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Beneficiation of technogenic phosphorus-containing raw materials
as a source of mineral fertilisers

® Abstract. The relevance of this research arises from ongoing challenges related to rising raw material costs,
geopolitical instability, and the complexity of processing phosphate rock ores with high impurity content. These
factors underscore the need to develop efficient approaches for the beneficiation and processing of low-grade raw
materials and waste as alternative sources of phosphorus. The aim of the study was to develop a technology for the
beneficiation of technogenic phosphorus-containing materials to obtain phosphate rock concentrate suitable for
fertiliser production. The research involved mineralogical, chemical, granulometric, and sedimentation analyses
of the raw materials. Laboratory experiments included grinding, flotation,and magnetic separation. In addition, the
properties of reagents for flotation-based beneficiation of phosphorus-containing materials were investigated.
The study examined the potential for beneficiating technogenic phosphorus-containing materials derived from
phosphate ore processing. Two laboratory-scale flowsheets — magnetic-flotation and flotation-magnetic - were
tested, both enabling the production of commercial phosphate rock concentrate with a P,O. content ranging
from 18.7% to 21.5%, and phosphorus recovery of 69.5% to 93%. For the first time, the significance of surface
tension energy at the three-phase boundary during flotation was established, justifying the use of an anionic
collector, talactam, for the effective separation of francolite from quartz. Magnetic separation, both before and
after flotation, was found to enhance francolite concentration while reducing the content of glauconite and iron-
bearing minerals. It was also determined that preliminary classification of the feed material at a particle size
threshold of 0.16 mm reduces sludge formation during disintegration. The resulting glauconite-rich products
have potential applications in the production of potash fertilisers and green pigments, although further study
is required. The practical significance of this work lies in the successful implementation of the developed
beneficiation technology for technogenic phosphate raw materials, which enables the production of phosphate
concentrate (23.18%) suitable for the manufacture of Grade Il phosphate flour fertiliser,and a glauconite product
(50.71%) applicable as an enterosorbent and a source of trace elements in compound animal feeds

® Keywords: phosphorus; francolite; glauconite; magnetic separation; flotation

Suggested Citation:
Oliinyk, T., & Skliar, L. (2025). Beneficiation of technogenic phosphorus-containing raw materials as a source of mineral fertilisers.
Mining Journal of Kryvyi Rih National University, 59(1), 42-54. doi: 10.31721/2306-5435-2025-1-42-54.

*Corresponding author

Copyright © The Author(s). This is an open access article distributed under the terms of the
- Creative Commons Attribution License 4.0 (https://creativecommons.org/licenses/by/4.0/)


https://mining-journal.com.ua/en
https://orcid.org/0000-0002-0315-7308
https://orcid.org/0000-0002-2721-1436

T. Oliinyk and L. Skliar

® Introduction

Phosphorus constitutes a key element in agriculture,
forming a critical component of mineral fertilisers, in-
cluding superphosphate, ammonium phosphate (amo-
phos), and diammonium phosphate (diamophos). The
sustainability of modern agro-industrial productivity
cannot be maintained in the absence of phosphorus.
However, phosphorus is a finite, non-renewable re-
source, with global reserves projected to be exhausted
within the next 50-100 years. The resulting phosphorus
deficit poses a direct threat to global food security. Con-
sequently, intensive efforts have been directed towards
the development of phosphorus recovery technologies
from waste, wastewater, sludge, and phosphogypsum.
Ukraine possesses no significant industrial deposits of
natural phosphorus, necessitating the annual importa-
tion of over 800,000 tonnes of phosphatic fertilisers,
primarily sourced from Morocco, Poland, China, and
Lithuania.War, sanctions, and logistical constraints have
had a marked impact on the accessibility of such im-
ports. Attaining phosphorus self-sufficiency represents
a strategic objective for Ukraine, aimed at reducing im-
port dependency and enhancing agricultural autonomy.
Ensuring a reliable supply of phosphate feedstock to
Ukrainian producers of mineral fertilisers is a critical
and pressing challenge. The successful resolution of
this issue is vital to enabling the uptake of advanced
phosphorus-processing technologies. Ukraine holds the
potential to convert technogenic waste into a source
of critical materials, thus reducing import reliance and
entering the recycled phosphorus products market.

Within this context, research into efficient methods
for processing phosphorite ores of varying degrees of
enrichment is pertinent, with consideration of miner-
al composition, technological characteristics, and the
potential for sustainable utilisation, has become in-
creasingly relevant. Emphasis has therefore shifted to-
wards the extraction of phosphates from tailings and
low-grade ore deposits as secondary resources. Market
instability, driven by geopolitical factors, rising raw ma-
terial costs, and the inherent complexity of processing
phosphorite ores with high impurity levels, necessitates
the development of new strategies for resource utilisa-
tion, enrichment, and phosphate waste processing.

A.Proidak et al. (2021) identified that, due to politi-
cal circumstances, Ukraine had encountered substantial
challenges in supplying its fertiliser and ferrophospho-
rus plants with domestically sourced phosphorites and
apatites. The authors conducted comprehensive studies
on the mineral composition and metallurgical proper-
ties of phosphorite rocks, enabling an assessment of
their suitability for the production of phosphorus-con-
taining ferroalloys. S. Banerjee (2023) noted that the
composition of phosphorite ores varies significantly
depending on origin, with considerable diversity in
structure, texture, and physicochemical properties. Ac-
cording to Y. Raiymbekov et al. (2023), approximately

20 million tonnes of low-grade phosphorites globally
remain unprocessable under current technologies. The
depletion of phosphorite deposits and the low content
of phosphoric anhydride have contributed to declining
global demand for phosphates, underscoring the need
for advanced research on the enrichment and compre-
hensive utilisation of low-grade phosphates.

