3) Y2 (%) Y3 (%) Y4 (MPa)

1 0 0 20.00 1000.00 2.50 2.012 2.010 22.763 1.218
−1 0 0 5.00 1000.00 2.50 2.050 1.050 16.792 1.506
0.5 0.866 0 16.25 1086.60 2.50 2.018 2.677 22.218 1.760
−1 −0.866 0 8.75 913.40 2.50 2.030 0.676 20.429 1.610
0.5 −0.866 0 16.25 913.40 2.50 2.065 2.103 24.497 1.210
−1 0.866 0 8.75 1086.60 2.50 2.100 1.643 18.603 1.970
0.5 0.2887 0.8165 16.25 1028.87 3.72 2.010 2.309 22.938 1.590
−1 −0.289 −0.817 8.75 971.13 1.28 2.077 0.773 18.878 1.680
0.5 −0.289 −0.817 16.25 971.13 1.28 2.140 2.199 23.360 1.480
0 0.5774 −0.817 12.50 1057.74 1.28 2.065 1.633 20.217 1.580
−1 0.2887 0.8165 8.75 1028.87 3.72 2.087 0.883 18.644 1.800
0 −0.577 0.8165 12.50 942.26 3.72 2.040 0.961 22.511 1.300
0 0 0 12.50 1000.00 2.50 2.040 1.537 22.058 1.460
0 0 0 12.50 1000.00 2.50 2.100 1.500 21.980 1.400
0 0 0 12.50 1000.00 2.50 1.990 1.560 22.100 1.470
0 0 0 12.50 1000.00 2.50 2.038 1.56 22.1 1.47
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Table 3. Of variance (ANOVA), values of correlation coefficient (R2) and standard deviations (σ) for the
considered responses: Y1: density; Y2: firing shrinkage; Y3: water absorption; Y4: bending strength.

Water Absorption

Y1 (g/cm3) Y2 (%) Y3 (%) Y4 (MPa)

F-ratio 70.5559 1512.0456 86.5970 350.329
Signification 0.164 ** <0.01 *** 0.205 ** 0.0352 ***

R2 0.98 0.99 0.97 0.96
σ 0.1 0.084 0.15 0.12

*** Statistically significant at the level > 99.9% (probability (p) < 0.001). ** Statistically significant at the level > 99%
(p < 0.01).

3. Results and Discussion

3.1. Thermal Transformations and Microstructure of Membranes

3.1.1. Micaceous Clay-Sawdust Mixture (SA-SC)

The X-ray diffraction pattern of the heated materials (Figure 3) showed that hydro-muscovite
and dolomite decomposed at T < 900 ◦C. Indeed, hydro-muscovite sheet mica dehydroxylated at
T < 700 ◦C and dolomite decomposed in the range 750–880 ◦C. The Differential thermal analysis
(DTA) analysis (Figure 4) supports this results and indicates the occurrence of tow peaks at 787 ◦C
and 878 ◦C corresponding to the decomposition of dolomite in two stages: (CaMg(CO3)2 → CaCO3

+ CO2 + MgO and CaCO3 → CaO + CO2) [43,44]. Quartz resisted heat treatment, but its amount
diminished slightly with increasing temperature, likely because it contributed to the neoformation
process. Moreover, gehlenite and diopside were detected at 900 ◦C, likely from the breakdowns of
clay mineral (hydro-muscovite) and released lime of carbonate (dolomite) decomposition. As far
as the X-ray diffraction was concerned, the amount of gehlenite decreased, and that of diopside
increased with increasing temperature, suggesting that the latter developed with further heat treatment.
The added pore-forming agent (sawdust) seems not to have influenced the neoformation process in
either qualitative or quantitative terms.

Figure 3. X-ray diffraction patterns of blends heated at 900 ◦C (A) and 1100 ◦C (B). (a) SA; (b) SA-SC
(5 wt. % of SC); (c) SA-SC (10 wt. % of SC); (d) SA-SC (20 wt. % of SC). G: Gehlenite (PDF # 72-2128);
Q: Quartz (PDF # 79-1911); d: diopside (PDF # 75-0945).
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Figure 4. Thermal curves (DTA) and thermogravimetric analysis (TG) of PS-SC, SA-SC and SA-PS-SC.

As a result of heating, the laminated structure detected at low temperature (Figure 5a) disappeared,
and agglomerated particles took place at high temperature (Figure 5b). The SEM observations
(Figure 5c,d) also revealed grainy particles across the matrix, which corresponded to grains of gehlenite
according to Energy Dispersive Spectroscopy (EDS) analysis. Loutou et al. (2013) [8] reported that
gehlenite formed as granular particles within pores. These pores appeared to correspond to carbonates
sites rich with lime (gehlenite formation source). At high temperature (1100 ◦C), grainy particles of
gehlenite were agglomerated (Figure 5e,f) leading to the coalescence of some pores with the increase
of temperature.

Figure 5. SEM micrographs of PS-SC (20 wt. % of SC) blends heated at 900 ◦C (a) and 1100 ◦C (b–f).

3.1.2. Phosphate Sludge-Sawdust Blend (PS-SC)

Referring once again to Figure 4, the thermal analysis (DTA) of PS-SC-fired blends showed that
samples experienced four transformations at 141, 252, 730, and 836 ◦C. These endothermic peaks were
attributed respectively to hygroscopic water loss [45], pore additive (sawdust) dehydration, dolomite
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first stage decomposition, and calcite decomposition [46,47]. The addition of the sawdust shifted these
peaks to a higher temperature. The exothermic peak located at 350 ◦C was ascribed to sawdust firing,
and was accompanied with 1.61% of weight loss (Figure 4).

Taking into consideration the X-ray diffractograms (Figure 6), only quartz and fluorapatite
resisted the heat treatment. Their amount decreased with increasing temperature, probably due to the
involvement of quartz in the neoformation and the partial fusion of fluorapatite at high temperatures
(1100 ◦C). Gehlenite was the only phase neoformed in all studied PS-SC samples, and its proportion
increased at the expense of both quartz and fluorapatite.

Figure 6. X-ray diffraction patterns of SA-PS (50 wt. % of SA) blends heated at 900 ◦C (A) and 1100
◦C (B). (a) SA-PS; (b) SA-PS-SC (5wt. % of SC); (c) SA-PS-SC (10 wt. % of SC); (d) SA-PS-SC (20 wt.
% of SC). G: Gehlenite (PDF # 72-2128); Q: Quartz (PDF # 79-1911); F: Fluorapatite (PDF # 83-0556);
P: Calcium phosphates (PDF # 11-0232).

SEM examinations showed certain porosity with isolated particles at low temperature (Figure 7a).
Apparently, the latter particles coalesced with the increase of temperature leading to coarse melted
blocks throughout the samples (Figure 7b).

Figure 7. SEM micrographs of PS-SC (20 wt. % of SC) blends heated at 900 ◦C (a) and 1100 ◦C (b).

3.1.3. Ternary Mixture (PS-SA-SC)

X-ray diffraction analysis of fired samples (Figure 8.) showed that: (i) quartz and fluorapatite
(original minerals) were encountered in all heated samples, but their amounts varied with firing
temperature; (ii) hydro-muscovite and carbonate decomposed at T < 900 ◦C; (iii) the addition of
the sawdust did not affect phase transformation; (vi) gehlenite and calcium phosphate developed at
lower temperature and resisted heating afterwards. Gehlenite was derived from carbonate-released
lime and the breakdowns of clay minerals, while calcium phosphate resulted from fluorapatite
partial decomposition.
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Figure 8. X-ray diffraction patterns of SA-PS (50 wt. % of SA) blends heated at 900 ◦C (A) and 1100
◦C (B). (a) SA-PS; (b) SA-PS-SC (5 wt. % of SC); (c) SA-PS-SC (10 wt. % of SC); (d) SA-PS-SC (20 wt.
% of SC). G: Gehlenite (PDF # 72-2128); Q: Quartz (PDF # 79-1911); F: Fluorapatite (PDF # 83-0556);
P: Calcium phosphates (PDF # 11-0232).

According to the recorded Thermogravimetric analysis (TGA) curves (Figure 4), two weight losses
occurred of about 12.48% and 7.77% between 700 and 880 ◦C, respectively. In fact, these weight losses
consisted of two distinct stages. The first is primary decomposition of dolomite, whereas the second is
related to the CO2 release as a result of calcite decomposition. The weight-loss ratio of the last stage is
more prominent.

Due to the heat treatment, grainy structures detected by SEM (Figure 9a) underwent partial
melting and thereby contributed to melt formation (Figure 9c). On the other hand, those of gehlenite
were agglomerated and was well crystallized (Figure 9b).

Figure 9. SEM micrographs of SA-PS-SC blends heated at 900 ◦C (a,b) and 1100 ◦C (c).
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3.2. Porosimetry and Filtration Tests

Membranes prepared at 900 ◦C were used for filtration tests to keep a certain porosity level and
avoid the partial melting of certain constituents at high temperatures.

Results of pore-size distribution (mercury-intruded volume versus pore size), for micaceous
clay, phosphate sludge, and the ternary mixtures, are shown in Figure 10. It is revealed that both
PS-containing samples (PS-SA and PS-SA-SC) displayed both larger pores (12–7 μm diameter) and
lower pores (2–0.2 μm diameter) with a narrow range of distribution, and therefore exposed a marked
incremental porosity (50% and 38%) for pores with 10 μm diameter respectively (Figure 10b,c). On the
other hand, Figure 10a showed that SA-SC samples were the subject of only micropore formations.
An incremental porosity of about 23% corresponding to pores of 0.7 μm diameter. The results obtained
for both PS-containing blends is very interesting, since it will help inhibit the membrane resistance
against mass transfer, and subsequently increase the filtration performance. It is clear that the pore
formation process depends closely on the firing temperature [48,49] and elements liable to form pores
(organic additives, carbonates, etc.).

Figure 10. Pore-size distribution from mercury porosimetry of SA-SC blends (a), PS-SC blends (b) and
ternary mixture (SA-PS-SC) (c) heated at 900 ◦C.

The permeability-measuring results from mercury porosimetry are reported in Table 4.
Permeability coefficient values showed a marked difference between the behavior of the clay and the
phosphate sludge. The coefficients corresponding to the sludge are twice those of clay (KPS/KSA = 2).
This is probably because the sludge contains more carbonate content (element contributing to pore
formation) leading to the occurrence of an additional amount of porosity. These observations also
support the role of pore size and the emergence of a reduced tortuous path and further permeability to
the water flow in the membrane. The pore morphology also has an effect in this respect, and is to be
taken into account.
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Table 4. Permeability results from mercury porosimetry (with and/or without tortuosity effect).

Coefficient of Permeability (nm2) SA-SC PS-SC SA-PS-SC

Kn (Neglecting Tortuosity Effects) 1.2040 × 10−01 2.0526 × 10−01 1.3857 × 10−01

Kt (With Tortuosity Effects) 1.1485 × 10−01 2.0158 × 10−01 1.3597 × 10−01

Variations of the flux versus the transmembrane pressure (Figure 11) showed a nearly linear
behavior for all the studied samples. Theoretically, the flux is defined by the following equation:

J = LP × ΔP + Cste

where J is the permeate flux (L/h.m2), Lp water permeability (L/h.m2.bar), and ΔP the applied
transmembrane pressure (bar). The value of the water permeability can be deduced from the slope
of the line drawn through the experimental points. It is about 93.89, 68.89, and 52.55 L/h.m2.bar for
SA-SC, PS-SC, and SA-PS-SC, respectively.

Figure 11. Variation of water flux as a function of transmembrane pressure.

Results of tangential filtration test for textile effluent are represented in Figure 12. It showed
the variations of textile effluent permeate with filtration time at a pressure of 0.25 bar. The permeate
flux declined continuously during the filtration test for all membranes. This reduction in flow is due
essentially to the accumulation of suspended particles onto the membrane surface.

Figure 12. Permeate of textile effluent versus filtration time.
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The characterization results of the wastewater samples are reported in mean values (min, max)
in Table 4. Filtration suitability was also investigated by assessing the COD present in the industrial
wastewater. Generally, the effects resulting from concentration polarization can be minimized but not
canceled. In fact, during the movement of the wastewater through the membrane during filtration,
particles of different sizes settle on the surface of the membrane. This leads to the formation of a gel-like
pseudo-layer. The latter has the effect of reducing the permeate flux due to the increase in hydraulic
resistance of the system (as explained before). Depending on the size and/or the structure of the pores,
as well as their surface distribution, a total blockage of the flux can occur. Simultaneously with the
preceding phenomena, the pseudo-layer often leads to a gradual increase in solutes retention, as can be
seen in COD values before and after filtration in Table 4. According to Lopes et al. [50], the performance
of a membrane is satisfactory when the COD reduction exceeds 73%. In our case, the COD reduction
was in the range 70, 72, and 75%, which corresponds to a COD of 405, 380, and 340 mg/L, respectively.
The ternary mixture-based membrane was the only one that fell within the acceptance range. The
COD remaining in the filtrate probably came from low-molecular-weight solutes that may have passed
through the membrane. It should be noted that COD retention is highly influenced by temperature,
transmembrane pressure, and pollutant concentration [50–53].

Similarly, the removal efficiency of total organic carbon (TOC) and BOD were in the range 77–83%
and 89–93%, respectively for the studied blends. Of all mixtures, the ternary one exhibited the
best measurements.

3.3. Physical Properties and Effect of Processing Factors

Given the limitations to the number of figures, only the SA-PS-SC mixture heated at different
temperatures will be treated.

As explained in the experimental procedure section, a Dohlert matrix was used for creating the
experimental design. The experimental conditions of the planned experiments and the measured
properties are given in Table 5.

Table 5. Chemical analyzes of wastewater before and after filtration and comparison with literature
values.

Chemical analyzes
Previous Studies (Literature)

Current Study

Before
Filtration

After Filtration

Textile
Wastewater

Dyeing
Wastewater

PS-SC SA-SC PS-SA-SC

pH 5.3–11 a 8.7–12.5 a 8.3 7.15 6.59 6.79
Conductivity (mS/cm) 2.5–8.5 a 2–30 a 2.9 1.6 1.4 1.25

COD (mg/L) 330–1550 a 280–7900 a 1330 380 405 340
TOC (mg/L) 150–390 a - 180 39 43 32
BOD (mg/L) 1350–1910 b,c,d 18–152 b,c,d 190 19 21 15

Turbidity (NTU) 36–224 b,c,d 1.9–153 b,c,d 211 25 29 18
a Dilaver et al. (2018) [1]; b Qin et al. (2007) [52]; c Lopes et al. (2005) [50]; d Kadirvelu et al. (2000) [51].

The validity of the model was evaluated by ANOVA [36,37]. The calculated data revealed that
significance exceeded 99%, values of the R2 approached 1, and the Fisher-ratio >> 1. These outcomes
attested that the considered model fitted well with the variations of the studied properties versus
processing factors.

The equations expressing the change in the density (Y1), firing shrinkage (Y2), water absorption
(Y3), and the bending strength (Y4) according to coded variables, are as follows:

Y1 = 2.084− 0.018X1 + 0.001X2 − 0.03X3 − 0.01X2
1 + 0.022X2

2 + 0.037X2
3 − 0.07X1X2

−0.057X1X3 + 0.49X2X3
(5)
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Y2 = 1.531 + 0.89X1 + 0.462X2 − 0.065X3 − 0.006X2
1 + 0.318X2

2 − 0.195X2
3 − 0.225X1X2

+0.109X1X3 + 0.449X2X3
(6)

Y3 = 22.046 + 3.55X1 − 1.267X2 + 0.334X3 − 2.269X2
1 − 0.056X2

2 − 0.851X2
3 − 0.262X1X2

−0.022X1X3 + 0.204X2X3
(7)

Y4 = 1.443− 0.2X1 + 0.254X2 − 0.01X3 − 0.081X2
1 + 0.286X2

2 + 0.141X2
3 + 0.11X1X2

−0.045X1X3 + 0.409X2X3
(8)

Examination of linear coefficients values showed that:

• The weights of the effects of the factors studied on the studied properties follows the order: t > τ >
T for density, τ > T > t for firing shrinkage and water absorption, while for resistance compression,
it follows the order T > τ > t.

• Increasing the temperature (T) had a positive effect on all physical properties. In fact, following
the increase in temperature, sintering is initiated, and the matrix is consolidated and therefore the
mechanical properties are improved.

• The addition of sawdust (τ) had a marked effect on the properties. This effect may be related
to the abundance of pores. These were replenished following the decomposition of sawdust,
and release CO2.

• Increasing the soaking time (t) had a positive effect on the density and the shrinkage firing
(Figure 14); however, it adversely affects the other two properties. Probably, the adoption of long
soaking time favors diffusion phenomena, which leads to an increase in the amount of gehlenite
formed, and thus the porosity.

• The effect of interactions between two experimental factors considered changed according to the
property. For example, considering the equation of the bending strength, sawdust addition and
time have an antagonistic interaction. In other words, the simultaneous increase of these two
factors decreases the mechanical strength (Figure 13). The same happens in the case of firing
shrinkage for sawdust rate and temperature factors (Figure 14). However, the interaction between
the temperature and the soaking time was synergistic in the case of bending strength. This means
that the simultaneous increase of T and t led to the formation of mechanically resistant samples
(Figure 13).
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Figure 13. Variation of the water absorption (Y3) and compressive strength (Y4) of the ternary blends.
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Figure 14. Three-dimensional representation of the variations of density (Y1) and the firing shrinkage
(Y2) against the processing factors for the ternary mixture.

4. Conclusions

This study reported the manufacturing and the characterization of new ceramic filtration
membranes from micaceous clay and phosphate sludge. The results of mineralogical, mechanical, and
physical characterizations on the studied materials allowed the conclusions as follows:

• Gehlenite and calcium phosphate neoformed in heated blends containing phosphate sludge
(binary and ternary mixture), while the SA-SC mixture was the subject of formation gehlenite and
the diopside simultaneously. These neoformed phases were derived from carbonate-released lime
and decomposition products of clay minerals.