B. Wang et al. (2022) demonstrated that, due to
their low phosphorus content and high proportions of
accompanying materials (quartz, clay, calcite, dolomite,
mica, feldspar, etc.), natural phosphate ores are unsuit-
able for direct application as fertilisers or for use as
raw materials in phosphate fertiliser production. The
efficient utilisation of phosphorites with medium or
low phosphorus content is only feasible following pre-
liminary treatment to achieve the requisite phosphorus
concentration. Selection of an appropriate enrichment
method depends on key parameters such as mineral
texture, total phosphorus content, gangue composition,
and, most importantly, the target phosphorus concen-
tration as dictated by the intended application.

M. Sajid et al. (2022) reviewed phosphorite ore en-
richment technologies aimed at achieving high-quality
concentrates. Commonly employed enrichment tech-
niques include flotation, electromagnetic separation,
gravity separation, and magnetic separation. Global
economic development has stimulated increasing de-
mand for phosphorus-containing products. All existing
high-grade phosphorite deposits have now been ex-
hausted. This has necessitated the utilisation of low-
grade phosphorites and off-spec phosphate raw materi-
als, which remain underexplored and underutilised.

Y. Raiymbekov et al. (2020) provided an overview
of low-grade phosphorite beneficiation practices in
various countries, describing separation mechanisms
during flotation enrichment and carbonate mineral de-
composition using organic acids. The authors conclud-
ed that method selection depends on the mineralogical
structure and chemical composition of the phosphorites.
N.Abbes et al.(2020) enriched low-grade phosphate ore
from Sra Ouertane (Tunisia) via thermal treatment, in-
cluding calcination, quenching, and desliming. The ap-
plied treatment successfully increased the P,O. content
from 20.01 wt.% to 24.24 wt.% post-calcination and to
27.24 wt.% following quenching. Furthermore, enrich-
ment of associated rare-earth elements (Ce, La, Nd, Pr,
Sm, Y) was achieved, while the Cd concentration was
significantly reduced from 30 mg/kg to 14 mg/kg.

M. Derhy et al. (2020) reported that flotation tech-
nology had been extensively studied due to its wide
application in phosphorite enrichment, with various de-
pressants and collectors deployed to remove calcite and
silica from sedimentary phosphate ores. A single-stage
flotation of either phosphate or calcite was found in-
sufficient for producing high-quality concentrates.
K.Zhantasov et al.(2024) established that approximately
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55-60% of the phosphate ore extracted and crushed
comprises fine fractions below 10 mm, which are un-
suitable for conventional phosphate fertiliser produc-
tion. Experimental results confirmed the high efficiency
of mechanical activation for fine phosphorite fractions.
The proposed innovative process differs fundamentally
from existing methods, as mechanochemical activation
enabled direct, acid-free, and waste-free conversion
into mineral phosphate fertilisers

U. Ryszko et al. (2023) highlighted that enrichment
processes generate substantial volumes of waste. The
processing and reuse of such phosphorus production
waste is currently expanding, with the goal of pro-
ducing scarce products. The integration of magnetic
separation and flotation methods in the enrichment
of phosphorite ore waste enables the recovery of con-
centrates suitable for the production of mineral fertil-
isers. The objective of the study was to investigate the
mineralogical, chemical, granulometric, and sedimen-
tological composition and technological properties of
the feedstock, thereby developing a magnetic-flotation
enrichment process for technogenic phosphorus-con-
taining materials, capable of yielding concentrates and
products suitable for fertiliser production.

® Materials and Methods

A total of 18 small mineralogical samples of techno-
genic phosphorus-containing material were submit-
ted to Kryvyi Rih National University for examination.
A composite technological sample was prepared from
these for use in process development studies. Chemi-
cal analysis was employed to determine the elemental
and oxide composition of the material, including the
content of primary components (P,0;, Ca0, SiO,, Fe,0,)
and impurities affecting process properties and the
suitability of concentrates for fertiliser production. Min-
eralogical analysis identified the constituent minerals
(apatite, quartz, glauconite, etc.), which was critical for
assessing the material’s processing behaviour and se-
lecting effective treatment methods.

Particle size distribution was determined through
granulometric analysis, which established the optimal
conditions for crushing, grinding, and enrichment, given
the significant influence of size fraction on separation
efficiency and recovery. Sedimentation analysis, based
on the settling rate of fine particles in liquid, enabled
precise estimation of particle sizes below 0.05 mm,
which are known to affect material behaviour in aque-
ous and hydraulicenrichment processes.Atechnological
analysis was conducted to evaluate the material’s suita-
bility for beneficiation, including laboratory-scale mag-
netic and flotation enrichment trials and assessment of
concentrate quality indicators (e.g. yield, P,O. content),
forming the basis for the proposed processing flowsheet.

The composite sample was washed and classi-
fied into size fractions: +1.25, -1.25+0.5, -0.5+0.25,
-0.25+0.16,-0.16+0.074, -0.074+0.044, and -0.044 mm.

Representative subsamples of approximately 500 frag-
ments were taken from each fraction using quartering,
with 25% of fragments identified as free particles or
composites for each mineral. Recalculation of compos-
ites into equivalent free particles was performed us-
ing a custom formula implemented in Microsoft Excel
(Office XP). Grindability was evaluated using a standard
method at grinding times of 5, 10, 20 and 40 minutes
in a 7-litre laboratory ball mill under dry and wet con-
ditions. The solid-to-liquid-to-ball ratio (S: L: B) was
maintained at 1:0.33:10, and the mill charge was 1.6
kg (Biletsky et al., 2020). Further sample preparation
involved grinding to 0.16 mm (the size of the phos-
phorite opening) in a laboratory ball mill (model 75A-
ML, Horstal Plant, Ukraine).

Magnetic susceptibility was studied in the lab-
oratory of the Department of Mineral Processing and
Chemistry, Kryvyi Rih National University, using the
ponderomotive method based on the Gouy technique,
as described by V. Zdeshchyts & A. Zdeshchyts (2023).
The Gouy method involves measuring the gravitational
force on a sample with one end in a strong magnet-
ic fleld and the other in a weak field. Laboratory-scale
magnetic enrichment was conducted using a rotary sep-
arator (model 259-CE, MAGNIS R&D Centre, Luhansk,
Ukraine) equipped with a high-intensity magnetic field.
Two materials were processed: raw material ground to
100% minus 0.16 mm (70% of class minus 0.074 mm)
and the froth product from flotation.

Material with 70% of -0.074 mm and 30% solid con-
tentwas fed into the separator’s working zone, consisting
of 200 mm high grooved plates. The matrix loading was
0.2 g/cm?. A scalping rotor, operating at one-third the
magnetic induction of the axial rotors, removed mag-
netic particles from the plates, enhancing the recovery
of iron-containing components in the magnetic prod-
uct. Magnetic field induction ranged from 0.6 to 1.2 T.

Flotation tests were conducted in a mechani-
cal-type flotation machine (model 237 FO, SCMA Lab,
Kryvyi Rih, Ukraine) with cell volumes of 0.5, 1.0, and
1.5 litres, air flow rate of 1 L/m> of slurry, and impel-
ler speed of 26.7-28.3 s Test samples weighed 200,
400, or 600 g; closed-cycle tests used 150, 350, or 500
g. The flotation feed consisted of deslimed materi-
al (0.02 mm), ground to 100% of -0.16 mm, and the
non-magnetic product from magnetic separation. Re-
agent selection and dosage followed standard phos-
phorite flotation practices and previous research (Ol-
iinyk et al., 2023). Anionic collectors were used: crude
tall oil soap (CTOS) and talactam (RCONH (CH,), COO-
Na), a condensation product of tall oil with sodium salt
of amino carboxylic acid. Sodium silicate acted as a de-
pressant, and soda ash adjusted the pH (ranging from
8.7 to 10.5). Slurry solids content during agitation was
26%; mixing time was 3 minutes. Reagent consump-
tion (kg/t): collectors - 0.5-1.7; depressants — 0.4-0.7;
pH regulators - 0.5-0.8.
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Optimal parameters from single flotation tests
were refined in closed cycles using recirculated water,
including primary, scavenger, and three to four cleaner
flotation stages. Decantation was employed to obtain
recycled water; tap water was used in process trials.
Collector flotation activity was assessed via surface ten-
sion measurement using the ring detachment method,
based on the force required to detach liquid adhering
to a ring. Additionally, the impact of slurry temperature
on flotation performance using talactam was studied,
as this reagent is a condensation product of tall oil and
amino carboxylic acid sodium salt.

Sedimentation analysis of slimes was conducted
using a gravimetric method, based on differential set-
tling velocities of particles of varying size and mineral
composition. The methodology of sedimentation anal-
ysis was based on the differences in settling time of
mineral particles of varying grain sizes. The essence
of the method consisted in determining the variation
in substance concentration at a specific depth of the
suspension. During the experiments, the equal-settling
coefficient for mineral particles was taken into account.
The material was classified into grain size classes. For
the calculation of settling time of mineral particles for
each grain size class, terminal settling velocities were
determined. The terminal settling velocities for the
classes with a maximum grain size of 0.033 mm were
calculated using Stokes’ formula:

2Apga2

w= T @

where u - is the particle settling velocity, m/s;
Ap=p,-p,-isthe difference in densities of the dispersed
phase and the medium, respectively, kg/m?; g - is the
acceleration of gravity, m/s?; 4 - is the viscosity of the
medium, PaS (0.0001 Paxs); a - is the particle radius, m.
During the planning of experiments, the settling
time for the selected vessel was determined as the

65

60

Surface Tension, N/m

25

0 0.5 1 1.5

ratio of the height between the vessel markings to the
calculated terminal settling velocities of the material.
Distilled water was used during the experiments. In
the course of sedimentation analysis using this meth-
od, samples were taken from a specific depth of the
suspension at different time intervals from the start
of the experiment, and the mass concentration of the
substance in each sample was determined. With knowl-
edge of the particle size and the settling height, the
sampling time was calculated. The difference in mass
concentrations between individual samples indicated
the relative content of particles of the respective frac-
tions in the analysed suspension. The calculations took
into account the density of the solid phase in the rele-
vant suspension: 3,800 kg/m? for intermediate products
and an average of 2,600 kg/m3 for waste. The settling
time of a particle in the suspension (t,) was estimated
as the time required for the particle to travel a distance
equal to the vessel height (H):

t, =

(2)

HE

Sedimentation analysis of the suspension by the
gravimetric method was carried out using an apparatus
consisting of a 1 dm3 cylinder, a stirrer, and a Robinson
pipette, which enabled sampling of the liquid at a con-
stant level. A weighed portion of material of a specific
grain size class (-0.045+0 mm) was placed into the ves-
sel filled with water. The previously calculated settling
time was then measured, after which the non-settled
material was decanted. The experiment was repeated
with the addition of clean water until the liquid above
the lower mark became transparent.