• It is possible, by adding sawdust, to produce porous bodies.
• The melt formed at high temperature can be connected to the partial melting of fluorapatite.
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• Phosphate sludge-based blends showed low mechanical properties (bending strength) compared
to clay-based mixtures. That suggests that the incorporation of micaceous clay overcomes this
problem because of its high aluminosilicate level.

• The results of filtration tests have shown that the membrane filters based on clay-amended
phosphate sludge can be employed in the treatment of textile effluents. In addition, these
membrane materials may be used as a carrier of the microfiltration membrane.

• The use of the experimental design allowed assessment of the weight of the effects of experimental
factors on the physical properties. Firing temperature and sawdust addition are the most influential
factors. Temperature had a positive effect on the studied properties, while sawdust addition has a
mitigated effect.
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Abstract: The road construction sector is a worldwide high consumer of natural aggregates. The use of
unusual industrial by-products in road techniques can contribute to the conservation of non-renewable
natural resources and the reduction of wastes produced by some industries. Phosphate waste rocks
could be considered as potential alternative secondary raw materials in road construction. The
use and valorization of these wastes is currently limited according to the Moroccan guide for road
earthworks (GMTR). The guide has classified these materials as waste products, which consequently,
cannot be used in road construction. However, phosphate waste rocks are sedimentary natural rocks
which have not been subjected to any transformation other than mechanical fragmentation. The
goal of this paper is to discuss key-properties of various phosphate mine waste rocks (PMWR) to be
used as road materials. Samples were taken from different stockpiles in the phosphate mine site of
Gantour in Morocco. The different waste rocks samples were characterized in terms of their physical,
geotechnical, chemical, mineralogical and environmental properties using international testing norms.
The obtained results showed that the studied PMWR presented satisfying characteristics; the specific
(particle) density: ρs > 26 kN/m3, Los Angeles abrasion: 45% < LA < 58%), methylene blue value MBV
< 1 g/100g, organic matter: OM < 1% and plasticity index: PI < 20%. All PMWR were confirmed as
possessing the requested geotechnical properties to be used as materials for embankments. Moreover,
leaching tests showed that none of them released any contaminants. In field application, these
materials have been also successfully used in in situ experimental pilot testing. Therefore, the PMWR
have to be classified in the category of natural aggregates that are similar to conventional materials.

Keywords: civil engineering; valorization; phosphate mine waste rocks; natural aggregates; road
techniques wet process

1. Introduction

Various stakeholders in the road construction sector have to deal with the increased demand of
raw materials used in road infrastructures. The flexible pavement structure is generally composed
of several layers of materials: embankment materials, capping layer, pavement aggregate (base and
sub-base course) and surfacing (surface and binder course) course.
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Recently, an increasing attention has been given to the potential use of alternative aggregates,
particularly, in the road construction sector [1]. Several factors must be considered before using a waste
or by-product in road engineering. The use of industrial wastes as secondary and alternative materials
in the infrastructure sector depends on their availability, on the transport costs and their physical,
geotechnical and chemical properties. The toxicity and solubility in water is a relevant factor to be
considered with other factors [2]. The use of alternative materials in road construction provides several
economic and ecological advantages. When waste materials with acceptable properties are available, it
is possible to avoid the costs related to the extraction, and to minimize the transport distance, energy
consumption and consequently the greenhouse gas emissions [3].

Many examples have been studied in detail in the literature. Fly ash and other agricultural wastes
were used as soil admixture to improve the CBR values of soil in lower layers of road construction [4].
Incinerated bottom ashes were also investigated in road construction [5–7]. When stabilized with
binder additives, these materials could be used successfully in embankment and pavement layers.
Construction or demolition wastes have been used in the construction of embankments and pavement
layers [2,8,9]. It was also demonstrated that steel-slag fly ash and phosphogypsum as a solidified
material can be used as road materials with competitive characteristics [10–12]. It has been established
that the use of fly ashes could improve the natural and mechanical characteristics of soils [13]. Dredged
sediments mixed with binders (cement and/or lime) and other products (steel slag, fly ash) were
compatible with the requested standards for their use as base or embankments course material [14–17].
According to the inventory carried out by OCDE, about twenty types of waste and by-products, to
be used in road engineering, has been studied [1]. A classification according to the origin, the main
characteristics, the current and the potential uses has been proposed.

In Morocco, phosphate mines produce millions of tons of phosphate mine waste rocks (PMWR)
which are stockpiled on surface in waste rock piles covering large areas (several thousand hectares).
These waste rocks represent mainly the intercalation layers (limestones, marls and flintstone) and the
cover layer (topsoil, clays and marls) occurring within the phosphate sequence. During the extraction
of phosphate ore, intercalation layers and the cover layer are blasted and stripped away. Due to their
high calcite and dolomite content, the PMWR are inert geochemically. Hakkou, et al. [18] demonstrated
that PMWR could be used as materials for the passive treatment of acid mine drainage [19,20], and
had the appropriate properties for a store-and-release cover component in a semiarid climate [21].
Although they have characteristics similar to the natural aggregates used as building materials, PMWR
are classified by the Moroccan Guide for Road Earthworks [22] in the organic soils and industrial
by-products class and particularly in the phosphate wastes sub-class F3 and cannot thus, be used in
road construction.

To our knowledge, very limited scientific research on the valorization of PMWR in road construction
has been published. Ahmed and Abouzeid [23] investigated the use of phosphate waste rocks in road
construction. The work consisted of geotechnical characterization, which led them to conclude an
interesting potential of these by-products as road aggregates; similar to natural ones. The substitution
of conventional aggregates by PMWR for the construction of road infrastructures might be considered
as a promising and ecofriendly solution. A scientific approach of valorization of these mining wastes in
road technique is, therefore, necessary to ensure the transition from a “waste” to “building materials”.
The aim of this paper is to focus on PMWR and its use in the construction of road embankments and
to discuss their status in Moroccan Guide for Road Earthworks. Laboratory tests were performed in
order to determine the chemical, mineralogical characteristics, physical and geotechnical properties
and the environmental behavior of the PMWR. In addition, in situ tests were realized in order to access
the behavior of these materials during and after embankments construction using the wet process.
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2. Materials and Methods

2.1. Materials Sampling

The studied materials were sampled from the mining site located in the central part of the
sedimentary phosphate deposits in the Guantour region (Figure 1). The deposit is characterized by
phosphate series of late Cretaceous–Eocene age consisting of alternating layers of phosphate separated
by gangue silico-carbonate levels. The upper phosphate layer is overburdened by an alternation of
different layers (topsoil, siliceous marl, clays, flintstone, calcareous marl and alluvium). The mine
produces millions of tons per year of phosphate mine waste rocks (PMWR). The various rock lithologies
are scattered in the mine site. Five different waste rocks piles referenced hereafter as I1, I2, I3, I4 and
I5 were investigated. To ensure a representative sample, attention was given to the mode, history
of storage, geological and petrographic lithology description to identify the parameters likely to
impact the characteristics of the sampled materials. Given the heterogeneity of the waste rock piles, a
rigorous technique was used to obtain the most representative sampling. The approach consisted of
collecting 3 samples from the five stockpiled waste rocks of approximately equal size at different points,
respectively at the base, at the middle and at the top of the pile depending on the actual segregation
status (Figure 2). The field samples were collected, homogenized in the laboratory, and riffle-split into
smaller sub-samples which were stored for further testing.

Figure 1. Geographical location of the studied mine site.

Figure 2. Phosphate mine waste rocks dumps.
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2.2. Research Methodology

The GMTR guide does not include PMWR specifications and conditions of use, therefore, the
geotechnical characterization in the laboratory has been completed by conducting in situ tests in a trail
embankment and identifying other specific parameters (consolidation, shear strength, chemical and
environmental properties) which are not provided by the NF P11-300 standard and which may affect
their functional behavior. Figure 3 highlights a summary of the methodology used in this work.

Figure 3. Summary of the followed methodology.

2.2.1. Laboratory Tests

Laboratory tests have been conducted to determine the chemical characteristics, the environmental
behavior, the mechanical and physical properties and the geotechnical properties. The laboratory tests
were carried out in accordance with the relevant AFNOR standards [24]. The leaching behavior of waste
rocks was assessed using the Toxicity Characteristic Leaching Procedure (TCLP) [25]. The leaching
solution used has a pH of 4.93 ± 0.05. The obtained results are compared with US-EPA thresholds [26].
This test is used to verify a potential release of impurities and contaminants. The chemical composition
of the solid samples was analyzed using an X-ray Fluorescence (Panalytical, Epsilon 4 Model, Malvern
Panalytical, Malvern, UK) and liquid solutions were analyzed by inductively coupled plasma with
atomic emission spectroscopy (ICP-AES) (Perkin Elmer Optima 3100 RL, PerkinElmer Waltham, MA,
USA). The organic carbon content (Corg) was determined by dichromate oxidation in the presence
of concentrated sulphuric acid according to ISO 14235 standard [27]. The crystalline phases were
determined by the X-ray diffraction (Bruker AXS Advance D8. Bruker, Billerica, MA, USA), Cu Kα

radiation. The DiffracPlus EVA software (Bruker, Billerica, MA, USA) was used to identify mineral
species and TOPAS software (Bruker, Billerica, MA, USA) implementing Rietveldt refinement to
quantify the abundance of all identified minerals. Due to the presence of calcareous rocks, the
carbonate content was determined on −400 μm of crushed samples in accordance with the NF P 94-048
standard [28].

The classification of the PMWR has been codified in relation to the nearest standardized materials,
it will be therefore called to standard NF P 11-300 [24] for the geotechnical characterization. Prior to
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the characterization, the moisture content of the samples was measured [29]. The fraction 0/400 μm of
the studied samples have been subjected to the plasticity test using the Atterberg limits method [30,31].
Also, dimensional properties tests were investigated using granularity method by dry sieving after
washing [32]. The methylene blue test value (MBV) was measured on the 0/5-mm fraction taken from
the 0/50-mm dry material according to the standard NF P 94-068 [33]. For compaction aptitude, the
samples were compacted, in three layers, in a CBR standard mold using normal compaction [34]. When
the proportion of elements greater than 20 mm exceeds 30% of the mass of the material, the Proctor test
was performed on the 0/20-mm fraction, but its interpretation is then limited to the assessment of its
moisture content wopn. In this case, the real dry density was measured in a full trial scale. To complete
the knowledge of the petrographic features of the original rocks, evaluate the resistance of the material
regarding the fragmentation, the wear and the particle size distribution evolution under the effect of
mechanical solicitations, several tests were carried out using: NF P 94-064 standard for the density of a
rock element by the hydrostatic weighing method. For better representativeness, the fraction 25/50 mm
was chosen for the determination of Los Angeles abrasion value (LA) and Micro Deval value (MD)
using NF P18-573 [35] and P18-572 [36] standards. To measure the sensitivity of these materials to
fragmentation under the effect of mechanical stresses and climatic cycles, the fragmentation coefficient
and degradability coefficient of samples were measured on the 40/80-mm fraction according to the
standards NF-P94-066 [37] and NF-P94-067 [38], respectively. To determine the load bearing capacity
of the materials after compaction and to assess their resistance to punching and heavy machines traffic,
Californian bearing ratio (CBR) tests were carried out according to standard NF-P94-078 [39]. The
shear strength parameters were investigated under the drained conditions, on the 0/20-mm fraction of
the studied waste rock samples on the waste rocks samples [40].

In order to evaluate the vertical deformation (settlement) under the effect of the charges after
saturation, an oedometric test was carried out on the 0/20-mm fraction of material I2 according to the
standard XP-P94-090-1 [41] with a water content close to the optimum moisture content (wopn) and
with a dry density equal to the reference dry density (γdr) determined by the in situ tests.

2.2.2. In Situ Tests

In situ tests were performed with sample I2 which is the most abundant material among the
PMWR. The objective was to determine the optimal conditions that offer the best results in terms of
material compaction. These are related to: water content, thickness of compacted layer, speed and
number of compactor passes. The ability of these materials to achieve the targeted compaction level
for the embankments (q4 level) was also assessed. The dry densities of the materials were measured
in situ using a membrane densitometer [42], while the measurement of the bearing capacity of the
materials was evaluated through the determination of the module under static loading at the plate EV2

(standard NF P 94-177-1).
A full-scale of trial embankment was constructed on 30 m length and 8 m width reinforced

with around 1 m of embankment high. Three layers of 0.30-m thickness were constructed by wet
method using a loading machine, a grader, a sprinkler vehicle and vibratory road roller (Figure 4). The
trial test was carried out on a stable platform whose bearing capacity at the time of completion was
greater than 50 MPa. The layers were compacted with a calibrated vibratory road roller with a single
drum [43]. The speed was fixed at 4 km/h and the compaction energy of the machine was controlled.
The representation of the three layers pile is shown in Figure 4. Many parameters were fixed during
these tests: the speed of the compactor, the vibration amplitude of the compactor, the average water
content range (between 0.9 and 1.1 of wopn) and the layer thickness.
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Figure 4. Photos and scheme illustrating the field trial embankment construction.

The shape of the granulometric curve obtained before compacting showed a continuity of the
granularity, in addition, to have a better representativity, the water content was realized on the entire
fraction of soil-rockfill mixture (0/80 mm).

Before compacting, the grain-size distribution curve, the MBV, the fine fraction (having a size
less than 80 μm), the particles having a size less than 2 mm (determined on the 0/50-mm fraction) and
the water content were measured. In addition to the same parameters followed before compacting,
the layer thickness, the dry density and the bearing capacity for the three compacted layers with the
different energy proposed (2, 4 and 8 of roller passes) were measured after compacting. The average of
six samples will be selected for each monitored parameter before and after compaction.

The optimum dry density will be the one that corresponds to the maximum value of the six
points of dry densities recorded on the compacted thickness and the control of the homogeneity of the
distribution of compaction forces was verified by determining the maximum deviation from the mean
value on the same compacted layer. In other words, the determination of the compaction energy which
makes it possible to have the maximum dry density. It is this which will be taken as reference dry
density (γdr) for the calculation of the compaction rate and evaluation the ability of these materials to
achieve the required compaction levels for embankments.

3. Results and Discussion

3.1. PMWR Characterization

3.1.1. Physical and Geotechnical Properties

Results of the geotechnical identification tests are summarized in Table 1. All the studied PMWR
samples display approximately the same water content and very dry moisture content due to the
arid climate of the region and the storage at the mine site. In addition, the tested materials show
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generally similar properties with a slight difference in grain size distribution results (Figure 5). The
0/20-mm fraction is important as it is considered in the Proctor and CBR tests. Only materials whose
+20 mm particles weight proportion under 30% have been the subject of CBR and Proctor tests (it is
the case only of I3 material). Also, the granulometry has a direct impact on plasticity of the studied
materials. The materials with the highest content of fine fraction (I3, I4 and I5) showed the most
plasticity features. The degree of plasticity that remains low for all these materials is particularly
related to the mineralogical composition of the clays (illite). A difference was founded in mechanical
properties of the studied PMWR samples. Unlike other materials with low values, I2 and I1 samples
showed satisfactory values of LA, MD, degradability and fragmentability coefficients. The analysis of
the results of the various physical tests indicates that the degradation of particles is related particularly
to the presence rate of clay and flintstone in the studied samples. With a maximum particles diameter
less than 150 mm, a non-zero cohesion (4–7 kPa), a plasticity index less than 16%, a specific (particle)
density around 26 kN/m3 and a percentage of fine elements less than 23%, the PMWR studied as shown
in Table 1 could be classified in the category C1B5 ( friable soil); a gravelly coherent materials with a
fine fraction [24] and the category of mixture of limestone and siliceous sandstone (for the case of the
rocky origin). Thus, these materials can be used in the construction of road embankments. This is
illustrated in the synoptic table of classification according to the nature of the materials proposed by
the NF P11-300 standard (Figure 6).

Table 1. Physical and geotechnical properties of collected materials.

Test I1 I2 I3 I4 I5

Moisture Content wt. % 3.4 3.7 3.6 2.9 3.1

Geotechnical properties—Natural parameters

Proctor Test
Optimum Moisture content (wopn) wt. % 13.40 12.90 15.20 14.60 13.23

Maximum dry density γd max kN/m3 * * 17.9 * *
Shear test

Friction angle (Ø’) degrees 30.00 32.40 27.00 27.5 27.00
Cohesion (c’) kPa 4 5 6 7 7

CBR % * * 13 * *

Atterberg limit
Liquid limit wt. % 39 37 41 44 45
Plastic limit wt. % 26 25 26 29 30

Plasticity index wt. % 13 12 14 15 15
Methylene blue value g/100g 0.59 0.58 0.67 0.68 0.71

Carbonate content wt. % 30 29 33 32 33

Geotechnical Properties–Mechanical behavior
Specific (particle) densi kN/m3 2.61 2.65 2.56 2.6 2.58

Los Angeles abrasion test 25/50 wt. % 48 46 66 67 53
Mico Deval test 25/50 wt.% 55 50 68 70 54

Degradability coefficient wt.% 10.10 9.10 13.80 14.60 12.70
Fragmentability coefficient wt.% 8.90 7.50 10.10 11.40 10.50

Material classification - C1B5 C1B5 C1B5 C1B5 C1B5

* Proportion of particles greater than 20 mm exceeds 30% of the mass of the material, in this case, the maximum dry
density of the proctor and the value of CBR test are not significant.
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Figure 5. Particle size distribution of the five collected materials.

Figure 6. Classification of studied PMWR according to the soil classification table of the NF P11-300
standard (fraction 0/50 mm). A: fine soil; B: Sandy and gravely soil with fine particle and D: Soil
insensitive to water.

3.1.2. Chemical and Mineralogical Properties

The chemical and mineralogical composition of PMWR are presented in Table 2. All the samples
contain mainly SiO2 (41–57 wt. %), CaO (12–19 wt. %), MgO (4.9–9.1 wt. %), P2O5 (4.2–5.4 wt. %).
Alkali and alkali earth oxides are present in low concentrations (less than 1 wt. %). The amounts of
detected sulfur and organic carbon were generally below 0.5 wt. %. The PMWR could be classified
easily as non-generating of acid mine drainage with a very neutralization potential, as already
demonstrated [18]. In terms of trace element occurrence, only a very low concentration of Cr, Cd,
Cu and Mo were detected. The relative abundance of minerals identified by XRD and quantified
using a Rietveld refinement method is illustrated in Table 2. All materials contain a siliceous fraction
represented by quartz and cristobalite, and carbonaceous fraction represented mainly by dolomite
and little amount of calcite. Fluorapatite was also detected varying between 6 and 8.5wt. %. The
mineralogical composition of the studied materials showed also plagioclase (albite and anorthite)
and clays (illite which was observed only in samples I3, I4 and I5, that is why they showed the most
plasticity features).