® Results
The results of the study on the influence of surface ten-
sion magnitude as a function of reagent concentration
were presented in Figure 1.

2 2.5 3 3.5

Logarithm of Concentration

Figure 1. Surface tension as a function of reagent concentration
Notes: 1 - Talactam solution in tap water; 2 — CTOS solution in tap water; 3 - Talactam in technical water; 4 - CTOS in technical water

Source: authors’ development
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All four reagents demonstrated typical surfactant
behaviour: surface tension decreased with increasing
reagent concentration, confirming their capacity to ac-
cumulate at phase interfaces and reduce surface energy.
In tap water, talactam produced a gradual reduction in
surface tension, with the critical micelle concentration
(CMC) observed around a logarithmic concentration of
=2.5, beyond which the curve plateaued. Surface ten-
sion reduction was moderate in this case.

In contrast, talactam in process water achieved a
significantly deeper reduction in surface tension - from
60 mN/m to approximately 30 mN/m within the stud-
ied concentration range (logarithmic concentration O

0.365

[ ]

to 2.5) - followed by a gradual yet substantial decline.
This behaviour was attributed to strong interactions
with process water, likely influenced by the presence
of calcium ions and trace impurities. Initial surface ten-
sion was slightly higher (~58-60 mN/m). In both tap
and process water, CTOS exhibited less efficiency than
talactam, confirming talactam in process water as the
most effective surfactant within this series, due to its
consistent and substantial reduction of surface tension.
Water type significantly influenced activity, with pro-
cess water enhancing performance due to coagulation
effects. The kinetics of optical density variation for ta-
lactam in tap water are shown in Figure 2.

{ ]
{ ]
[ ]

036 »
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0.345
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Figure 2. Kinetics of optical density change for talactam in tap water

Source: authors’ development

Asharp increase during the initial 5 hours indicated
active processes of dissolution, dispersion, or interac-
tion between talactam and water components. Stabili-
sation occurred around 0.360 nm after 5 hours, indicat-
ing that the system had reached equilibrium. Stability
up to 25 hours indicated the physicochemical resistance
of talactam in tap water following the initial activation/

0.05
0.045
0.04
0.035
0.03

Optical Density, nm
o
o
N
(9]
@
K

50 60

dissolution process. The observed increase in optical
densitywas likelydueto one ormore of the following:dis-
solution or swelling of the polymer, reactions with ions
or impurities, or self-aggregation of molecules. Changes
in optical density — an important indicator of surfactant
system stability and interactions with aqueous environ-
ments - depended on reagent concentrations (Fig. 3).

3 @ e
..... Q.
...... )
............. SR S
1
............ ‘92.‘
" » 20 100

Concentration, mg/L

Figure 3. Change in optical density of talactam dependent on reagent concentrations
Notes: 1 - Talactam solution in tap water; 2 — CTOS solution in tap water; 3 - Talactam solution in recycled water; 4 - CTOS solution

in recycled water
Source: authors’ development
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Observations on talactam behaviour in recycled
versus tap water revealed that in recycled water, opti-
cal density increased most significantly with increasing
concentration, reaching ~0.045 nm at 100 mg/L. This
suggested active particle aggregation and the presence
of colloids or impurities interacting with talactam. In
tap water, optical density remained stable, with a slight
peak at 40-50 mg/L. Subsequent plateauing or decline
likely indicated solubility Llimits and stabilisation, or re-
duced aggregation. In recycled water, CTOS also showed
increased optical density, albeit to a lesser extent than
talactam, suggesting partial aggregation inhibition or
lower absorbance. In tap water, CTOS exhibited minimal

changes, with optical densities in the 0.005-0.01 nm
range - indicating the most stable behaviour in this
environment, likely due to absence of particle aggre-
gation. Thus, talactam in recycled water demonstrated
a strong tendency to aggregate, leading to increased
optical density and improved collector performance, as
confirmed in subsequent trials. The chemical compo-
sition of the composite technogenic phosphorus-con-
taining sample is shown in Table 1. The average P,0O.
content was 10.55%, with SiO, at 35.65%, total Fe at
7.5%, Ca0 at 18.82%, and Al, O; at 5.3%. These oxides
served as key evaluation criteria for phosphorite and
glauconite products.

Table 1. Chemical composition of technogenic phosphorus-containing raw material (average values)

X Components, %
Material
P,0, | MgO | CaO | SiO, | ALO, | Fe,, | FeO | Fe,0,| TiO, | Na,0 | K,0 | MpO | F | S, | CO, | SO, | LOI
Sample | 10.55| 2.02 | 18.82| 35.65| 5.3 7.5 10 | 101 | 0.19 | 0.33 | 2.75 | 045 | 1.85 | 1.34 | 242 | 0.9 |0.355

Source: authors’ development

Mineralogical analysis revealed that the primary
phosphorus-bearing mineral, francolite, constituted
21.8% of the sample. The sample was characterised
by a significant content of glauconite (38.6%) and

iron hydroxides (7%). It also contained heterogene-
ous clay material (9.1%) and gypsum (2.1%). The lib-
eration characteristics of the minerals are illustrated
in Figure 4.

100

80 Francolite
® Glauconite

60
Gypsum

40 MCalcite

Degree of Liberation, %

0.044

0.074 0.16 0.25

0.5 1.25

H Iron hydroxides

Size Fraction, mm

Figure 4. Mineral liberation in the grain size classes of the initial sample

Source: authors’ development

Mineralogical analysis of classified material
showed that the +1.25 mm fraction comprised 15.7%
free particles and 84.3% composites. Among the free
particles were francolite, clay mineral, glauconite, cal-
cite, and palaeoresidue. Rich composites (with >50%
of a single mineral) outnumbered poor ones (<50
%) — 52.7% vs. 31.6%. Rich composites were primarily
composed of glauconite, francolite, and clay mineral.
Palaeoresidue occurred only as free fragments.The
-1.25+0.5 mm fraction consisted of 82.2% composites
(34.2% rich, 28.1% poor). Rich composites contained
glauconite, francolite, and clay mineral. In contrast to
previous fractions, iron hydroxides and hydromicas no
longer exhibited a predominance of rich composites.
Free particles (17.8%) included the same minerals

found in coarser fractions, with quartz appearing as an
additional free component.

The -0.5+0.25 mm fraction contained 20.5% free
particles and 79.5% composites. Free particles includ-
ed the same components observed in coarser frac-
tions. Rich composites significantly exceeded poor
ones (67.5% vs. 12.0%). No poor magnetite compos-
ites were detected. The -0.25 +0.16 mm fraction com-
prised 17.6% free fragments and 82.4% composites.
All previously identified minerals were present among
the free fragments, with the exception of magnetite.
The gap between rich and poor composites widened
to 71.2% and 11.2%, respectively. Beginning with the
-0.16 +0.074 mm fraction and continuing to finer sizes,
all particles were fully liberated.
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The distribution of minerals across size classes was
non-uniform. The -0.5 mm fractions were the most en-
riched in francolite, due to the low selectivity of fine-
grained ore enrichment. Grinding to -0.16 mm resulted
in sharp reductions in coarse fractions and a marked
increase in fines. Fine grinding maximised mineral

100

liberation at 0.16 mm, though it generated a significant
volume of slimes. Hence, pre-classification using classi-
fiers and hydrocyclones prior to grinding is recommend-
ed. The formation rate of the minus 0.16 mm fraction
is shown in Figure 5, with rapid formation occurring
within the first 16 minutes, followed by a sharp decline.

1 1

90
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60

Yield, %

50
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30

2_,_-——'—’_’_'_'_'_”,
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-/

0+

0 4 8

12 16 20 24

Grinding Time, min

Figure 5. Kinetics of formation of -0.16 mm and -0.044 mm size fractions during sample grinding in a ball mill
Notes: 1 - Formation curve of the -0.16 mm size fraction; 2 - Formation curve of the -0.044 mm size fraction

Source: authors’ development

Formation of the <0.16 mm fraction followed a pol-
ynomial equation with an approximation reliability of
0.9894:

R*=0.0008 t* - 0.0236 t* -
- 0.188 t2+10.743 t+7.1234, (3)

where R* - retained portion on the 0.16 mm sieve, %;
t - grinding time, min. Formation of the -0.044 mm frac-
tion followed a polynomial with approximation relia-
bility of 0.9954:

R*=0.0082 t3-0.2969 t2+3.871 t+2.4762, (4)

where R* - retained portion on the 0.044 mm sieve, %;
t - grinding time, min.

Detailed mineral-petrographic analysis of screened
products clarified the grinding mechanism. The first
phase involved intense disintegration of aggregates,
liberating francolite grains. This was followed by dis-
aggregation of intergrowths and grinding of liberat-
ed mineral grains. Due to its low hardness, francolite
was prone to overgrinding and transitioned into the
-0.044 mm fraction. During the study of raw material
comminution, it was established that, in order to in-
crease the degree of mineral intergrowth liberation, re-
lease of phosphorite and glauconite, and to reduce the
content of refractory slimes, a closed grinding circuit
with high circulating loads had to be employed.

Sedimentation analysis of post-grinding slimes
demonstrated that the P,O; content in the +0.02 mm

and -0.02 mm fractions was evenly distributed, allow-
ing the +0.02 mm fraction to be included in enrich-
ment processes and thereby increasing overall P,O;
recovery in the final product. The material, with slimes
removed (-0.02 mm), was subjected to magnetic and
flotation enrichment. Chemical analysis confirmed
the sample as a high-carbonate feedstock with ele-
vated iron content. Studies of magnetic susceptibility
showed that glauconite and siderite exhibited weak
magnetic properties, while phosphates and quartz
were non-magnetic. The difference in susceptibility
between glauconite/siderite and quartz/phosphates
was sufficient for selective recovery in a high-intensi-
ty magnetic field.