106



Minerals 2019, 9, 237

Table 2. Chemical and mineralogical composition of PMWR samples.

PMWR Sample I1 I2 I3 I4 I5

Major elements (wt. %)

SiO2 41.30 50.10 55.50 53.90 56.40
Al2O3 0.40 0.44 4.10 3.80 3.10
Fe2O3 - - 0.50 0.40 0.30
CaO 18.70 16.20 12.10 12.90 12.50
MgO 9.10 7.20 4.90 5.50 5.40
K2O - - 1.60 1.31 1.00
P2O5 4.22 5.40 5.10 4.70 4.20
LOI 24.20 18.30 15.50 17.40 16.90
Corg 0.21 0.18 0.31 0.44 0.38

S 0.30 0.40 0.20 0.30 0.30

Mineralogical composition (wt. %)

Quartz SiO2 41.21 49.80 32.00 30.10 33.60
Cristobalite SiO2 17.40 18.40 18.40
Dolomite (Ca,Mg)(CO3)2 40.89 32.00 21.00 24.00 24.00

Calcite CaCO3 6.04 5.00 3.90 3.50 3.70
Fluorapatite Ca5(PO4)3F 6.42 6.20 8.30 8.10 7.90

Albite NaAlSi3O8 5.06 6.40 6.20 5.60 4.90
Illite (K,H3O)(Al,Mg)2(Si,Al)4O10[(OH)2,(H2O)] 11.00 9.20 6.50

Anorthite CaAl2Si3O8 0.38 0.60 0.44 0.80 0.90

LOI: Loss on Ignition, Corg: Organic Carbon.

No montmorillonite has been detected, which eliminates the risk of swelling of the clayey fraction
contained in these materials once used in road construction. The I2 sample exhibit low content of clays
(illite) and high content of siliceous minerals (flintstone occurrence), which explain the best mechanical
features: Los Angeles (LA = 46 wt. %), Micro Deval (MD = 50 wt. %), Degrability and Fragmentability
coefficients respectively 9.1 and 7.5 as shown in Table 1.

3.1.3. Environmental Behavior of Materials

The results of trace elements leaching from PMWR using the TCLP test are summarized in Table 3.
The mobility of heavy metals depends on several factors such as heavy metals bearing minerals and the
pH of the leaching solution. All concentrations were in agreement with the limits for non-hazardous
waste fixed by US-EPA regulation. Therefore, the studied PMWR cannot be listed as hazardous waste,
in fact they should be considered as natural aggregates. The observed limited metal release is explained
by the low initial content within PMWR and the relative high stability of the occurring inert minerals
(silice and aluminosilicates) and high neutralizing capacity minerals such as dolomite and calcite. The
fluoroapatite need strong acidity to be solubilized.

Table 3. Results of the Toxicity Characteristic Leaching Procedure (TCLP) of PMWR.

Sample Zn Se Pb Cu Cr Cd As V

mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L

I1 0.55 <0.10 <0.60 <0.50 <0.20 <0.10 <1 <1
I2 0.62 <0.10 <0.60 <0.50 <0.20 <0.10 <1 <1
I3 0.73 <0.10 <0.60 <0.50 <0.20 <0.10 <1 <1
I4 0.54 <0.10 <0.60 <0.50 <0.20 <0.10 <1 <1
I5 0.56 <0.10 <0.60 <0.50 <0.20 <0.10 <1 <1

Limits (US-EPA) 2 1 5 - 5 1 5 -

3.2. In situ Full Trial Tests

The evolution criterion (in the granulometric approach) considered in this on-site study concerns
fragmentation under the action of mechanical solicitation before and after compaction. This parameter
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was demonstrated during the essays in true size by the measurement of the particle size analysis and
MBV before and after compacting by means of different compaction energies. The results show (Table 4)
that the maximum particle size evolution of 18.39%( explained by the presence of friable limestone
and marly rocks characterized by low mechanical resistance) was recorded with eight passes, almost
identical evolution of 18.23% was recorded in the case of four passes which concerns the evolution
towards the fine fraction, this explains that the production of the fine elements is stopped under
the effect of compaction energy of four passes, it was also noted that MBV values increased slightly
with increasing compaction energy; even with these evolutions, the material always keeps the same
classification family after compaction (C1B5) according to the NF-P11-300 [24] standard.

Table 4. Granulometric and Methylene Blue value (MBV) evolution according to the compaction energy.

State of Material
Before

Compaction
After Compaction

Compaction Energy 2 Passes Evolution (%) 4 Passes Evolution (%) 8 Passes Evolution (%)

<0.08 mm (wt. %) 19.20 21.00 9. 38 22. 70 18.23 22. 73 18. 39
<2 mm (wt. %) 37.60 40.20 1.60 41.00 9.04 41.10 9.31
<20 mm (wt. %) 63.80 68.00 6.58 71.00 11. 29 71.20 11.60
<50 mm (wt. %) 89.20 95.00 6. 50 96.00 7. 62 96. 10 7.74

<2mm (0/50 mm) (wt. %) 42.15 42.32 0.39 42.71 1.32 42.77 1.46
<0.08 mm (0/50 mm) (wt. %) 21.52 22.11 2.70 23.65 9.85 23.65 9.89

MBV (g/100g) 0.57 0.61 7.02 0.66 15.79 0.67 17.54

The in situ tests have shown that with a very important compaction energy of 8 passes, the process
of alteration of the blocks has been almost stopped (granulometric evolution less than 0.9% for fine
elements and less than 3% for other diameters found by adding four additional passes of the compactor
to get to 8 passes). The results of the dry density according to the compacting energy at the surface and
at the bottom of the compacted layer have been summarized in the Table 5. Embankment dry density
was examined as a function of roller passes.

Table 5. The compaction rate according to the compaction energy.

Layer First Layer Second Layer Third Layer

Compaction Energy
2

Passes
4

Passes
8

Passes
2

Passes
4

Passes
8

Passes
2

Passes
4

Passes
8

Passes

reference dry density (kN/m3) 19.5

Surface
dry density (kN/m3) 18.2 19.4 19.0 18.4 19.4 19.1 18.2 19.5 19.1
compaction rate (%) 93 99 97 94 99 98 93 100 98

Bottom
dry density (kN/m3) 17.4 18.2 18.1 17.5 18.0 18.0 17.3 18.3 17.8
compaction rate (%) 90 96 95 91 96 94 90 95 96

The results showed that the maximum dry density corresponding to 19.5 kN/m3 was recorded for
the compaction energy of four passes, the reference dry density is therefore taken equal to 19.5kN/m3.The
calculation of the compaction rates (at the surface and at the bottom of the layer) makes it possible
to show that the application of a compaction energy of two passes does not satisfy the required
compaction levels for embankments contrary to four and eight passes (Table 5). After application of
each compaction energy, the bearing capacity test was carried out just after the compaction of the third
layer by ensuring the average water moisture of the material at the time and after compaction, this has
been verified by sampling during the entire duration of the measurements by realizing a sounding
through the three layers (Table 6).
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Table 6. Results of lift tests.

Compaction Energy 2 Passes 4 Passes 8 Passes

Plate test (average of
six points)

standard deviation % 2.23 2.52 2.68

EV1 MPa 45.70 57.30 57.10

EV2 MPa 79.80 91.20 89.40

K (EV2/EV1) - 1.75 1.59 1.57

With k (EV2 / EV1) < 2 (which makes it possible to appreciate the quality of the compaction)
and an average EV2 module > 80 MPa, material I2 has very satisfactory lift results. According
to the LCPC-Setra guide [41], these materials, which are also sensitive to water, can therefore, be
classified as Top part of the earthworks (PST3) from a class (AR2) formation if the constructive drainage
arrangements make it possible to evacuate the water and prevent its infiltration.

The aforementioned criteria of grain size evolution, densities and bearing capacity justify the
choice to be limited only to the compaction energy of four passes for the construction of embankments
with PMWR. this retained energy, which remains more important than that required by the LCPC-Setra
guide (limited to only three roller passes and for the same compaction parameters), allows to have
a maximum fractionation especially for the marly rocks recognized by their evolving behavior and
therefore avoid having two fractions with clearly differentiated granulometry (large particles and
very fine fraction), this has been demonstrated by the realization of in situ trenches which show that
the compacted material is coherent (the fines perfectly fill the voids between the blocks), resistant,
and has a homogeneous appearance (a reduced standard deviation found during densities and lift
measurements over the entire thickness of the compacted layer).

In view of the aforementioned results, the optimal compaction conditions which make it possible
to obtain the compaction level required for embankments (by humidification), to ensure the minimum
bearing capacity for the embankment materials and to avoid possible disorders due to the phenomenon
of grain size evolution under the effect of mechanical stresses are the following (Table 7).

Table 7. Optimal compaction conditions of I2 material.

Moisture Content
(wt. %)

Compactor Class
Compactor Speed

(km/h)
Compaction

Energy
Thickness (m)

Average (0.9 à 1.1)
wopn

V4 (vibratory
compactor roller) 4 4 passes 0.30

3.3. Risks Factors Evaluation

The results of the oedometric test showed that the material I2 has An average oedometric modulus
of 10,045 kPa, a low compressibility index of 0.125 and a very low swelling index of 0.04, considering
that the contracting regulations in Morocco often require settlements of less than 10 cm in 25 years on
ordinary road embankments, an evaluation study of embankment settlements (in case of construction
with I2 materials) was carried out to determine the maximum height beyond which stability will be
questioned, the results make it possible to conclude that this material can be used for embankments
up to a height of 15 m respecting a minimum rate of compaction of 95% of γdr and a water content
close to wopn without any significant risk of instability. With an organic matter content well below
3% threshold required by the NF P11-300 standard, these releases are therefore far from the category
of organic materials, with the availability of deposits, the passage of this materials from the status
of waste to an alternative material can therefore be pronounced. This leads back to identifying and
evaluating the possible risk factors resulting from this study (Table 8).
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Table 8. Risk assessment.

Characteristics of the Material Risk Proposed Remedies

Limited mechanical strength
(presence of clay)

• Granulometric evolution
towards the fine fraction
(creation of fine elements
under the effect of
mechanical stresses which
can influence the
water resistance)

• settlement due to the collapse
of fine fraction

• swelling

respect the optimum conditions of
use

(in situ tests)

Presence of rock of different
petrographic origin

(heterogeneity)

• Settlement for high
embankments (>15m)

• (difference in drainage and
water permeability in
the embankment)

• Good identification
of deposits

• Representative sampling
• Rigorous control of

traceability and
homogenization of
storage process

• The use is limited to
embankments with heights
less than 15 m (otherwise,
special construction
arrangements for stability,
embankment base,
circulation and drainage of
water, variation of
permeability will
be required)

4. Conclusions

This study is the first of its kind consisting of a physicochemical, mineralogical, environmental
and geotechnical characterization of phosphate mine waste rocks. The main conclusions from the
laboratory and in situ trial tests to assess the potential use of these materials for road construction are
the following:

• The mechanical behavior of these materials depends essentially on their flintstone and clay content.
• The chemical and mineralogical composition and leaching tests on PMWR suggests that they are

chemically inert.
• The in situ full trial testing has defined the optimal compaction condition for the use of PMWR in

ordinary embankment construction (used in a wet way). It consists of a compaction energy of four
passes, a speed of a V4 vibratory roller compactor of 4 km/h and a thickness of the compacted
layers of 30 cm.

• Embankments up to 15 m height can be built with PMWR without any significant physical
instability risks. The respect of the constructive provisions is necessary.

Considering the results of the leaching tests, the organic content and geotechnical properties, the
PMWR can be assimilated to the category of conventional natural aggregates. The use of these materials
will have a very important impact on the preservation of the use of natural resources (avoiding the use
of borrowing materials) and the recycling of PMWR.

Even with an important level of heterogeneity linked to several scales: the extraction mode, the
storage method, and the petrography of the original rocks. It may be recommended that PMWRs be
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considered as alternative aggregates to be sorted according to a pre-defined zoning map in order to
simplify their reuse in civil engineering. The Moroccan guide for road (GMTR) should be updated to
allow PMWR to be classified as natural aggregates.
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Acronyms and Abbreviations

Corg Organic carbon content
LA Los Angeles abrasion value
MD Micro Deval value
TCLP Toxicity characteristic leaching procedure
XRD X-ray diffraction
PMWR Phosphate mine waste rocks
wopn Optimum water content of the standard Proctor test
CBR California bearing ratio
MBV Methylene blue value
ρs specific (particle) density
γdr reference dry density
OCDE Organisation de cooperation et de développement économiques
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Abstract: Recycling phosphogypsum (PG) for cemented paste backfill (CPB) has been widely used at
phosphate mines in China. However, the impurities in PG prolong the setting time and reduce the
uniaxial compressive strength (UCS), limiting the engineering application of PG. This paper aims to
investigate the feasibility of treated PG (TPG) washed repeatedly using deionised water (DW) for
CPB. A water-washing pre-experiment was first conducted to find the proportion with the least DW
demand and the effects of water-washing on ordinary PG (OPG). Then, based on the PG:DW ratio
obtained from the pre-experiment, the properties of the OPG-based CPB (OCPB) and TPG-based
CPB (TCPB) were tested using slump tests, UCS tests, and microstructural analysis. The results show
that (1) after 11 water-washings at the PG:DW ratio of 1:1.75, the pH of the supernatant (pH = 6.328)
meets the requirements of Chinese standard GB 8978-1996. (2) Water-washing improves the particle
gradation quality of PG and removes the soluble impurities adsorbed at the surface of PG crystals.
(3) The initial slump values of TCPB are 0.19–1.15 cm higher than that of OCPB, furthermore,
the diffusivity values of TCPB are better than the performance of OCPB, with 0.61–1.68 cm of
superiority. (4) The UCS values of TCPB are up to 0.838 MPa, 1.953 MPa, and 2.531 MPa, after curing
for 7, 14, and 28 days. These are 0.283 MPa, 0.823 MPa, and 0.881 MPa higher than that of OCPB,
respectively. It can be concluded that water-washing pre-treatment greatly improves the workability
and mechanical property of PG-based CPB. These results are of great value for creating a reliable and
environmentally superior alternative for the recycling of PG and for safer mining production.

Keywords: phosphogypsum; purification; water washing; waste recycle; cemented paste backfill

1. Introduction

Phosphogypsum (PG) is the main solid waste from the production of ammonium phosphate and
phosphoric acid raw materials. An industrial plant of phosphate fertilisers produces approximately
4–6 tonnes of PG for every ton of phosphoric acid produced. The total amount of PG produced up
to 2006 was estimated to be around 6 billion tonnes. The annual production of PG worldwide was
estimated to be around 160 million tonnes. The production of PG is increasing worldwide and could
reach 200–250 million tonnes within the next decade or two [1]. Normally, PG is mostly composed
of calcium sulphate dihydrate (CaSO4·2H2O) containing some impurities, such as phosphoric acid
(H3PO4), hydrofluoric acid (HF), heavy metals (Sr, Ba, Cu, Cd, etc.), and radioactive-elements (226Ra,
238U) [1,2]. Historically, PG was disposed of on the Earth’s surface, which not only wasted a lot
of resources, but also caused serious pollution of the atmosphere, soil, and water near the burial
locations [3–7].

Minerals 2019, 9, 175; doi:10.3390/min9030175 www.mdpi.com/journal/minerals114



Minerals 2019, 9, 175

The effective utilisation of PG as an industrial waste is closely related to the coordinated
development of natural resources, environment, and economy. However, because of the physical and
chemical characterisations of PG, strong acidity (pH < 3) and high moisture content, only about 15% of
PG has been reused in different fields such as soil stabilisation amendments, agricultural fertilisers,
as set controller in cement manufacture, and in building materials [8–11]. Recently, researchers [12–14]
have applied PG in cemented paste backfill (CPB) for use in underground mine stopes, which has
been approved as an economic, safe, and environmentally friendly technology. Specifically, CPB is an
engineered material created by the combination of different types of binders, tailings having different
physical characteristics and the water [15–19]. In addition, owing to its high content of CaSO4·2H2O,
which produces insoluble Ca3(PO4)2 and hinders the hydration process, ordinary PG (OPG) is a
typical cement retarder. Moreover, the impurities in OPG, such as HF and H3PO4, also prolong the
setting time and reduce the uniaxial compressive strength (UCS) of CPB. In this case, researchers have
suggested different methods to ensure the backfill quality of PG used as an alternative raw material
for application in CPB [16–24]. These include, for instance, substantially increasing the proportion of
ordinary Portland cement (OPC) in mixtures or adding other tailings, such as fly ash, waste lime and
zeolite, as the hydration activators. Romero-Hermida et al. [25] investigated the rheological properties
and microstructures of special lime putty prepared from PG. These methods decrease the setting time
and improve the mechanical property of PG-based CPB. However, the cost is greatly increased, which
substantially exceeds the resource capacity of (profitable) mining enterprises and limits the application
of PG.

Therefore, many researchers tried to remove or at least reduce the impurities in PG to guarantee
its safe use in the construction field. Taher [26] conducted a comparative study of PG with thermal
treatments at different temperatures in an attempt to purify PG and improve its performance as a
tailing. The results showed that thermal treatments can effectively improve the hydraulic properties of
Portland slag cement and the best hydraulic properties of Portland slag cement occurred when using
PG thermally treated at 800 ◦C. Singh [27] treated PG with aqueous citric acid solution, intending to
convert phosphatic and fluoride impurities into water-removable citrates, aluminates and ferrates.
The results of this study illustrated that the purified PG had less content of phosphates, fluorides and
organic matter compared with the untreated material. Mun et al. [28] used 0.5% milk of lime at 20 ◦C
to wash PG for 5 min (the ratio of PG:milk was 14%), after neutralisation treatment, the PG was dried
at 80 ◦C. In this study, the pre-treated PG was not only considered as an effective activator, but also
an impactful binder to granulated blast-furnace slag. Potgieter et al. [29] illustrated that treatment
with ammonium hydroxide or sulphuric acid was effective in reducing set retardation of PG-based
CPB. The above pre-treatment methods can remove the impurities in PG to different degrees, but the
properties of the prepared mixture are different due to the different mechanisms of the pre-treatment
methods. Meanwhile these methods are too complicated in the field for industrial practice. In this
research, thus, a pre-treatment method, water-washing, was proposed to remove impurities from PG.