The mineral distribution in magnetic separation
products was found to be independent of feed compo-
sition, with magnetic products enriched in glauconite,
iron hydroxides, and magnetite in varying ratios. Grind-
ing to -0.16 mm did not significantly reduce phospho-
rus losses in magnetic products, indicating an isomor-
phic association between glauconite and phosphate. In
non-magnetic products, an increase in non-magnetic
mineral phases (calcite, quartz, clay, barite, palaeoresi-
due) was observed, depending on the material fed into
the separator. The presence of these phases in magnet-
ic products resulted from intergrowths with iron-rich
minerals. Francolite was detected in both magnetic and
non-magnetic products, mainly as intergrowths with
glauconite. The distribution of minerals in the products
of magnetic separation of the ground ore was present-
ed in Figure 6.
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Figure 6. Mineral Distribution across magnetic separation products of raw material ground to 100% passing 0.16 mm

Source: authors’ development

The clay mineral content in magnetic products
of ground materials increased from 3.3% to 19.2%

with rising magnetic field induction (0.2 T to 1.4 T).

In non-magnetic products, the content reached 30.0 -
44.0%. In intermediate products, content varied from
12.2% to 20.1%. Glauconite distribution in magnetic
products peaked at 75.4% at 0.9 T and then declined
to 52.2% at 1.4 T. In non-magnetic products, glauconite
content was 1.3%.

Magnetic separation of ground feedstock enabled
glauconite to be separated into a distinct product.
However, due to residual francolite in magnetic prod-
ucts, additional separation of the flotation froth was
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performed. In the non-magnetic product, francolite con-
tent was 28.8%, compared to 16.6-21.2% in magnet-
ic products. Magnetic separation of the froth product
improved the francolite concentration in the flotation
fraction by removing glauconite. At 0.9 T, the magnetic
field reduced total iron content in the froth phosphate
product from 8-11% to 2-3%. Analysis of the flotation
froth product from material ground to 100% -0.16 mm
showed that the P,O. content in the phosphorite con-
centrate ranged from 18.7% to 21.5%, with P,0O. recov-
ery in the froth product ranging from 69.5% to 93%.
The relationship between P,O. content and collector
dosage (talactam and CTOS) is shown in Figure 7.
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Figure 7. Dependence of mass fraction of phosphorus on collector consumption

Notes: 1 - Talactam; 2 - CTOS
Source: authors’ development

Analysis of the flotation results of the ore indi-
cated that the mass fraction of P,0; in the concen-
trate varied from 15.7 to 21.0%. The dependence of
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phosphorus oxide recovery in the concentrate on the

collector consumption (tall oil amide and CTOS) was
presented in Figure 8.
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Collector Consumption, kg/t

Figure 8. Dependence of phosphorus oxide recovery into concentrate on collector consumption

Notes: 1 - Talactam; 2 - CTOS
Source: authors’ development
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Analysis of the flotation results of the ore demon-
strated that P,O, recovery in the concentrate varied
from 93% to 69.5%. Further analysis demonstrated that
increasing collector dosage above 2.0 kg/t impaired
selectivity, causing not only phosphate but also quartz
to report to the froth. With minimal collector dosage,
P,O. content increased sharply while yield decreased.
As collector dosage increased, concentrate yield rose
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Beneficiation indicators
of the raw material, %

but quality declined. Talactam consumption was 40%
lower than CTOS. Thus, talactam demonstrated superior
collecting performance and selectivity, and was select-
ed as the primary reagent in the recommended scheme.
The results of the study on the influence of temper-
ature on the selectivity of the flotation beneficiation
process of technogenic phosphorus-bearing material
were presented in Figure 9.

25 35 45

Temperature, °C

Figure 9. Dependence of beneficiation performance indicators
of phosphorus-containing technogenic raw material on pulp temperature
Notes: 1 - change in mass fraction of phosphorus oxide in concentrate; 2 — change in phosphorus oxide recovery into concentrate

Source: authors’ development

Analysis of the research results revealed that dur-
ing beneficiation of the sample within the temperature
range of 5 to 45°C. Low temperatures negatively im-
pacted technogenic phosphorus-containing material
recovery due to reduced bubble attachment strength on
a mineral surface. At a suspension temperature in the
range 0-15°C, P,O, recovery in the concentrate was 20-
60%, with P,0O, content at 15-18%. Using CTOS under
the same conditions yielded only 10-30% recovery at
12-16% P,0,. Talactam mitigated the negative impact
of low temperatures. Between 20°C and 35°C, recovery
increased to 93%, with P,O. content at 20-21%.

Mineralogical analysis of flotation products from
material ground to 100% -0.16 mm showed that glau-
conite (39.9-46.7%), iron hydroxides (4.2-6.9%), gyp-
sum, and barite concentrated in the cell product. The
froth product exhibited a 3-5-fold increase in fran-
colite content - an advantageous outcome. However,
clay mineral, quartz, calcite, and palaeoresidue were

also present. These may be removed during chemi-
cal treatment. The froth product is recommended
for further magnetic separation to eliminate glau-
conite and enhance phosphorite concentrate quality.
The cell product represented tailings of the process,
with P,0. content at 4.25%. In flotation tests using
the non-magnetic product (100% of the -0.16 mm
size class; P,0, content: 12.93%), a phosphorite con-
centrate with 21% P,0, was obtained, meeting third-
grade phosphorite flour standards, with a yield of
47.03%. P,O. recovery in the froth was 76.41%. The
cell product had 5.76% P,0..

Based on the conducted research, two variants of
the beneficiation flowsheet were developed: magnet-
ic-flotation and flotation - magnetic, both providing
the production of phosphorite concentrate and glau-
conite product. The results of ore beneficiation under
laboratory conditions according to the proposed flow-
sheets were presented in Table 2.

Table 2. Results of beneficiation of technogenic phosphorus-containing raw material

Flowsheet operation Product name Yield, % Mass share, % B
’ p205 Ftotal PZOS Fetotal
Option 1
Magnetic Separation | Magnetic (Glauconite Product) 50.71 8.24 12.07 39.60 81.60
Non-magnetic 49.29 1293 2.80 60.40 18.40
Flotation Concentrate 23.18 21.0 1.70 46.15 5.25
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Table 2. Continued

Flowsheet operation Product name Yield, % Mass share, % Recoven), %
p g PZOS Ftutal PZOS Fetntal
Tailings 26.11 5.76 3.78 14.25 13.15
Feed 100.0 10.55 7.50 100.0 100.0

Option 2

Flotation Concentrate Middlings 41.92 19.28 5.98 76.60 33.40
Tailings 58.08 4.25 8.60 23.40 66.60
Magnetic Separation | Magnetic (Glauconite Product) 18.79 17.20 10.60 30.64 26.56
Concentrate 23.12 20.97 2.22 45.96 6.84
Feed 100.0 10.55 7.5 100.0 100.0

Source: authors’ development

According to the first variant, magnetic beneficia-
tion of the ground material to 100% of the -0.16 mm
size class was proposed at the beginning of the flow-
sheet. This enabled the removal of iron-bearing miner-
als from the phosphorus-bearing product and, conse-
quently, reduced the amount of material fed to flotation.
Magnetic separation yielded a glauconite concentrate
with a mass fraction of P,0, of 8.24% and 4.07%, and
a phosphorite concentrate with a mass fraction of P,0
of 21.0%. In the second variant, magnetic beneficiation
was applied to the concentrate obtained from flotation
of the ground material. Magnetic separation produced
a glauconite concentrate with a mass fraction of P,0.
of 17.2%, and a phosphorite concentrate with a mass
fraction of P,O, of 20.97%. Therefore, the first flowsheet
variant (magnetic - flotation) proved to be more effi-
cient and offered several advantages. Firstly, it allowed
a 50.71% reduction in flotation load due to early recov-
ery of the glauconite product during the initial stage of
processing the technogenic phosphorus-bearing mate-
rial. Secondly, phosphorus recovery in the concentrate
was higher by 0.19%.

® Discussion
The obtained results were compared with those pre-
sented in scientific publications addressing similar as-
pects of natural and technogenic phosphorite ore ben-
eficiation. The choice of enrichment methods in these
studies was largely determined by the mineral compo-
sition of the initial feedstock.

H.Amar et al.(2022) demonstrated that the increas-
ing demand for phosphate ore, driven by the depletion
of high-grade reserves, has rendered the mining and
processing of low-grade phosphates a necessity for
sustainable production. The phosphate industry, iden-
tified as a major contributor of mining waste, consists
of three main operational stages. The first involves ore
extraction and separation from accompanying minerals
and was sent to the beneficiation plant. In the second
process, phosphate rock was concentrated using phys-
ical and chemical beneficiation methods. The resulting
phosphate concentrate was then delivered to process-
ing plants for the production of phosphoric acid and

various types of fertilisers. Enrichment generates sub-
stantial volumes of tailings composed of fine fractions,
which represent an environmental burden and disrupt
landscapes.Numerous studies have examined sedimen-
tary low-grade phosphate deposits (<16% P,0;) to raise
phosphate quality to market specifications (~30% P,0.).
Applied processes have ranged from simple mechan-
ical treatments (crushing, grinding and classification)
to complex operations such as flotation and leaching.
Pre-enrichment stages have included attrition, scrub-
bing, washing, and desliming to eliminate clays and
fine silicates. Flocculation was found to be highly ef-
fective, achieving sedimentation levels of 81.3% in just
15 seconds using anionic flocculants. Polyacrylamide
flocculants showed superior performance, achieving 37
times faster sedimentation than natural settling.

R.Dabbebi et al. (2023) explored the reuse of phos-
phate mine waste (PMW) across various sectors. Their
study highlighted the potential of PMW as raw mate-
rial for multiple applications within sustainable man-
agement frameworks. The authors emphasised that
the variable mineralogical composition and elemental
content of PMW, dependent on deposit origin and en-
richment methods, made it suitable for diverse uses.
Secondary utilisation of phosphate waste is a complex
process requiring detailed examination of the physical
and mineralogical properties of tailings. The most effi-
cient phosphate recovery method identified was direct
flotation using anionic fatty acid collectors. PMW was
also recognised as a rich source of heavy metals and
rare-earth elements (REEs). Elements such as Cd, Cr,Mn,
Mo, Ni, Pb, U, V, and Zn, along with phosphorus, were
extracted from phosphate slimes. Zinc and nickel were
successfully recovered via leaching. REEs were most ef-
fectively recovered using flotation.