The pre-treatment of adding water and separating supernatant and precipitate by centrifuge
is widely used as an effective and simple method of impurity removal in various industries.
Kamimura et al. [30] studied an efficient purification method for washing recovered fibre-reinforced
plastic monomer with water, which improved the hardness of recycled plastics and made them as hard
as polyester made from virgin materials. Slavinskaya [31] used water to remove organic and mineral
impurities at an industrial ion-exchange installation. Shuang et al. [32] investigated the possibility
of using deionised water (DW) to remove chloride ions for inexpensive ultra-pure TiCl4. Therefore,
as a simple and mild pre-treatment method for purification, water-washing has potential application
for PG-based CPB, especially considering that the CaSO4·2H2O in PG is slightly soluble in water
and most of the impurities, such as H3PO4, HF, and ammonium salt, are also soluble in water [33].
Cárdenas-Escudero et al. [34] demonstrated that the alkaline soda solution can effectively dissolve PG
and form the portlandite precipitation.
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In the present study, investigations were carried out to study the chemical and physical
optimisations of water-washing pre-treatment to PG for using as the raw materials in PG-based CPB.
A water-washing pre-experiment was firstly conducted to optimise the proportion of PG:DW recording
the total nitrogen (TN), chloride ion concentration (Cl), fluoride concentration (F), total phosphorus
(TP), conductance (Cond) and pH parameters of the supernatant liquid in each washing. Then,
scanning electron microscopy (SEM), X-ray diffraction (XRD) analysis, X-ray fluorescence (XRF)
analysis, and particle size tests were conducted. Secondly, the properties of OPG-based CPB (OCPB)
and treated PG (TPG)-based CPB (TCPB) were determined using slump tests, diffusivity tests,
UCS tests, and microstructural analysis. The flow chart of this work is shown in Figure 1.

 
Figure 1. Flow chart of the experiments.
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2. Materials and Methods

2.1. Raw Materials and Water-Washing Pre-Treatment

OPC 42.5R (similar to ASTM C150 Type I cement [35]) and OPG with moisture content of 18.26%,
natural density (wet) of 1.62 g/cm3, and dry density of 0.86 g/cm3 (heated for 24 h, 95 ± 5 ◦C), which
was obtained from a phosphoric acid factory named Western Chemical Co. Ltd., plant (Yichang,
China), were used in this work. The physical properties and chemical compositions of OPC and
OPG are shown in Tables 1 and 2, respectively, and the particle size distribution of OPG and OPC are
shown in Figure 2, the data were provided using a laser particle size tester (Master Sizer 2000, Malvern
Instruments Ltd., Malvern, UK). As stated above, the main components of OPG are SO3 (41.504%) and
CaO (44.897%), with a small amount of P2O5 (1.224%) and F (0.817%). The particle size of OPG ranges
from 0.710 μm to 255.53 μm and the mean particle size (D50) is 58.329 μm. In addition, the water used
in the washing pre-treatment was DW (produced by Solar-bio Co. Ltd., Beijing, China) to avoid the
effects of ions, while the water used in the hydration of OCPB and TCPB was ordinary distilled water.

Table 1. Chemical compositions of ordinary Portland cement (OPC) and ordinary phosphogypsum (OPG).

Chemical Composition (%) OPC OPG

Na2O 0.090 0.150
MgO 1.840 0.111
Al2O3 4.420 0.782
SiO2 17.94 5.730
P2O5 0.215 1.224
SO3 3.400 41.504
Cl 0.022 -

K2O 0.671 0.674
CaO 60.850 44.897
TiO2 0.307 0.648
V2O5 0.040 -
Cr2O3 0.025 -
MnO 0.265 -
Fe2O3 3.814 3.208
CuO 0.015 -
ZnO 0.043 -
Rb2O 0.003 -
SrO 0.067 0.142

ZrO2 0.010 -
BaO 0.034 0.113

F - 0.817
Loss 5.929 -

Table 2. Physical properties of OPC and OPG.

Physical Properties OPC OPG

SSA (m2/g) 1.690 0.324
D [4,3] (μm) 24.449 69.935
D10 (μm) 1.426 13.176
D50 (μm) 14.641 58.329
D90 (μm) 64.392 146.589

Dd<20 μm (%) 57.84 81.78
Moisture content (%) - 18.26

Natural density (g/cm3) 2.94 1.62
Dry density (g/cm3) - 0.86
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Figure 2. Particle size distribution of OPG and OPC.

In this study, eight PG:DW ratios were used in the pretreatment, ranging from 0.4 to 2.0. The PG
measure was wet weighed before mixing with DW of certain qualities according to Table 3 and then
artificially stirred for 5 min in a steel blender (TD5M low-speed desktop centrifuge, produced by
Shanghai Lu Xiangyi Centrifuge Instrument Co. Ltd., Shanghai, China), subsequently, the uniformly
mixed materials were centrifuged for 20 min at 300 r/min. According to the Chinese standard of surface
water environmental quality [36], the fifth-class surface water (suitable for agricultural water and
water for general landscapes, etc.) is guaranteed because the content of TP, TN, F are less than 0.4, 2.0,
1.5 mg/L. Besides, in central drinking water surface, the content of Cl in the discharged water should
be less than 250 mg/L. Therefore, after centrifugation, the supernatant was taken out to determine
the pH and Cond using a multiparameter analyser (produced by INESA, DZS-708L multiparameter
controller), ionic electrodes (produced by INESA, BestLab water pH composite electrode), and a
conductance electrode (produced by INESA, DJS-10C conductance electrode). The washing process
was repeated until the pH of supernatant fully met the requirements of Chinese standard (pH > 6) [37].
The measured supernatant was collected in plastic sealed cups and kept at 25 ± 2 ◦C using a thermostat.
The content of F and Cl were tested using the same multiparameter analyser and other ionic electrodes
produced by INESA (PF-202-C fluorine ion composite electrode, PCL-1-01 chloride ion electrode).
The values of TP and TN were determined using a water quality measurement instrument (5B-6C-V8,
produced by Lianhua Science and Technology Co. Ltd., Beijing, China). The electrodes were washed
with DW after each measurement.

Table 3. Mix proportions of OPG samples.

No.
Weight of OPG

DW (g) PG:DW Number of Washes Total DW (g)
Wet (g) Dry (g)

A 1000.00 817.40 226.10 1:0.50 79 17,861.90
B 1000.00 817.40 430.45 1:0.75 46 19,800.70
C 1000.00 817.40 634.80 1:1.00 37 23,487.60
D 1000.00 817.40 839.15 1:1.25 28 23,496.20
E 1000.00 817.40 1043.50 1:1.50 19 19,826.50
F 1000.00 817.40 1247.85 1:1.75 11 13,726.35
G 1000.00 817.40 1452.20 1:2.00 10 14,522.00
H 1000.00 817.40 1860.90 1:2.50 8 14,887.20

2.2. Mix Proportions and Cemented Paste Backfill (CPB) Preparation Process

As shown in Table 4, there were 12 different mix-proportions of PG-based CPB with all materials
being calculated by mass percent. In accordance with the above proportions, all solid materials were
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weighed and mixed in the planetary mixer for 30 s before adding water. In addition, when weighing
the raw materials, PG was considered as dry mass by subtracting the water content. After that,
raw materials were stirred homogeneously for 5 min and the premixed mixture was casted into plastic
cylindrical moulds [38] (diameter of 5 cm and height of 10 cm). After 24 h of hydration, specimens
were taken out of the moulds and moved into a standard chamber with constant temperature and
humidity (25 ± 2 ◦C and 90 ± 5%, respectively).

Table 4. Mix proportions of PG-based cemented paste backfill (CPB).

No. OPC OPG (Dry) TPG (Dry) Water Water/Solid Water/Cement

1-OPG 8.57% 62.92% - 28.51% 0.67 3.33
2-OPG 8.86% 65.01% - 26.13% 0.61 2.95
3-OPG 6.67% 65.25% - 28.09% 0.67 4.21
4-OPG 6.89% 67.42% - 25.69% 0.61 3.73
5-OPG 5.45% 66.73% - 27.82% 0.67 5.10
6-OPG 5.64% 68.95% - 25.41% 0.61 4.51
1-TPG 8.57% - 62.92% 28.51% 0.67 3.33
2-TPG 8.86% - 65.01% 26.13% 0.61 2.95
3-TPG 6.67% - 65.25% 28.09% 0.67 4.21
4-TPG 6.89% - 67.42% 25.69% 0.61 3.73
5-TPG 5.45% - 66.73% 27.82% 0.67 5.10
6-TPG 5.64% - 68.95% 25.41% 0.61 4.51

2.3. Test Methods

2.3.1. Test of X-ray Fluorescence (XRF)

Elemental analysis was carried out on a Bruker S4 Pioneer XRF analyser (Bruker, Billerica, MA,
USA) and the samples were processed by the conventional pressing plate method. The samples were
first ground into powder by a grinder, after which they were heated in an oven at 45 ± 5 ◦C for 24 h.
Then, 2 g of the processed sample was accurately weighed and blended well with 2 g of boric acid in
an agate mixture. Next, the mixed powder was loaded into a die and compacted (60 s at 40 t pressure)
into a circular plate with a diameter of 32 mm and an outer diameter of 40 mm using the boric acid to
pad the bottom edge. Samples were labelled and preserved in a dry and pollution-free environment
after pressing and then analysed using full quantitative analysis without standard samples.

2.3.2. Test of Abrams Cone

Much of the research was to determine if the CPB mixture with a slump value over 170 mm
could be successfully transported underground by backfill pumps [39–41]. Therefore, in this study,
trial slump tests [9] were conducted to make sure that the slump values of the OCPB and TCPB mixtures
were greater than 170 mm. The preparation of materials and the test process were in accordance with
the standard test method for slump [42]. The premixed mixture was casted into a conical mould (the
top diameter of 10 cm, the bottom diameter of 20 cm and height of 30 cm) with a plate glass at the
bottom. After that, the conical mould was lifted about 10 cm and the previously constrained mixture
slurry flowed down freely. The values were measured diagonally and vertically when the mixture
stopped flowing and the result was determined by the average of two repeated experiments.

2.3.3. Test of Uniaxial Compressive Strength (UCS)

As a widely used detection mean of the mechanical properties of CPB for exploring an efficient
mix design and reaching a higher performance in underground mining structures [43], the standard
UCS tests were carried out in this study. For each ratio, there were three corresponding specimens.
The UCS tests were carried out according to the ASTM Standard C39 C39M-2014a [44]. After curing
for 7, 14, or 28 days, the specimens were subjected to unconfined compressive strength tests using an
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anti-bending machine (23 MTS Insight, MTS Systems Co. Ltd., Eden Prairie, MN, USA) with 30 kN
loading capability at a displacement rate of 0.1 mm/min. Each test was performed in triplicate and the
mean value was used for further analysis.

2.3.4. Microstructural Analysis

After the UCS tests, samples were taken from the broken surfaces and then immersed in plastic
bottles of acetone solvent in order to terminate the hydration, which bottles were then sealed. Then,
superfluous solution was removed using a vacuum filter after 24 h of immersion. The treated
samples were studied using a JSM-6490LV scanning electron microscope (JEOL Ltd., Beijing, China).
XRD analysis of the samples was performed using an X-ray diffractometer (D8 Advance, Bruker,
Karlsruhe, Germany) with CuKα radiation and Ni filter. The XRD patterns were appraised using the
references in the PDF-2 data base (PDF-2 International Centre for Diffraction Data, Newtown Square,
PA, USA).

3. Results and Discussion

3.1. Effect of Washing Pre-Treatment on Phosphogypsum (PG)

3.1.1. Changes of pH, Conductivity and Values of the Ions in the Supernatant

Table 3 shows the number of water-washing pre-treatments required for different PG:DW
proportions. With increase of the PG:DW ratio, the number of washings required increases from 8 to
79. However, the amount of DW required increases to a peak at the PG:DW ratio of 1:1.25 (23,496.20 g);
then drops to a bottom at the ratio of 1:1.75 (13,726.35 g). Finally it rises back to 14,887.20 g at the
smallest ratio of 1:2.50. Moreover, as is shown in Figure 3a, the Cond values of the different proportions
are stable at about 2.00 with increase in the number of washings. After several times of centrifugation,
the ions dissolved in water are separated from the PG mixture into the supernatant. This means
that stable conductivity is regarded as a sign of the successful washout of soluble impurities in the
PG. As regards the changes in pH of the supernatant, Figure 3b shows the variation curves for the
different proportions and shows that all the values increase greatly in the first several washings;
then the pace of change gradually slows down. This means that in the early stage of the washing
process, large quantities of soluble acidic substances in the PG are dissolved in the liquid phase and the
conclusion is also consistent with the conductivity of the supernatant. Therefore, taking the amount of
DW into consideration, the PG was washed 11 times using DW with PG:DW value of 1:1.75, for use in
subsequent experiments.

Figure 4 shows the changes in the dissolved ion concentration in the supernatant with the number
of water-washing pre-treatments. At the PG:DW value of 1:1.75, the principal axis demonstrates
the content of TN, F and Cl, and the ordinate axis shows the content of TP. After being washed
and centrifuged once, the contents of TP, TN and Cl in the supernatant were 5943.78, 23.23 and
264.33 mg/L, respectively. With an increase in the number of washings, the values of TP, TN, and Cl
decrease continuously to 10.33, 0.19, and 10.45 mg/L. In contrast, for the first three times, the value of
F increases from 30.22 to 52.30 mg/L; then gradually decreases to 12.19 mg/L. The possible reason
for the obvious increase in F content is that soluble F mainly occurs in the form of sodium fluoride
(NaF) compounds in PG. Meanwhile, as a weak acid, the hydrogen and F ions in the solution form
HF only in the highly acidic liquid phase. Therefore, during the initial washing processes, it was easy
for the F compounds, which are sparingly soluble in water, to combine with H ions to form HF in the
strong acidic liquid phase, thereby causing an increase in the concentration of F in the supernatant.
With increase in pH values, the fluoride ions dissolved in the liquid phase were discharged with the
supernatant, thus the F-content decreases gradually. Although the content of TN, TP, F, and Cl has
eventually decreased after repeated water-washing pre-treatment, the figures are still higher than the
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standard for direct emission, so the polluted water needs to be put into the sewage treatment plant for
further purify as the recycled-water for the concentrator [45].

Figure 3. Cond (a) and pH (b) values of the supernatant.

Figure 4. Values of the ion concentration in the supernatant.

121



Minerals 2019, 9, 175

3.1.2. Analysis of XRF

As shown in Tables 1 and 5, CaO, SO3, and SiO2 are both the main components of OPG and TPG.
After the water-washing pre-treatment, the content of CaO and SO3 in TPG are slightly increased,
while the other chemical components decreased relatively. Among them, the content of Fe2O3 exhibited
the greatest reduction, from 3.208% to 0.663%, which indicates the partial loss of Fe during filtration of
the supernatants. Moreover, the content of the impurity P2O5 obviously also decreased, from 1.224%
to 0.714%. In addition, the impurity MgO was hardly detected in TPG (0.005%), for which the possible
reason is that all the MgO exists in PG in the form of water-soluble Mg compounds. The content
of the impurities SiO and F in PG showed a modest decrease, while the content of other impurity
elements in PG, such as Sr, Ti, and Ba, changed little, suggesting that these were insoluble in water.
Therefore, the water-washing pre-treatment can effectively remove some of the soluble compounds in
PG, whereas other impurities that are insoluble will likely be difficult to remove.

Table 5. Chemical compositions of TPG.

Chemical Composition (%) Na2O MgO Al2O3 SiO2 P2O5 SO3 K2O

TPG 0.065 0.005 0.300 5.194 0.714 45.014 0.298

Chemical Composition (%) CaO TiO2 Fe2O3 SrO BaO F Loss

TPG 46.526 0.526 0.663 0.067 0.096 0.532 -

3.1.3. Analysis of Scanning Electron Microscopy (SEM)

Microstructures of OPG and TPG are shown in Figure 5. The crystal grains of OPG and TPG
are both rhombic plate particles, which indicates that washing does not change the grain shape of
PG. Figure 5a shows that the grain size distribution of OPG was irregular with a lot of small crystals
adsorbed on the surface of PG crystal resulting in rough areas of the crystal surface. From Figure 5b,
it can be seen that TPG has better surface smoothness with only a small part flocculent crystal but most
were columnar and rhombic plates. Apparently, the crystalline form of TPG is better than OPG, with a
more complete grain. Besides, although the materials have been washed several times, the particle
morphology of TPG is mostly maintained, with a majority of water-soluble impurities removed from
the surface of PG.

 

(b) 
(a) 

Figure 5. Scanning electron microscope (SEM) images of the OPG (a) and the TPG (b).

3.1.4. Analysis of the Particle Size

Table 2, Table 6, and Figure 6 illustrate the particle size of OPG and TPG. The particle size of TPG
is obviously smaller, and ranges from 0.0796 μm to 251.785 μm. It is clear that the specific surface
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area (SSA) and mean-volume diameter (D [4,3]) of PG decreased from 0.324 to 0.277 m2/g and from
69.935 μm to 66.801 μm, respectively, after water-washing pre-treatment. The particle size fitting
formulas of OPG and TPG are shown in Equations (1) and (2).

C =
(
1.54224013 × 10−6)x3 +

(−2.97030817 × 10−3)x2 + 1.03958678x − 0.24821556
(

R2 = 0.99881838
)

(1)

C =
(
2.63095018 × 10−6)x3 +

(−3.12349930 × 10−3)x2 + 1.0208419x − 0.80246342
(

R2 = 0.99776654
)

(2)

Table 6. Particle size characters of TPG.

Physical Properties SSA (m2/g) D [4,3] (μm) D10 (μm) D50 (μm) D90 (μm) Dd<20 μm (%)

TPG 0.277 66.801 9.265 57.593 133.816 84.91

Figure 6. Particle size curve and Fuller ideal curve (FIC) of OPG (a) and TPG (b).

According to the maximum density curve theory proposed by W.B. Fuller et al. [46,47] and
Yao [48], it is considered that the closer the tailings gradation curve is to a parabola, the smaller the
void between particles and the maximum density. This is mainly used to describe a particle size
distribution with continuous gradation. The equation of the Fuller ideal curve (FIC) gradation theory
is as follows:

Pi = 100(
xi

Dmax
)0.5 (3)

where xi is the particle size of grade i tailings (mm), Dmax is the maximum particle size of tailings
(mm) and Pi is the passing rate of xi particles (%). In order to analyse qualitatively the particle size
differences of TPG and OPG, the results were calculated using Equation (4) and the curves are shown
in Figure 6a,b. The gradation curves of OPG and TPG both obviously deviate from the FIC. Therefore,
to study further the influence of water-washing pre-treatment on the gradation of OPG, the area of
the tailing’s gradation curve deviating from the FIC was used to express the effect; the bigger the
deviation area is, the worse the gradation of the raw material is. The area values were calculated using
the following equation:

Ad = 100
∫ b

a
[f(x)− Pi(x)]dx (4)

where Ad is the area of tailings gradation curve deviating from ideal Fuller curve, a is the smallest
particle size of the raw material and b is the largest particle size of the raw material. The values of
Ad are shown in Figure 6, which illustrates that water washing can effectively optimise the particle
size gradation with a difference value of 205.1896. Thus, the particle size distribution of PG can be
obviously optimised by water-washing pre-treatment, which is closely related to the improvement of
UCS values.
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3.1.5. Analysis of X-ray Diffraction (XRD)

The results from investigating the purification of PG by washing repeatedly with DW are shown
in Figure 7 (XRD patterns of the OPG and the TPG). The mineral phases of the TPG determined
from the XRD patterns were CaSO4·2H2O, CaSO4·0.5H2O, CaSO4, and SiO2. In the case of OPG,
CaSO4·0.5H2O, and CaSO4 were undetected. Obviously, the main mineral phases in the OPG and
TPG were both CaSO4·2H2O and SiO2, However, after being treated, CaSO4·2H2O in OPG changed
to CaSO4·0.5H2O and CaSO4, resulting in a decline in the content of CaSO4·2H2O from 98.36% to
83.65%. The reaction equations [49,50], which generally go through the process of dissolution and
recrystallisation, are as follows. The equilibrium of Equation (5) is susceptible to the influence of ions
in liquid phase and to temperature, which trends to the right side with increasing concentration of
H3PO4, H2SO4, and temperature. Therefore, the presence of phosphate compounds in PG, which form
H3PO4 in the liquid phase, is one possible factor for the appearance of CaSO4·0.5H2O in the TPG.
However, the crystals of CaSO4·0.5H2O are metastable and direct dehydration of CaSO4·2H2O can
form CaSO4.

CaSO4·2H2O � Ca2+ + SO4
2− + 2H2O � CaSO4·0.5H2O + 1.5H2O (5)

CaSO4·2H2O � Ca2+ + SO4
2− + 2H2O � CaSO4 + 2H2O (6)

2CaSO4·0.5H2O � 2CaSO4 + H2O (7)

 
Figure 7. X-ray diffraction (XRD) patterns of OPG and TPG.

3.2. The Workability of PG-Based CPB

In order to analyse the effect of water-washing pre-treatment on the initial and 30 min aging
workability of PG-based CPB to obtain relatively qualified workability values, slump and diffusivity
tests were carried out. The results of the workability tests of OCPB and TCPB are demonstrated in
Figure 8a,b, respectively. The results show that water-washing pre-treatment can obviously optimise
the workability of TCPB mixture, furthermore, the slump and diffusivity performances for 30 min
of TCPB mixture are still better than that of OCPB regardless of the content of PG, although the
rules for increasing the slump and fluidity of the mixtures with different concentrations vary slightly.
With an increase of the PG content, the effect from optimisation is more obvious and is at maximum at
mix-proportion 6, where the figure for TCPB is 104.5% of OCPB. Meanwhile, the trend is more evident
in the mixtures after aging for 30 min, despite the fact that the ratio remains at 104.0%. As regards
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the values for fluidity of tailings, the initial TCPB mixtures have greater liquidity, compared with
the OCPB mixtures, especially at mix-proportion 5, the fluidity of initial and 30m in hydration TCPB
tailings are both 102.5% of OCPB.

Figure 8. Workability of the mixtures with OPG and TPG. (a) Values of slump; (b) values of fluidity.

3.3. The UCS of PG-Based CPB

Compressive strength is one of the most important factors used to measure the quality of backfill.
According to the previous publications, the required static strength of CPB curing for 28 days without
exposures is arbitrarily selected at 0.2 MPa [51,52]. Besides, much of the research [24] on backfill tailings
have determined that mixtures with PG have little strength in 7 days, but that the strength increases
rapidly in the middle and later stages. In addition, studies [7,14] of receiver biases suggest that the
required strength of PG-based CPB is about 1 MPa at 28 days curing time. Figure 9 summarises the
evolution of the UCS values for the OCPB and TCPB samples which all increase with curing age, despite
that the growth rate varies with different stages. The 7 days UCS of OCPB is only 0.140–0.555 MPa,
however, the value of UCS increases significantly with increase of the mass concentration and cement
content: eventually it reaches 0.499–1.111 MPa. Although the general rule for UCS growth is also
applied to the evolution of TCPB, the UCS of TCPB is much greater than that of OCPB under the same
mix proportion. The 7 days UCS of TCPB is from 0.482 MPa to 0.838 MPa. At 14 days, the strength
values are from 0.710 MPa to 1.100 MPa and the values at 28 days climbed to the maximum range
0.825–2.531 MPa.

The ratios of 7, 14, and 28 days UCS values of OCPB/TCPB is shown in Figure 10. It can be
seen that the ratio of 7 days UCS ranges from 28.9% to 67.3%, then the ratio gradually stabilises at
nearly 65.5% with increase of the curing age. Furthermore, the ratio of mix-proportion four remains
near 70%. One of the possible factors associated with this phenomenon is the cementitious activity
of PG, which can replace OPC under certain conditions of alkaline activation. One of the possible
factors [53] associated with the stronger retarding phenomena of the OCPB is the soluble phosphate
in the OPG that reacted with Ca2+ ions and formed a thin film covering the cement clinker particles,
which slowed down the early hydration process of the OPC. However, the film is broken with the
hydration proceeds, and the later strength development will not be deteriorated. Therefore, according
to the XRF results, soluble phosphorus in OPG separated from PG crystal with water-washing, as a
result, this deterioration of mechanical properties of PG-based CPB was weakened. However, with the
hydration reaction, the film in PG-based CPB is broken, and the 14 and 28 days UCS values of OCPB
increase rapidly.
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Figure 9. Uniaxial compressive strength (UCS) comparison of OPG-based CPB (OCPB) and treated PG
(TPG)-based CPB (TCPB).

Figure 10. Growth rate ratio of OCPB and TCPB at (a) 7 days, (b) 14 days, and (c) 28 days.

In order to investigate the influence of OPG and TPG on strength growth of PG-based CPB in
different curing ages, the strength growth rates of OCPB and TCPB at 0–7 days, 7—14 days and
14—28 days were calculated, using the 28 days UCS value of each sample as the final strength of
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this study, the ratios of UCS growth values in 0–7 days, 7–14 days and 14–28 days to final strength
are shown in Figure 11. It can be summarised that the UCS values of OCPB increased slowly at the
early ages of hydration, ranging from 27.96% to 42.55%, and rapidly in the later stage, which strongly
confirms the analysis of the soluble phosphate’s influence as noted above. By contrast, the values of
TCPB all grew rapidly at the period of 0–7 days, ranging from 33.11% to 58.42%, and then gradually
increased at the period of 7–28 days, which indicates that the strength formation of TCPB was mainly
at 0–7 days. Therefore, water-washing pre-treatment can greatly reduce the retarding effect of PG on
cement hydration in the early stage, however, with the hydration reaction, the mechanical property
of PG-based CPB is still mainly determined by the mass concentration of mixture and the content
of cement.

Figure 11. Growth rate ratio of UCS values of (a) OCPB, and (b) TCPB at different ages.

3.4. Microstructures of CPB

Figure 12 shows XRD patterns for the OCPB and TCPB (mix-proportion 3-OPG and 3-TPG) after
7, 14, and 28 days, the detected mineral phases are mainly CaSO4·2H2O, AFt, and SiO2. The probable
reason that calcium silicate hydrate gel (C-S-H) cannot be detected in the XRD patterns is its amorphous
or non-crystal micromorphology. As regards the Ca(OH)2, this can react with the impurities of PG,
making the diffraction peak difficult to distinguish (compared with the main diffraction peaks).
The reaction Equations are as follows [54]:

P2O5 + 3Ca(OH)2 → Ca3(PO4)2 ↓ + 3H2O (8)

2NaF + Ca(OH)2 → CaF2 ↓ + 2NaOH (9)

Based on the characteristic peaks of CaSO4·2H2O, it can be concluded that the content of
CaSO4·2H2O both decreases gradually with the hydration of these two hydration systems. What’s
more, compared with OCPB, the 7 days diffraction peaks of CaSO4·2H2O in TCPB are not that strong
in the XRD patterns illustrating that substantial CaSO4·2H2O participates in the hydration system.
However, as regards the 14, and 28 days diffraction peaks of CaSO4·2H2O, TCPB are slightly stronger
which may be associated with the inhibition effect of alkaline environment. A previous study [55]
demonstrates that the hydration of CaSO4·0.5H2O and CaSO4·2H2O is inhibited by alkali, while a
great quantity of acidic substances in TPG have been discharged with several water-washings that
increased alkalinity of liquid phase in TCPB. Even so, the 7, 14, and 28 days diffraction peaks of AFt in
TCPB were all greater than that of OCPB, which indicates that there were more hydration products and
higher hydration degree in TCPB. Meanwhile, it can be observed that the 14, and 28 days characteristic
peaks of Aft in OCPB increase significantly which further proves the disciplines of formation and
destruction of the film, with the increase of curing time, the film in OCPB breaks and the hydration
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reaction continues. That is to say, water-washing pre-treatment can effectively enhance the composition
of hydration products of PG-based CPB and stimulate the formation of AFt in early ages.

Figure 12. XRD patterns of OCPB and TCPB.

Subsequently, Figure 13 shows SEM images of the samples (Mix-proportion 3-OPG and 3-TPG)
at different curing ages: left (Figure 13a,d) shows the morphology of specimens at 7 days, in the
middle (Figure 13b,e) are specimens at 14 days, and on the right (Figure 13c,f) are at 28 days. These
hydration products are needles, rods, or flocculants, among them, the needle or rod-like substances are
ettringite (AFt). The floc material is CSH and covers the surfaces of the CaSO4·2H2O crystal particles.
By comparing Figure 13a–c with Figure 13d–f, it can be seen that the microstructure of hydration
products of TCPB was better developed than OCPB at any curing time. As shown in Figure 13a, after
7 days of hydration, the prismatic and slab-like PG crystals in OCPB remained visible, even within
image of 14 days. Besides, the impurities absorbed on PG crystal surface nearly gone and small amount
of relatively tiny AFt was produced in the pores between the hydration products and CaSO4·2H2O
crystals. By contrast, from Figure 13d, although the pores of TCPB were not filled with hydration
products, the microstructure was more compact with plenty of hydration products generating on
the surface of PG particles. Figure 13c,f presents that a great deal of C-S-H gel both generated in
OCPB and TCPB illustrating that the retarding effect of OPG decreased gradually with the hydration,
while in OCPB, the generated C-S-H gel was much slenderer with huge pore size. Therefore, it can be
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concluded that water-washing pre-treatment can effectively improve the microstructure of PG-based
CPB by promoting the early hydration reaction and optimising the porosity of hydration system which
improves the mechanical properties.

Figure 13. SEM images of OCPB samples with (a) 7 days, (b) 14 days, and (c) 28 days curing age and
TCPB samples with (d) 7 days, (e) 14 days, and (f) 28 days curing age.

4. Conclusions

This study investigated the feasibility of water-washing to pre-treat PG, aimed to improve the
filling performance of PG-based CPB. Based on the considerable experimental results, the following
conclusions were summarized as follows:

1. During the water-washing pretreatment, a certain number of soluble impurities on the surface of
PG crystals could be removed by water-washing, and the morphology and size of the PG crystals
were slightly optimized for CPB.

2. The water-washing pretreatment effectively improved the transport mobility and efficiency of the
TCPB mixtures. The workability of the TCPB mixtures were greater than that of OCPB, which is
beneficial to transport the TCPB to the stopes underground.

3. Moreover, because of the purification by water-washing, the impurities, which greatly hamper the
hydration process, were separated from the OPG. The UCS value of TCPB was up to 2.45 times
higher than that of OCPB samples. It can be concluded that the figures for TCPB increase
significantly from stages of 0 to 7 days, and the purification capacity of water-washing by
enhance the early UCS growth rate.

4. With the water-washing pretreatment, the diffraction peaks of AFt in the hydration system were
also enhanced, although the diffraction peaks of some other hydration products were not found
in the mineral phase due to the high PG content.
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Abstract: In this study, the durability of phosphogypsum (PG)-based cemented backfill was
investigated by drying-wetting cycles to explore deterioration of its strength and the release of
impurities. The leachates in this test were composed of deionized water, 5% Na2SO4 solution, 5% NaCl
solution, and a range of sulfuric acid solutions with pH values of 1.5, 3, and 5. After drying-wetting
cycles, unconfined compressive strength (UCS), visual deterioration, porosity, microstructure and
concentrations of phosphate and fluoride in the leachates were measured. The results showed that
both saline and acidic solutions could lead to strength reduction of PG-based cemented backfill under
different deterioration mechanisms. The mechanical damage of salinity was caused by micro-cracking
and degradation of C–S–H. However, the H+ broke the backfill by dissolving hydration products,
leaving the conjunctures between PG particles weakened. Furthermore, the environmental impact
was investigated by measuring the concentration of phosphate and fluoride in the leachates. In acidic
solutions, the release of phosphate and fluoride was greatly enhanced by H+. Compared to the
great strength deterioration in saline leachates, the concentration of phosphate and fluoride were
similar to that of deionized water, indicating that saline solutions had little impact on the release of
hazardous impurities.

Keywords: drying-wetting cycles; durability; cemented phosphogypsum backfill; unconfined
compressive strength; environment behavior

1. Introduction

A large number of cavities can be caused by the extraction of underground phosphate ore resources.
Mining and industrial waste are often applied to fill the cavity of mines for the reduction of surface
subsidence, increase of resource recovery and minimization of waste pollution [1–6]. Phosphogypsum
(PG), as the main by-product of the phosphate fertilizer industry, mainly consists of CaSO4·2H2O and
some impurities. Previous studies have demonstrated the feasibility of recycling PG as a backfilling
aggregate from both an engineering and environmental perspective [7,8]. In the PG-based backfill
process, the slurry, consisting of PG, a hydraulic binder and water, has good pumping performance.
When a PG-based backfill is refilled into cavities, the hardened structure of the backfill can provide
early and cured strength [7,9].

Previous studies concentrate on the effect of raw materials (aggregate, binder, and water) on the
cemented backfill process. However, after emplacement, the backfill is probably subject to unfavorable
conditions during its long-term underground storage. Studies have shown that cementitious products
can be damaged by high levels of salinity and acidity, leading to the expansion, cracking and even
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fracture of the hardened structure [10,11]. In the cement industry, factors affecting the evolution of
mechanical properties have been extensively investigated. Firstly, sulfate attack is considered as an
important factor influencing the mechanical performance of cemented materials due to the formation
of gypsum and ettringite [11–15]. Expansive ettringite results in volume expansion and eventual
cracks [16]. The expansion of secondary products can accelerate deterioration of the structure via
penetration of harmful ions through the cracks [13,17]. Besides, chloride can affect the durability of
the cement structure by converting hydration products into Friedel’s salt [18,19]. Liu et al. concluded
that an increase in chloride concentration has a detrimental influence on the unconfined compressive
strength (UCS) of stabilized soil [19]. Furthermore, low pH can affect C–S–H by changing the C/S
ratio [20]. Studies have shown that under the action of acid rain, backfill structures may be damaged or
even completely collapse due to deterioration of cementitious materials [21]. However, the durability
performance of backfill has not been clearly studied under various saline and acidic conditions. The
mechanical properties of backfill are closely related to the safety of mining operations. Hence, the
mechanical properties of backfill exposed to chemical erosion should be evaluated systematically.

As a typical solidification/stabilization (s/s) process, cemented backfill technology can effectively
immobilize the impurities in PG, alleviating environmental pollution [22]. In the cement-based
s/s process, chemical adsorption and physical adsorption are primary fixation mechanisms [23].
Chemical adsorption refers to the chemical precipitation of low solubility species, and usually occurs
with high pH values [23]. Besides, impurities are physically encapsulated by hydration products,
such as C–S–H. Although impurities can be stabilized by cementitious products, it is worth noting
that cement-based solidified/stabilized impurities are vulnerable to external physical and chemical
degradation processes [24,25]. A previous study has pointed out that high NaCl content can increase
the leachability of hazardous components in stabilized soil [19]. Similarly, leaching of toxic impurities
from cement-stabilized soil increases noticeably in an acidic environment [25]. However, studies on
the leaching of hazardous impurities from PG-based backfill are still limited [7,22]. Therefore, research
on the dynamics of impurities in backfill should be conducted under unfavorable conditions.

This study aimed to experimentally analyze the durability and environmental risks of PG-based
backfill. Hydro-mechanical fatigue was used to accelerate the aging of cemented PG-based backfill.
As a common method for durability analysis, a drying-wetting test was conducted in this study.
Changes in the mechanical strength and pollutant contents in leachates were the main research themes.
To this end, PG-based backfill specimens with a curing age of 120 d were exposed to different solutions
(deionized water, 5% Na2SO4 solution, 5% NaCl solution, and a range of acidic solutions with pH
values of 1.5, 3, and 5). Samples were then taken after 1, 3, 5, 10, 15, 21 and 30 drying-wetting
cycles. Then, the physical, mechanical and microstructural properties were evaluated, including the
UCS, morphology, mass, porosity, and microstructure. Simultaneously, the pH fluctuation and the
concentration of phosphate and fluoride in the leachates were measured and analyzed.

2. Materials and methods

2.1. Raw Material and the Preparation of Backfill Specimens

The experimental PG and binder were purchased from Guizhou Kailin (Group) Co., Ltd., Guiyang,
China. The composite binder was produced in mines by mixing and grinding yellow phosphorous
slag, calcareous material and cement clinker at a ratio of 6:1:3 [26]. The particle size distributions of the
PG and binder were determined by using a particle size analyzer (Mastersizer 2000, Malvern, Malvern,
UK), the results of which are shown in Figure 1. The coefficient of uniformity (Cu) and coefficient of
curvature (Cc) were used to assess the distribution of particle size in the PG, as shown in Table 1. When
PG is used as an aggregate of backfill, the smaller particle size of PG may result in lower strength than
typical mine backfill [8]. The specific gravity values of the PG and binder used in this study were
2.35 and 3.21, respectively. The chemical compositions of the PG and binder were measured by X-ray
fluorescence (S4 Pioneer, Bruker, Germany), with the results shown in Table 1.
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Figure 1. Particle size distributions of the phosphogypsum and binder.

Table 1. Chemical compositions and physical characteristics of the phosphogypsum and binder.

Chemical Composition
PG Binder

% %

SiO2 1.7 23.4
Fe2O3 0.3 2.6
CaO 35.9 54.4
MgO 0.1 1.7
SO3 50.8 5.5

P2O5 2.6 1.7
Na2O 0.1 1.3
K2O 0.1 0.9
TiO2 0.1 0.5

Physical Characteristic

D10 (μm) 17.51 6.31
D30 (μm) 42.79 13.56
D60 (μm) 92.05 29.18

Cu = D60/D10 5.26
Cc = D30

2/(D60 × D10) 1.14
Specific gravity 2.35 3.21

PG, binder and deionized water (at a ratio of 4:1:5 by weight fraction) were mixed at a rotating
speed of 200 rpm for 30 min. The backfill slurry had a solid concentration of 50% and a binder dosage
of 20%. Compared to the 3~7% of binder used for common cemented paste backfill [7], a high binder
percentage was adopted in this study (20%), which was rationalized as follows: Firstly, the high content
of acid and sulfate in the PG could have led to a higher demand for binder. Secondly, a reduction in the
strength of the cemented materials could have resulted from a lower specific area and lower hydraulic
activity of the binder, and poor design, etc. Therefore, a high binder content was adopted in this study
to ensure the performance of the PG-based backfill. The apparent viscosity of the slurry was 460 mPa·s,
measured by a digital viscometer (NDJ-9S, Fangrui, China). Then, the homogeneous backfill slurry was
cast into a plastic mold of dimensions 40 mm × 40 mm × 40 mm. After the initial setting, specimens
were coded and placed in a chamber at a temperature of 20 ± 1 ◦C and a humidity of 95 ± 1%.

2.2. Drying-Wetting Test

A drying-wetting test was adopted to accelerate the deterioration of the PG-based backfill
specimens. To reduce the hydration effect on degradation, the drying-wetting test was conducted after
120 d of curing, as shown in Figure 2. Extremely high salinity and acidity were chosen to accelerate
the degradation process. Therefore, deionized water, 5% Na2SO4 solution, 5% NaCl solution, and
three dilute sulfuric acid solutions with pH values of 1.5, 3, and 5 were used as exposure solutions in
this study.
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Figure 2. The development of unconfined compressive strength of the phosphogypsum (PG)-based
backfill specimens within 120 days.

The drying-wetting test performed in this study was in accordance with the recommended
method [11,27,28]. Firstly, the PG-based backfill specimens were dried in an oven at 40 ◦C for 48 h.
Secondly, the specimens were submerged in different exposure solutions with a liquid/solid ratio of 5:1
for 24 h at an environment temperature of 20 ◦C. The specimens were then exposed to 1, 3, 5, 10, 15,
21 and 30 drying-wetting cycles, with the leachate sampled after the specified number of cycles and
filtered (0.22 μm) for subsequent chemical analysis.

2.3. UCS Tests

A UCS test is a convenient method for monitoring the quality of backfill [29]. As such, the UCS of
the specimens with 1, 3, 6, 10, 15, 21 and 30 drying-wetting cycles was measured. A rigid hydraulic
pressure servo machine of 10 kN loading capability (WHY200/10, Hualong, Shanghai, China) was used
to test the UCS of the specimens at a constant displacement rate of 0.1 mm/min. To avoid randomness
and contingency in the test data, each test was performed three times and the mean values obtained for
subsequent analysis. According to the mine operators of Guizhou Kailin (Group) Co., Ltd., the strength
of PG-based backfill should be more than 1.0 MPa to satisfy the needs of safe mining operations.

2.4. Chemical Analysis

The pH values of leachates were measured using a pH meter (STARTER300, Ohaus, Parsippany,
NJ, America). The concentration of F– was measured by a fluorine ion-selective electrode (PF-1-01, Leici,
Shanghai, China). The concentrations of SO4

2– and dissolved PO4
3– were tested via a spectrophotometer

(UV1800, Shimadzu, Kyoto, Japan). Specifically, barium chromate spectrophotometry was employed
to evaluate SO4

2– concentration in the leachates, while the concentration of dissolved PO4
3– was

determined by ammonium molybdate tetrahydrate spectrophotometry.

2.5. Porosity Measurement

Volume accuracy of the specimen is usually required in typical methods of porosity
measurement [30]. However, due to spalling on the surface of specimens, volume testing may
be inaccurate and result in measurement errors of the total porosity. Therefore, the porosity change
was evaluated as follows:

p =
mn−s −mn−d

mn−s
× 100%, (1)

where p was the porosity of the specimen; mn−s was the saturated mass of the specimen after n cycles;
and mn−d was the dry mass of the specimens after n cycles. Mass changes in the specimens were
measured before and after treatment with the exposure solutions by electronic balance with a capacity
of 2 kg and an accuracy of 0.01 g.
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2.6. Microstructural Studies

Scanning electron microscopy (SEM) and energy dispersive spectrometry (EDS) were conducted
to evaluate the microstructural development of the PG-based cemented backfill using the HELIOS
NamoLab 600i (FEI, Lake Oswego, America). To prevent further hydration, fractured pieces of
PG-based backfill specimens were immediately soaked in an ethanol solution after UCS tests [7]. Prior
to the SEM analysis, fractured pieces were dried in an oven at 40 ◦C. Owing to their poor conductivity,
broken specimens were covered with a layer of gold coating in a vacuum to meet the inspection
requirements. SEM and EDS analyses were operated at a magnification factor of 2500, an accelerating
voltage of 10.00 kV, and a working distance of 6.0 mm.

3. Results and Discussion

3.1. Properties of Backfill Exposed to Chemical Solutions

3.1.1. Visual Assessment

Figure 3 shows the appearance of the PG-based backfill specimens after 30 drying-wetting cycles.
Specimens exposed to deionized water were visually intact, while deterioration was observed for
specimens under other conditions (in both acidic and saline conditions). When the specimens were
soaked in acidic solutions, there was obvious spalling and pores on the surface of the specimens.
When specimens were exposed to saline solutions, there were quite different destruction modes, with
salting-out and microcracks observed. Due to the recrystallization of saline, a great number of white
crystals appeared on the surface of the backfill specimens. To some extent, the crystallization pressure
contributes to the formation of microcracks [31]. Notably, when the specimens were exposed to 5%
Na2SO4, there was an obvious propagation of microcracks, resulting from the expansion of secondary
gypsum and secondary ettringite. Presumably, the large amount of SO4

2– in the solution combines
with Ca2+ derived from C–H or C–S–H to form the secondary gypsum [32–35]. At the same time, SO4

2–

may also promote the continued growth of ettringite [36]. The expansive properties of these secondary
products seemingly enhance the formation of microcracks in the backfill.

Figure 3. Visual inspection of the PG-based backfill specimens with different exposure solutions after
30 drying-wetting cycles.

137



Minerals 2019, 9, 321

3.1.2. Microstructure

The microstructure of the deteriorated specimens was studied by SEM–EDS, as shown in Figure 4.
For the specimens cured for 120 days under normal conditions (at the temperature of 20 ◦C and
humidity of 95%), the hydration process proceeded smoothly, and the PG particles were surrounded
by a large amount of hydration products, including ettringite and C–S–H. However, for the specimens
subjected to acidic and saline solutions, there were some morphological changes after 30 drying-wetting
cycles. In the acidic environment (pH = 1.5), a large number of naked PG particles were observed,
which may be related to the dissolution of hydration products [37]. As a result, conjunctions of the PG
particles were broken, resulting in spalling of the PG-based backfill from a macroscopic perspective.
In the NaCl solution, many regular crystals among the PG particles were observed, with EDS analysis
indicating that the regular crystals were recrystallized NaCl (as presented in Figure 5). A large
amount of recrystallized salt was observed in the SEM images, which was consistent with the visual
observation results. When the specimens were submerged in 5% NaCl solution, salt recrystallization
inside the backfill generated disruptive pressure and contributed to the propagation and emergence of
microcracks, as shown in Figure 3. For the specimens submerged in Na2SO4 solution, a great amount
of needle-like ettringite and recrystallized Na2SO4 was observed between the PG particles. As the
volume of secondary ettringite and recrystallized Na2SO4 increased [38], it induced crystallization
pressure, culminating in the cracking of the backfill specimens.

 
Figure 4. Scanning electron microscope (SEM) images of the PG-based backfill specimens with 120 d
curing age and different exposure solutions after 30 drying-wetting cycles. Magnification factor: 2500×;
accelerating voltage: 10.00 kV; and working distance: 6.0 mm.

Figure 5. Energy dispersive spectrometry (EDS) analysis of specimens exposed to NaCl. Magnification
factor: 2500×; accelerating voltage: 10.00 kV; and working distance: 6.0 mm.
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3.1.3. Pore Structure

Pore structure has a significant influence on the mechanical properties of cemented backfill [39,40].
Thus, the porosity of the backfill specimens was measured to evaluate the mechanical performance of
the PG-based backfill. In this study, the porosity was characterized by the mass ratio of pore water and
the saturated specimen, as shown in Equation (1).

Figure 6 shows the porosity of the backfill specimens after 30 drying-wetting cycles. The porosity of
specimens exposed to deionized water after the first drying-wetting cycle (23.55%) could be interpreted
as the initial state, as shown by the dotted line in Figure 6. It may be observed that in deionized water,
the porosity of the specimens increased slightly with the extension of drying-wetting cycles. A probable
reason for this is the original hydration products that filled in the pores were gradually dissolved.

 

Figure 6. Variation of the porosity of hardened backfill samples with different drying-wetting cycles.

On the other hand, the porosity of the specimens increased significantly in acidic conditions. After
30 total drying-wetting cycles, specimens exposed to acidic conditions showed a gradual increase in
porosity with an increase in the acidity of the leachates, which was highly noticeable in comparison
to the specimen submerged in deionized water. This increase in porosity in acidic conditions may
be explained as follows: Firstly, the presence of more H+ was able cause greater dissolution of the
hydration products, resulting in the exposure of naked PG—as presented in Figure 4. Secondly, the
solubility of the aggregate (CaSO4·2H2O) increased with the increase in H+, resulting in more voids in
the backfill. Hence, there was a higher porosity in the acidic condition.

When the specimens were immersed in saline solutions, the porosity of the specimens first
decreased and then increased. In the first ten cycles, the continuous recrystallization of the saline
(Na2SO4 and NaCl) filled up tiny pores in specimens, probably generating the observed decrease in
porosity. With the formation of secondary gypsum and ettringite, the porosity of specimens decreased
more significantly in the Na2SO4 solution [41]. After ten cycles, however, the porosity increased rapidly
with the extension of drying-wetting tests, as shown in Figure 6. This increase in porosity (presented in
Figure 6) and the appearance of microcracks (presented in Figure 3) were probably caused by expansive
cracks of the recrystallized saline and secondary products.

3.1.4. Strength Evolution

To analyze the strength evolution of the backfill, UCS tests were conducted [42,43]. Figure 7
compares the UCS results of the PG-based backfill specimens exposed to different leaching solutions
after 1, 3, 6, 10, 15, 21 and 30 drying-wetting cycles. In general, the results of the visual assessment
were in good agreement with the UCS tests. As shown in Figure 8, the more severe the visual damage
on the surface of the PG-based backfill specimens, the lower the strength of specimens. Specimens
in deionized water were visually intact with little change in UCS evolution, whereas both in saline
and acid solution, PG-based backfill specimens exhibited visual damage and a decrease in their
mechanical strength.
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Figure 7. Unconfined compressive strength of the PG-based backfill specimens at different
drying-wetting cycles and exposure solutions.

 
Figure 8. Visual inspection of the PG-based backfill specimens with different exposure solutions after
30 drying-wetting cycles.

When exposed to the saline solutions, the UCS of the specimens decreased significantly by about
40%. The strength reduction in saline solutions may be explained as follows: Firstly, the large amount of
Na+ in the leachates potentially replaces the Ca2+ in C–S–H, which lowered the Ca/Si ratio and resulted
in strength reduction of C–S–H [44–46]. Secondly, as mentioned above, disruptive pressures generated
by recrystallized saline (NaCl and Na2SO4) in pores resulted in the development of microcracks. As a
result, the structure was broken with the lowered strength of the specimens [47].

Noticeably, UCS reduction of specimens exposed to Na2SO4 was more pronounced than those
exposed to NaCl. This was likely caused by the large formation of expansive ettringite in Na2SO4

solution. As shown in Figure 4, a great deal of ettringite induced by SO4
2– can enhance the crystallization

pressure, leading to the formation of large microcracks. This result suggests that dissolved SO4
2– is an

important factor in accelerating the strength deterioration of backfill. This result was also consistent
with a previous study, which reported that a 48% drop in UCS is observed when concrete is exposed to
Na2SO4 solution for 22 months [48].

When the specimens were exposed to acidic solutions, the presence of more H+ appeared to
lead to a greater loss of UCS. Chen et al. concluded that acid rain attack can decrease the UCS of
cementitious materials by 34.2% [21]. In this study, the UCS of the backfill decreased by 39.9%, 15.7%,
and 2.81% for the acidic exposure solutions of pH 1.5, 3 and 5, respectively (after 30 drying-wetting
cycles). This decrease in strength was probably caused by the dissolution of hydration products,
which plays a key role in strength enhancement. Firstly, as shown in Figure 4, naked PG particles
indicated the dissolution of hydration products. Secondly, the low pH value of pore water was able
to directly inhibit the hydration processes, resulting in decreased strength [49]. In addition to the
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decrease of hydration products, the dissolution of the aggregate (CaSO4·2H2O) contributed to strength
reduction. The solubility of CaSO4·2H2O increased with the decrease in pH values, resulting in
structural deterioration and the decrease in the strength of the backfill.

Studies have shown that, in a mine, adequate UCS is about 0.7–2.0 MPa [50,51], and the required
strength varies largely in line with the function and application of the backfill. According to mine
operators, adequate strength of PG-based backfill is about 1.0 MPa. As shown in Figure 8, the lowest
residual strength is 0.99 MPa (Na2SO4, 30 cycles). In this case, the PG-based backfill can satisfy the
safety requirements for operation in mines, even when subjected to extremely unfavorable conditions
(e.g., high salinity or acidity).

3.2. Impurity Dynamics Through Drying-Wetting Cycles

3.2.1. Fluctuation of pH Values

It is well known that pH has an important influence on the hydration process of cemented
backfill [49]. Therefore, the pH values of leachates during 30 drying-wetting cycles were measured to
assess the hydration process of the PG-based backfill, the results of which are presented in Figure 9.
The pH value of each leachate was higher than that of its original solution. When the specimens were
immersed in deionized water, alkaline cementitious agents led to the alkalescence of the leachates.
In the acidic environment, hydration products, such as C–H and C–S–H, may have reacted with H+,
resulting in a pH higher than that of the original solutions [21]. For the specimens exposed to saline
solution, the pH value of the leachates was higher than that of the specimens exposed to deionized
water, since SO4

2– and Cl– could react as follows [19,52]:

Ca(OH)2 + 2SO4
2− + 2H2O = CaSO4 · 2H2O + 2OH−a = 1, (2)

Ca(OH)2 + 2Cl− = CaCl2 + 2OH− (3)

resulting in the release of OH– and a rapid increase in pH values. Generally speaking, the pH value of
each leachate decreased as the drying-wetting cycles proceeded, presumably due to the consumption
of alkaline substances in the backfill specimens [7].

 
Figure 9. pH values in 30 drying-wetting cycles; the dotted lines indicate the initial values for
each solution.

3.2.2. Dynamics of Phosphate and Fluoride

Previous studies have focused on the mechanical performance of mine backfill. However, PG, the
aggregate of PG-based backfill, contains some impurities, such as phosphate and fluoride, which may
cause serious environmental pollution [53]. Previous studies have shown that impurities originating
from PG can be effectively fixed during the backfill process [7,22]. In PG-based backfill slurry, fluoride
reacts with calcium to form precipitated Ca–F compounds (such as CaF2) and Ca–P compounds (such
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as Ca3(PO4)2 and CaHPO4) [8]. However, these solidified impurities may be gradually released over
time under unfavorable conditions [54]. Thus, a crucial point of reusing PG as an aggregate is to assess
the chemical stability of the impurities in the PG-based backfill, since the backfill would be affected by
underground conditions for a long period.

The pollution risk of phosphate and fluoride to water bodies has been emphasized recently.
Figure 10 compares the cumulative leaching quantities of fluoride and dissolved phosphate in different
the leachates. Generally, these findings suggest that solidified components can be released under
unfavorable conditions after drying-wetting cycles, while the release quantities of phosphate and
fluoride is related to the solution type.

 

(a) 

 

(b) 

Figure 10. The cumulative leaching quantities of hazardous impurities in leachates: (a) The cumulative
leaching quantities of fluoride and (b) the cumulative leaching quantities of dissolved phosphate.

As shown in Figure 10, a low pH has the largest impact on the release of fluoride and phosphate.
The cumulative quantity of fluoride is increased by over 10 times when specimens are exposed to an
acidic environment. Undissolved CaF2 is dissolved slightly by H+, leading to the release of fluoride.
According to Figure 10b, in terms of phosphate, the cumulative quantity of dissolved phosphate
leached by an acidic solution (pH = 1.5) is almost 150 times higher than that leached by deionized
water. The sharp increase observed in the content of dissolved phosphate may be explained by the
following reasons: Firstly, the dissolution of precipitated Ca–P compounds is an important factor.
Secondly, the lattice constant of eutectic phosphate (CaHPO4·2H2O) is similar to that of CaSO4·2H2O,
indicating that CaHPO4·2H2O enters the CaSO4·2H2O lattice to form a eutectic phosphate. As the
CaSO4·2H2O lattice is seemingly destroyed by H+, eutectic phosphate is released into the surrounding
environment, leading to an increase in the content of dissolved phosphate.

Saline solution had little influence on the release of fluoride, as shown in Figure 10a. The
cumulative fluoride quantities in both Na2SO4 and NaCl solutions were similar to those in deionized
water. However, the release of phosphate in saline solutions was slightly higher than that of deionized
water (almost 1.8 mg/L in saline solutions and 0.8 mg/L in deionized water) due to the damage of
CaSO4·2H2O crystals. In addition, a portion of phosphate in the form of eutectic phosphate appeared
to dissolve out of the gypsum lattice dissolution.

4. Conclusions

Through a drying-wetting test of 30 cycles, this study examined the mechanical change of PG-based
backfill and the environmental dynamics of the pollutants. Based on the test results, a number of
conclusions were drawn.

Firstly, in terms of the environment, high acidity had the largest impact on the release of impurities,
since solidified components were dissolved by H+. In comparison, the presence of environmental
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saline solution had a slight effect on the release of impurities. Secondly, from the perspective of
strength evolution, both salinity and acidity led to significant strength reduction in the backfill under
different mechanisms. In the acidic environment, the dissolution of hydration products was the main
reason for the reduction in strength. In the saline solution, the strength of the backfill specimens was
lowered due to the expansion of micro-cracks and the weakening of hydration products. Although
significant strength reduction was observed under unfavorable conditions, PG-based backfill can
maintain adequate strength for the safe operation of mines. Therefore, the utilization of PG-based
backfill technology is an effective method to fill the cavity of mines.
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Abstract: The level of radionuclides is an important index for the preparation of building materials
from industrial solid waste. In order to investigate the radiological hazard of five kinds of typical
general industrial solid wastes in Guizhou, China, including fly ash (FA), red mud (RM), phosphorus
slag (PS), phosphogypsum (PG), and electrolytic manganese residue (EMR), the radiation intensity
and associated radiological impact were studied. The results show that concentrations of 238U, 235U,
232Th, 226Ra, 210Pb, and 40K for different samples vary widely. The concentration of 238U was both
positively correlated with 235U and 226Ra, and the uranium contents in the measured samples were
all of natural origin. The radiation levels of PG, EMR, EMR-Na (EMR activated by NaOH), and
EMR-Ca (EMR activated by Ca(OH)2) were all lower than the Chinese and the world’s recommended
highest levels for materials allowed to be directly used as building materials. The values of the internal
and external illumination index (IRa and Iγ, respectively) for FA and RM were higher (IRa > 1.0 and
Iγ > 1.3 for FA, IRa > 2.0 and Iγ > 2.0 for RM). The radium equivalent activity (Raeq), indoor and
outdoor absorbed dose (Din and Dout, respectively), and corresponding annual effective dose rate
(Ein and Eout) of RM, PS, and FA were higher than the recommended limit values (i.e., 370 Bq/kg,
84 nGy/h, 59 nGy/h, 0.4 mSv/y, and 0.07 mSv/y, respectively), resulting from the higher relative
contribution of 226Ra and 232Th. The portion of RM, FA, and PS in building materials should be less
than 75.44%, 29.72%, and 66.01%, respectively. This study provides quantitative analysis for the safe
utilization of FA, RM, PS, PG, and EMR in Guizhou building materials.

Keywords: general industrial solid waste; building materials; natural radioactivity; activity concentration;
radiological influence

1. Introduction

General industrial solid waste refers to waste discharged in various industrial production
processes, such as the waste of the electric power industry, aluminum industry, phosphorus chemical
industry, coal chemical industry, metallurgy, and so forth. This includes fly ash (FA), red mud (RM),
phosphogypsum (PG), phosphorus slag (PS), and electrolytic manganese residue (EMR). At present,
most general industrial solid waste is mainly used as raw materials for construction, such as cement
and concrete, as well as environmental functional materials and a source of valuable elements [1].
In 2016, the comprehensive utilization of general industrial solid waste in China accounted for 48.0% of
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the country’s total utilization and disposal, and disposal and storage accounted for 21.2% and 30.7% [2],
respectively. As mineral resources usually contain natural radionuclides, the activity of radionuclides,
such as FA, PS, PG, RM, and EMR, in some industrial solid wastes tends to increase after roasting or
electrolyzation. When those general industrial solid wastes are used to prepare building materials,
the gamma rays released by radionuclides can pose a radiation hazard to the living environment.

Natural radionuclides, ubiquitously spread in the natural environment [3,4], consist of three
well-known radioactive series, that is, the actinium series originating from 235U, the uranium series
originating from 238U, and the thorium series originating from 232Th. In addition, there are several
isolated radionuclides, such as 40K [5,6]. The radioactive decay chains of 232Th, 238U, 235U, and 40K
are the main contributors to the dose of natural radiation [7]. When the ratio of 235U/238U is less
than 1%, the contribution of 235U to the environmental dose is very small [8]. Since 98.5% of the
radiological effects from uranium series nuclides are produced by 226Ra and its decay products, the
radiation from 238U and the other 226Ra precursors are negligible [9]. When industrial solid waste is
used to prepare building materials, radionuclides in the environment can be determined by the natural
radioactivity level of building materials or the industrial solid waste. Thus, radiation hazards can
be assessed. At present, the internal and external exposure index, radium equivalent activity, and
indoor and outdoor absorbed dose rate are commonly used indicators in evaluating radionuclide
radiation hazards.

The average activity concentrations of 226Ra, 232Th, and 40K in FA, RM, PG, and EMR samples
from similar studies in different parts of the world are illustrated in Table 1. As shown in
Table 1, it is suggested that the mean activity concentrations of 226Ra for FA in Turkey, Greece, and
China (Xiangyang) are 360, 815, and 441 Bq/kg, respectively, higher than those in other countries.
Concentrations of 40K in EU countries are generally higher than in others. In terms of RM, the average
activity concentrations of 226Ra, 232Th, and 40K in Australia and Jamaica are notably higher than those
in other countries. In addition, 226Ra is the main nuclide for PG in Israel, Spain, Korea, Egypt, and
Turkey, while the concentrations of 226Ra, 232Th, and 40K for PG in South Africa are relatively balanced.
It can be concluded from Table 1 that radionuclide activity concentrations differ from one location
to another.

Table 1. The obtained average activity concentrations of 226Ra, 232Th, and 40K in FA, RM, PG, and EMR
samples from similar studies in different parts of the world (unit: Bq/kg).

Country Sample Type
Activity Concentration (Bq/kg)

Reference
226Ra 232Th 40K

India

FA

119 147 352 [10]
Turkey 360 102 517 [11]

Hungary 178 55 387 [12]
Greece 815 56 400 [13]

Czech Rep. 146 86 669 [13]
Germany 164 94 517 [13]

Italy 170 140 400 [13]
Poland 200 118 798 [13]

Romania 219 116 595 [13]
China (Baoji) 112 148 386 [14]

China (Xiangyang) 441 110 510 [15]

Turkey

RM

210 539 112 [13]
Hungary 301 295 50 [13]

Greece 244 364 57 [13]
Germany 171 318 215 [13]

Italy 97 118 115 [13]
Australia 310 1350 350 [16]
Jamaica 1047 350 335 [17]
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Table 1. Cont.

Country Sample Type
Activity Concentration (Bq/kg)

Reference
226Ra 232Th 40K

Turkey

PG

436 9 13 [18]
Bangladesh 234 21 108 [19]

Egypt 596 6 2 [20]
Jordan 376 4 40 [21]
Korea 618 9 24 [22]
Israel 747 14 63 [23]
Spain 647 8 33 [24]

South Africa 109 189 >100 [25]

Hungary
EMR

52 40 607 [26]
China (Chongqing) 37 58 631 [27]

Additionally, many studies have analyzed the radiation hazards of industrial solid wastes. Mamta
Gupta et al. [10] reported that the radium equivalent activity of the FA from a thermal power plant in
India was 353.9 Bq/kg, which is close to the maximum upper limit of 370 Bq/kg. L. Taoufiq et al. [28]
characterized the radioactivity of FA from a thermal power plant in Morocco, and found that the radium
equivalent activity was 241–298 Bq/kg, which is lower than 370 Bq/kg. In summary, the radionuclide
activity concentrations and associated radiation hazards differ from one location to another. Different
isotopes concentration in ores is a result of different conditions, including the metallogenetic body,
formation age, epigenetic transformation, and so forth, during deposit formation in different regions.
Therefore, the radioactive level of general industrial solid wastes in other regions cannot be used as
the reference for Guizhou, China.

The dominant mineral resources, such as coal, phosphorite, bauxite, and manganese, are found
in Guizhou. During the development and utilization process for these resources, a large amount of
general solid waste including FA, PS, PG, RM, and EMR is accumulated. According to the data from
the China statistical yearbook as shown in Table 2, from 2012 to 2017, the national generation volume of
general industrial solid wastes varied from 3.09 to 3.32 billion tons, while the generation of Guizhou
province varied from 0.071 to 0.094 billion tons. The substantial discharge and stockpiling of those
aforementioned industrial solid wastes result in serious environmental pollution. It is vital to find an
optimal solution for applying the solid wastes. The study of natural radionuclides and their radiation
hazards is of great significance for the comprehensive utilization of industrial solid waste resources in
the field of building materials.

Table 2. Generation of general industrial solid waste during 2012–2017, in Guizhou, China (unit: billion tons).

Year China Guizhou Reference

2012 3.290 0.078 [29]
2013 3.277 0.082 [30]
2014 3.256 0.074 [31]
2015 3.271 0.071 [32]
2016 3.092 0.078 [33]
2017 3.316 0.094 [34]

In this study, the radionuclide activity of five typical general industrial solid wastes including
FA, PS, RM, PG, and EMR in Guizhou, China, was measured using a gamma spectrometry technique.
The radioactivity level and associated radiation hazard of these industrial solid wastes were evaluated
using indicators such as the internal and external irradiation index (IRa and Iγ, respectively), radium
equivalent ratio (Raeq), indoor and outdoor external dose (Din and Dout, respectively), and indoor and
outdoor annual effective dose rate (Ein and Eout, respectively). The maximum dosages of solid wastes
in building materials were calculated. This study, through radiation evaluation, hopes to provide a
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mixing amount reference for the aforementioned solid wastes for building materials that meet the
radiation limitation requirements.

2. Materials and Methods

2.1. Samples

The samples in this study include: PS, FA, RM, PG, EMR, electrolytic manganese slag activated
by NaOH (EMR-Na), and electrolytic manganese slag activated by Ca(OH)2 (EMR-Ca). Sample PS
taken from a building material company in Guizhou, China, was produced using the electric furnace
process of preparing yellow phosphorus, which is grayish white or white and partially agglomerated.
Sample FA obtained from a coal-burning power plant in Guizhou was black. Sample RM produced
by Bayer process from an aluminum company in Guizhou was light red. Sample PG obtained from a
phosphorus chemical company in Guizhou was gray and very agglomerated. Sample EMR obtained
from an electrolytic manganese plant in Guizhou was a black, fresh slurry. EMR has a certain potential
gelling activity with a small amount of silicon and aluminum. The alkaline substance can better excite
the potential activity and form a hydrated silicate and aluminate product with hydration characteristics,
resulting in the gelling properties of EMR. The alkali-activated EMR can replace part of the cement
used to prepare building materials. Previous studies showed that NaOH and Ca(OH)2 have better
activation effects on EMR. Therefore, EMR-Na used in this study was obtained by mixing 75 g of fresh
EMR, 15 wt.% NaOH (accounting for EMR), and 100 mL of tap water in a 500 mL stirred tank and
stirring this mixture for 20 min. EMR-Ca was obtained by mixing 100 g of fresh EMR, 20 wt.% Ca(OH)2

(accounting for EMR), and 100 mL of tap water in a 500 mL stirred tank and stirring this mixture for
15 min.

The moisture contents of PS, FA, RM, PG, and EMR were 4.29%, 4.13%, 5.01%, 20.73%, and
15.7%, respectively. The densities of PS, FA, RM, PG, EMR, EMR-Na, and EMR-Ca were 3.06, 2.33,
3.01, 2.57, 2.31, 2.35, and 2.48 g/cm3, respectively. Major components in seven solid wastes were
analyzed by using X-ray fluorescence (XRF, PANalytical Axios mA×4 KW, Malvern Panalytical,
Almelo, The Netherlands), and the results are illustrated in Table 3. As shown in Table 3, PS, RM, FA
are mainly composed of CaO, SiO2, Al2O3, and Fe2O3 [35], PG is composed of CaO, SiO2, Al2O3, and
SO3 [36], while CaO, SiO2, Al2O3, Mn, and S are the main components in EMR, EMR-Na, and EMR-Ca.

Table 3. Major components in seven solid wastes.

Component
Concentration (%)

PS RM FA PG EMR EMR-Na EMR-Ca

CaO 44.77 14.35 2.83 34.07 7.32 9.1 15.43
Fe2O3 0.45 21.53 2.83 0.20 - - -
Al2O3 5.55 20.89 14.75 0.13 8.85 11.27 7.99
SiO2 37.81 16.75 45.72 5.29 22.85 30.29 20.35
MgO 2.61 1.55 1.18 0.01 1.86 2.42 1.80
P2O5 2.86 0.31 - 0.75 - - -

TiO2 - 4.59 1.74 - 0.25 0.33 0.21
K2O 1.43 0.98 1.24 - 1.75 2.22 1.66

Na2O 0.33 4.93 0.55 - 0.14 0.42 0.12
SO3 - 1.19 - 40.24 - - -
Mn - - - - 4.92 5.57 6.25

S - - - - 8.19 3.2 7.08
Others 0.04 12.04 17.03 19.31 2.88 3.75 2.18
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2.2. Methods

2.2.1. Radioactivity Measurement

All samples were aggregated, identified, and oven-dried to constant weight in the laboratory,
then grounded to a particle size of less than 0.075 mm. Each sample was homogenized and dried
in an oven at 105 ◦C for 3 h to remove moisture. Then, 200 g of each sample were weighed and
placed into a cylinder measuring sample box with a diameter of 35 mm and a height of 20 mm, then
sealed for eight weeks to achieve radioactive secular equilibrium between 226Ra and its daughters.
The measurements of activity concentrations were carried out at the Institute of Geochemistry, Chinese
Academy of Sciences, using a vertical closed coaxial HPGe detector (GX6020, CANBERRA, Oak Ridge,
TN, USA). The detector has an energy range of 3 keV to 10 MeV, with an energy resolution of 2.0 keV.
The relative efficiency is 60% at 1332 keV γ-ray, and the peak-to-Compton ratio is 66:1. The actual
energy range used to test the samples was 35–3000 keV. The measurement time for each sample was
set as 180,000 s. The test data was collated and analyzed using management software OpenEMS
with a data management system (RDBMS). To reduce the gamma ray background, a cylindrical
lead shield detector was used to absorb X-rays, which contains two inner concentric cylinders of
copper and aluminum. The calibration sources with an energy range covering nuclides 238U, 226Ra,
232Th, 40K,241Am, 137Cs, and 60Co were used for the determination of the detection efficiency of the
measurement system, and the typically obtained values were within 6% of certified values.

The γ-ray lines that were used to measure the activities for nuclides were represented mainly
by gamma-ray-emitting nuclei in the decay series of 232Th, 226Ra, and 40K. The 40K and 210Pb were
determined from their single photo peaks of 1460 keV (1.2%) and 46.5 keV (4.26%), respectively.
The 238U and 232Th are not gamma ray emitters. However, it is possible to measure the gamma rays of
their decay products. The decay product taken for 238U was 234Th (63.3 keV (3.81%)). The intensity of
gamma rays emitted by 232Th is very weak, and its decay product 228Ra has a long half-life without
gamma rays. The half-life of 228Ac, the daughter of 228Ra, is 6.13 h. According to the literature,
Th and Ra both have affinity for silicates [37]. Moreover, some studies have shown that the activities of
232Th and 228Ra in solid wastes such as red mud, phosphogypsum, and fly ash are approximately
balanced [38–40]. Therefore, the equilibrium between 232Th and 228Ra was assumed, and the 232Th
was determined using 208Tl (583.2 keV (30.78%) and 2614.5 keV (35.7%)) and 228Ac (911.2 keV (26.6%)).
In addition, the 214Pb (351.9 keV (35.8%)] and 214Bi [609.3 keV (45%)) were used to determine the 226Ra,
and the decay product taken for 235U was 235U (185.7 keV (57.5%)). As there is an interference between
185.7 keV from 235U and 186.2 keV from 226Ra, the 235U activity can be deduced from the 186 keV
multiplet after removal of the 226Ra contribution. Thus, the activity concentration of 235U radionuclide
is given by Equation (1) [41]:

AU−235 = 1.75 × CRtotal(186 keV)

ε186 keV
− 0.06ARa−226 (1)

where CR and CRtotal(186 keV) are calculated by using Equations (2) and (3):

CR = A × BR × ε (2)

CRtotal(186 keV) = CRRa−226 + CRU−235 (3)

where CR is the counting rate in full-energy peak in count/s, CRtotal(186 keV) is the counting rate for the
186 keV multiple, A is the activity of radionuclide in Bq/kg, BR is the branching ratio or the gamma-ray
emission rate, ε is the detection efficiency. 226Ra and 235U contribute about 58% and 42% of the total
count rate of the 186 keV peak with the existence of equilibrium, respectively [42].
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2.2.2. Internal and External Illumination Index

The internal exposure index (IRa) refers to the specific activity ratio of 226Ra in the building
materials to the 226Ra limit specified in the national standard (GB6566-2010) [43]. The external radiation
index (Iγ) refers to the sum of the specific activity ratio of 226Ra, 232Th, and 40K in building materials
to their respective standard limits. The IRa and Iγ were calculated by using Equations (4) and (5):

IRa =
CRa

200
(4)

Iγ =
CRa

370
+

CTh
260

+
CK

4200
(5)

where CRa, CTh, and CK are the mean radioactivity concentrations of 226Ra, 232Th, and 40K (Bq/kg),
respectively. The specific activity limit of 226Ra in building materials specified in the GB6566-2010 is
200 Bq/kg, considering only the internal irradiation conditions. The prescribed limits were 370, 260,
and 4200 Bq/kg for 226Ra, 232Th, and 40K, respectively, in building materials when they exist separately
under the external irradiation condition.

2.2.3. Radium Equivalent Activity

The distribution of 226Ra, 232Th, and 40K in building materials is not uniform [44]. The radium
equivalent activity (Raeq) [45] was used to compare the relative gamma radioactivity of 226Ra, 232Th,
and 40K in building materials. It has been estimated that 1 Bq/kg of 226Ra, 0.7 Bq/kg of 232Th, and
13 Bq/kg of 40K produce the same gamma ray dose [46,47]. Thus, the radium equivalent activities
(Raeq) can be estimated using Equation (6) [48–50]:

Raeq = CRa + 1.43CTh + 0.077CK (6)

2.2.4. Indoor External Dose (Din) and Outdoor External Dose (Dout)

An irradiation scenario is required to evaluate the 226Ra, 232Th, and 40K absorbed doses produced
by the building materials. The European Commission proposed that the length, width, and height of
the concrete room are 4, 5, and 2.8 m, respectively. The thickness and density of the wall are 20 cm
and 2350 kg·m−3, respectively [51]. Then, the indoor external dose Din could be calculated by using
Equation (7):

Din(nGy/h) = 0.92CRa + 1.1CTh + 0.081CK. (7)

To assess the dose of radiation from building materials in a room, the portion from natural
radiation needs to be subtracted. According to the survey results of the Chinese National
Environmental Protection Department, the weighted mean by area and population are 62.8 and
62.1 nGy·h−1, respectively. Taking 62.1 nGy·h−1 as the natural radiation background value,
the calculated absorbed dose rate should be reduced by 62.1 [52].

The outdoor external dose (Dout) assessed from 226Ra, 232Th, and 40K was supposed to be equally
distributed at 1 m above the ground surface. Therefore, the Dout was calculated using Equation (8) [53]:

Dout(nGy/h) = 0.462CRa + 0.604CTh + 0.0417CK. (8)

2.2.5. Annual Effective Dose Rate

Buildings are the main places for daily activities of human beings, and the indoor and outdoor
occupancy factors are 0.8 and 0.2, respectively (i.e., 80% and 20% of the time they are occupied
indoors and outdoors, respectively) [54,55]. The conversion factor from the absorbed dose in the
air to the effective dose received by the individual is 0.7 [56]. The annual indoor effective dose rate
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(Ein) and annual outdoor effective dose rate (Eout) can be calculated using Equations (9) and (10),
respectively [55,57]:

Ein = Din × 365 × 24 h × 0.8 × 0.7(Sv/Gy) = Din × 4905 × 10−6(mSv/y) (9)

Eout = Dout × 365 × 24 h × 0.2 × 0.7(Sv/Gy) = Dout × 1226 × 10−6(mSv/y) (10)

2.2.6. Maximum Dosage of Solid Waste in Building Materials

The maximum dosage of solid waste in building materials fs can be calculated by using
Equations (11) and (12):

fs·CRa + (1 − fs)·C′
Ra

200
≤ 1.0 (11)

fs·CRa + (1 − fs)·C′
Ra

370
+

fs·CTh + (1 − fs)·C′
Th

260
+

fs·CK + (1 − fs)·C′
K

4200
≤ 1.0 (12)

where C′
Ra, C′

Th, and C′
K are the mean radioactivity concentrations of 226Ra, 232Th, and 40K (in Bq/kg)

for other components in building materials, respectively. When the ratio of C′
Ra, C′

Th, and C′
K are all

meant to be zero, the ratio of fs calculated using Equations (11) and (12) is the maximum dosage of
solid waste in building materials.

3. Results and Discussion

3.1. Activity Concentration

The average values of the activity concentration of six nuclides for seven samples were calculated
and are illustrated in Table 4. It can be concluded that the seven industrial solid wastes all contained
238U, 235U, 232Th, 226Ra, 210Pb, and 40K. The activity concentrations of 40K were relatively high in EMR,
EMR-Na, PS, and FA, with values of 443.8, 423.9, 529.4, and 461.0 Bq/kg, respectively. In FA, RM, and
PS, the activity concentrations of 226Ra were relatively higher than those of the other samples, at 208.2,
462.7, and 187.4 Bq/kg, respectively. The activity concentrations of 232Th in FA and RM were as high
as 165.6 and 457.7 Bq/kg, respectively. In addition, activity concentrations of 238U in FA, RM, and PS
were higher than those in other solid wastes, which were 234.9, 513.0, and 199.8 Bq/kg, respectively.
On the contrary, the contents of 210Pb and 235U were very low in all samples. Furthermore, when
NaOH and Ca(OH)2 were used to activate EMR, the activity concentrations of the six nuclides in
EMR-Na and EMR-Ca decreased, indicating that the addition of NaOH and Ca(OH)2 can weaken the
radioactivity of EMR.

Table 4. The activity concentrations (Bq/kg) of six nuclides for the seven solid wastes.

Name of Solid
Wastes

Activity Concentration (Bq/kg)

40K 210Pb 226Ra 232Th 235U 238U

PS 461.0 ± 23.6 15.1 ± 9.9 187.4 ± 5.8 233.7 ± 9.6 9.1 ± 0.3 199.8 ± 17.9
RM 259.5 ± 18.9 324. 8 ± 18.1 462.7 ± 14.5 457.7 ± 13.4 22.4 ± 0.7 513.0 ± 43.1
FA 529.4 ± 31.1 210.5 ± 11.8 208.2 ± 7.0 165.6 ± 5.6 10.1 ± 0.3 234.9 ± 27.2
PG 3.3 ± 6.0 86.0 ± 4.8 61.0 ± 2.1 2.3 ± 0.5 2.7 ± 0.1 28.0 ± 13.0

EMR 443.8 ± 26.7 34.3 ± 2.3 26.6 ± 1.6 24.8 ± 1.7 1.6 ± 0.1 48.3 ± 15.9
EMR-Na 423.9 ± 25.9 45.9 ± 2.9 24.5 ± 1.6 22.2 ± 1.5 1.5 ± 0.1 37.9 ± 15.7
EMR-Ca 321.4 ± 20.9 37.7 ± 2.5 21.1 ± 1.5 20.9 ± 1.6 1.3 ± 0.1 39.8 ± 15.8

3.2. The Source Analysis of Uranium

The analysis of the relationship between 238U and 235U and 226Ra can be used to trace the source of
the radioactive contamination by uranium in the environment. The activity concentrations of 238U
were plotted against the activity concentrations of 235U and 226Ra, as shown in Figure 1. The ratios of
238U/235U and 238U/226Ra were calculated and are shown in Table 4. As shown in Figure 1a, the linear
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fitting of the graph shows a good correlation between 238U and 235U (R2 = 0.990). From the natural
isotope abundance of uranium isotopes (238U is 99.2%, 235U is 0.72%) and its half-life, it is well known
that naturally occurring uranium has a constant 238U/235U activity ratio of 21.7 [58]. The results
given in Table 4 indicate that the ratios of 238U/235U for the seven samples vary from 10.37 to 30.62,
and the 238U/235U of PG is the lowest at 10.37. The ratio of PS, RM, and FA is close to the constant
value, while the 238U/235U of EMR, EMR-Na, and EMR-Ca are all higher than 21.7. The reason for
the deviation may be the higher uncertainty values caused by the self-absorption effect. Additionally,
the emanation of radon from the sealed samples may also cause an underestimation of uranium
activity concentrations [59]. As CaO, SiO2, Al2O3 are the major components in PS, RM, FA, and
PG, according to the literature, the accumulations of U are often associated with clays because the
clay fraction has an affinity for absorbing U; 238U may be easily enriched in clay minerals from the
perspective of adsorption [60]. PS, RM, FA, and PG are obtained in the process of calcination, coal
alumina, dissolution combustion, and phosphoric acid production, thus the adsorption of clay minerals
may have little effect on uranium migration.

As shown in Table 5, the ratios of 238U/226Ra for the seven solid wastes varied from 0.46 to 1.88,
and the concentrations of 238U were commonly lower than 226Ra. The reason for this may be that
238U/226Ra was disturbed in favor of 226Ra [59]. As shown in Figure 1b, the linear fitting of the graph
shows a good correlation (R2 = 0.985), and the slope of the line has a value (1.09) close to the average
value of 1.29 for 238U/226Ra activity ratios. This indicates that there may exist a radioactive balance
between 238U and 226Ra. According to previous literature reports, there is depleted uranium pollution
in addition to natural uranium in the sample when the 238U/226Ra ratio is greater than 5 [61]. Based on
this information, it may be concluded that the uranium contents in the measured seven samples are
all of natural origin.

 

Figure 1. Variation of 238U activity concentration versus (a) 235U activity and (b) 226Ra activity.

Table 5. The activity ratio for different samples under investigation.

Name of Solid Wastes 238U/235U 238U/226Ra

PS 21.96 1.07
RM 22.90 1.11
FA 23.26 1.13
PG 10.37 0.46

EMR 30.19 1.82
EMR-Na 25.27 1.54
EMR-Ca 30.62 1.88
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3.3. Radiological Impact Assessment

3.3.1. Analysis of Radiation Hazard Indexes

The IRa, Iγ, Raeq, Din, Dout, Ein, and Eout were calculated according to the activity concentrations of
the radionuclides of the seven solid wastes and Equations (1)–(7). As illustrated in Table 6, the IRa

and Iγ of the seven industrial solid wastes were 0.11–2.31 and 0.17–3.07 Bq/kg, respectively, of which
PS, PG, EMR, EMR-Na, and EMR-Ca were all less than 1. The IRa was greater than 1 and the Iγ was
greater than 1.3 for FA. The IRa and Iγ of the RM were both greater than 2. According to Table 7,
“Limited Standards for Radionuclide of Building Materials”, PS, PG, EMR, EMR-Na, and EMR-Ca can
be directly used as building materials and decorative materials of class A, B, and C. FA can be used as
decoration materials of class B and class C. This means that almost all samples are safe for use as they
meet the PRC National Standard. Adding FA and RM in building materials should be considered.

According to Table 6, the Raeq values of the seven samples were between 64.54 and 1137.18 Bq/kg,
among which the Raeq of PG, EMR, EMR-Na, and EMR-Ca were lower than the world’s recommended
limit (370 Bq/kg) for building materials [56]. The Raeq values of the RM, PS, and FA were as high as
1137.18, 557.03, and 485.78 Bq/kg, respectively. Therefore, the dosage of RM, PS, and FA should be
considered when used as the source for building materials.

It also can be seen from Table 6 that the Din and Dout of the seven industrial solid wastes were
6.38–888.07 and 29.70–501.03 nGy/h, respectively. Specifically, the Din of PS, RM, and FA were as high
as 404.67, 888.07, and 354.49 nGy/h, respectively, while their Dout values were 246.93, 501.03, and
218.29 nGy/h, respectively. These values are higher than the world’s average values (i.e., 84 nGy/h for
Din and 59 nGy/h for Dout [56,62]). The results show that the values of the annual effective dose rate
for the seven samples were 0.03–4.36 mSv/y for Ein and 0.04–0.61 mSv/y for Eout. The values of Ein

and Eout for PS, RM, and FA were all higher than the world’s recommended values (i.e., 0.4 mSv/y for
Ein and 0.07 mSv/y for Eout [56]).

In summary, the radioactive levels of RM, FA, and PS exceed the “Limited Standards for
the Radionuclide of Building Materials”, and they cannot be directly used for building materials,
while the PG, EMR, EMR-Na, and EMR-Ca could be directly used for building materials within the
recommended levels.

Table 6. The IRa, Iγ, Raeq, Din, Dout, Ein, and Eout for industrial solid wastes.

Solid
Wastes

IRa

(Bq/kg)
Iγ (Bq/kg)

Raeq

(Bq/kg)
Din

(nGy/h)
Dout

(nGy/h)
Ein

(mSv/y)
Eout

(mSv/y)

PS 0.94 0.71 557.03 404.67 246.93 1.98 0.30
RM 2.31 3.07 1137.18 888.07 501.03 4.36 0.61
FA 1.04 1.33 485.78 354.49 218.29 1.74 0.27
PG 0.30 0.17 64.54 −3.19 * 29.70 −0.02 * 0.04

EMR 0.13 0.27 96.23 25.60 45.77 0.13 0.06
EMR-Na 0.12 0.25 88.99 19.28 42.45 0.09 0.05
EMR-Ca 0.11 0.21 75.78 6.38 35.80 0.03 0.04

* The minus sign represents that the Din of PG is lower than the natural radiation background value.

Table 7. Limited Standards for the Radionuclide of Building Materials (GB/6566-2010) [43].

Standard
Name

Building Materials Decoration Materials

Hollow Rate ≤ 25% Hollow Rate > 25% Class A Class B Class C

Radionuclide
limit

IRa ≤ 1.0 IRa ≤ 1.0 IRa ≤ 1.0 IRa ≤ 1.3
Ir ≤ 2.8Ir ≤ 1.0 Ir ≤ 1.3 Ir ≤ 1.3 Ir ≤ 1.9
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3.3.2. Contribution Analysis of Nuclides to Radiation

According to Equations (1)–(7), the contribution of radionuclides 26Ra, 232Th, and 40K to radiation
hazard indexes varies in different solid wastes. The contributions of 26Ra, 232Th, and 40K to Iγ,
Raeq, Din, Ein, Dout, and Eout were calculated and plotted in Figure 2. As shown in Figure 2, 226Ra
was the main contributor to Iγ, Raeq, Din, Ein, Dout, and Eout in RM, FA, and PG, and the relative
contributions of 226Ra were in the range of 40.69–44.80% for RM, 42.44–45.97% for FA, and 92.44–95.19%
for PG. Similarly, 232Th was the main contributor to Iγ, Raeq, Din, Ein, Dout, and Eout in PS, RM, and FA,
and the relative contributions of 232Th varied from 55.07 to 59.99% for PS, 52.98 to 57.55% for RM, and
43.73 to 48.76% for FA. However, the relative contributions of 40K to Iγ, Raeq, Din, Ein, Dout, and Eout

in EMR, EMR-Na, and EMR-Ca were in the range of 35.51–41.00%, 36.68–42.19%, and 32.66–38.02%,
respectively. This data shows that 226Ra and 232Th were the main contributors to radiation hazard
indexes in PS, RM, FA, and PG, while the contributions of 226Ra, 232Th, and 40K in EMR, EMR-Na,
and EMR-Ca were relatively balanced. However, the phase analysis of known nuclides in those
aforementioned solid wastes has not been covered in this study, and future research should focus on
the removal or decrease of the nuclides in different phases.

 

 
Figure 2. The relative concentrations of 226Ra, 232Th, and 40K in (a) Iγ, (b) Raeq, (c) Din and Ein, (d) Dout

and Eout in industrial solid wastes.

3.3.3. Limitation Analysis of Solid Wastes in Building Materials

As the solid wastes RM, FA, and PS cannot be directly used for building materials, the maximum
dosages (fs) of solid wastes FA, RM, and PS in building materials were calculated using Equations
(11) and (12) with results of 75.44%, 29.72%, and 66.01%, respectively. According to the different
related research reviews related, increasing the addition of FA in concrete can result in a decrease
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in the compressive strength of concrete. The optimum FA percentages were found to be 10%, 20%,
22%, and 35% in various studies [63–66]. Similarly, previous research showed that the corrosion rate
of concrete is the lowest between 20 wt. % and 30 wt. % of added RM content [67]. Other studies
showed that the addition of RM in amounts greater than 20% causes a decrease in the hydration
temperature and results in a decrease in the compressive strength [68]. Therefore, in terms of the
mechanical properties of building materials, the optimum addition of FA, RM, and PS in building
materials will not exceed the maximum addition allowed by their radioactivity level. That is, FA, RM,
and PS can be used even if their radioactivity levels are above the standard limits.

4. Conclusions

(1) 40K, 226Ra, 232Th, and 238U are the main nuclides in FA, RM, and PS. 210Pb and 226Ra are the main
nuclides in PG, while 40K is the main nuclide in EMR, EMR-Na, and EMR-Ca. The uranium
contents of all samples are all from natural uranium.

(2) The values of IRa and Iγ were all less than 1 except for FA (IRa > 1 and Iγ > 1.3) and RM (IRa > 2 and
Iγ > 2), and the values of Raeq, Din, Dout, Ein, and Eout were higher than the world’s recommended
values (i.e., 370 Bq/kg, 84 nGy/h, 59 nGy/h, 0.4 mSv/y, and 0.07 mSv/y, respectively) for PS,
RM, and FA due to higher concentrations of 226Ra and 232Th.

(3) PG, EMR, EMR-Na, and EMR-Ca could be used for building materials unlimitedly. However, RM,
FA, and PS could be used as additive or auxiliary materials for building materials by means of
doping and mixing, with maximum portions of 75.44%, 29.72%, and 66.01%, respectively. These
findings provide a basis for the restriction of the aforementioned solid wastes in Guizhou in
the field of building materials. Further research on the phase analysis and treatment of known
nuclides in solid wastes are necessary in the future.
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