In a study by J. Guo et al. (2024), it was emphasised
that the successful beneficiation of phosphate ore con-
taining phosphates, apatite, calcite, and dolomite was
based on a thorough understanding of its mineralo-
gy, mineral surface properties, distribution, and min-
eral liberation. Due to the relatively low P,O, content
and high impurity levels, most ores were unsuitable
for direct acidulation and required pre-enrichment to
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produce suitable concentrates. Applied methods includ-
ed flotation, attrition cleaning, desliming, electrostatic
separation, magnetic separation, gravity concentration,
and calcination. In direct flotation, anionic collectors
were used differentially, with optimum pulp alkalinity
at pH 9.5 maintained by Na,CO,. Phosphate ores (53-
63 um) from Rajasthan and Madhya Pradesh (India) un-
derwent two-stage high-gradient magnetic separation
following calcination and flotation. The use of sodium
oleate and sodium metasilicate yielded a final concen-
trate containing 31.5% P,0, and 8.8% SiO,, with an
overall P,O. recovery of 65.0%.

A. Kareeva et al. (2023) investigated Chilisai low-
grade phosphorites through a comprehensive study of
their physicochemical properties. Techniques employed
included chemical and energy-dispersive analysis, FTIR
spectroscopy, X-ray diffraction, and mineralogical anal-
ysis. The presence of glauconite, a hydromica composed
of iron and aluminium silicate, quartz, and potassium
oxides, was identified alongside dolomite. The latter
was often misidentified as calcite; however, its crystal
structure, with calcium and magnesium ion mobility
along three axes, enabled distinction. The results of-
fered new insights into the unique characteristics of
Chilisai phosphorites, such as REE traces and ion mo-
bility in glauconite and dolomite, which are critical for
identifying novel phosphorus-bearing feedstocks.

A. Mahmoud et al. (2024) studied low-grade phos-
phate ore from Abu Tartur in Egypt’s New Valley Gover-
norate. Estimated at 980 million tonnes at 30% phos-
phate content, it is one of the country’s largest deposits.
Phosphate extraction was performed using gravity,
magnetic, and flotation enrichment. Chemical compo-
sition (P,0., Ca0, Si0,, SO,, Fe,0,) was determined via
X-ray diffraction. The flotation process was negatively
affected by fine fractions <0.074 mm, prompting me-
chanical impurity removal using modern classifiers.
This improved P,0, content from 21.27% to 22.38%.
Magnetic separation with a Dings cross-belt separator
increased P,0, content to 25.25% with 90.3% recovery.
Flotation of the non-magnetic product using a mixed
reagent system (oil and oleic acid) produced a concen-
trate with 28.29% P,0. and 86.14% recovery.

X.Zhang et al. (2022) developed an effective desil-
ication method for siliceous phosphate ore. MLA and
SEM-EDS microscopy characterised mineral compo-
nents and morphology. The effect of Falcon centrifuge
parameters (rotation speed, water pressure,feed rate) on
separation efficiency was evaluated. Orthogonal experi-
mental design was used to establish a predictive model.
Laboratory tests confirmed that at 64.73 Hz,0.012 MPa,
and 30.51 mL/s, maximum P,O; recovery of 86.02% was
achieved at 27.45% P,0,. Most valuable mineral loss oc-
curred in the -0.045 mm fraction. Optimisation experi-
ments identified 0.045-0.09 mm as the optimal particle
size range. By implementing these recommendations,
flotation feed optimisation reduced grinding costs.

M. Derqaoui et al. (2021) reviewed reagents for di-
rect froth flotation of low-grade phosphates. Mixed col-
lectors were found to provide better apatite selectivity
and recovery than fatty acids, which required selective
depressants. Apatite flotation efficiency was shown to
depend not only on reagent type but also on adsorption
mechanisms and solution chemistry. Surfactants such
as dodecylaspartate and dodecylglutamate, containing
two and three carbon atoms between carboxyl groups
respectively, exhibited micellisation coefficients 4-5
times higher than dodecylglycinate. Hydrogen bonding
promoted denser molecular packing at the air — water
interface and within micelles. Formation of intermolec-
ular complexes led to lower surface tension. Internal
chelation was advantageous for calcium-bearing sur-
faces. While dodecylaminomalonate and dodecylaspar-
tate showed strong adsorption on hydroxyapatite,
dodecylglutamate adsorbed weakly. On non-specific
surfaces, the three surfactants displayed similar ad-
sorption behaviour.

Analysis of the current study in comparison with
previous works confirmed the relevance of technogen-
ic phosphorus-containing feedstock beneficiation and
validated the proposed process flowsheet, compris-
ing: closed-circuit grinding with high circulating loads
to minimise slime formation; high-intensity magnetic
separation to reduce flotation load; flotation using a
complex anionic collector (talactam) to ensure selectiv-
ity and performance.

® Conclusions

The conducted research confirmed the effectiveness
of utilising phosphorite ore processing waste to pro-
duce concentrates suitable for the manufacture of
third-grade phosphorite flour. The glauconite products
obtained following francolite removal were found suit-
able for use in the production of potassium fertilisers
and green pigments.

It was established that fine grinding of technogenic
phosphorus-containing material resulted in significant
slime formation. To minimise this, disintegration should
be preceded by classification using hydrocyclones and
classifiers, with a particle size cut-off of 0.16 mm. Ex-
perimental studies demonstrated that magnetic sepa-
ration of feed material with 100% -0.16 mm reduced
total iron content in the non-magnetic product from
8-11% to 2-3%, while increasing P,0; content by a fac-
tor of 1.18-2.63.

Flotation trials demonstrated the possibility of pro-
ducing phosphorite concentrates with P,0. contents
ranging from 18.7% to 21.5% and recoveries between
69.5% and 93%. Magnetic separation of flotation froth
products enabled partial enhancement of francolite
concentration in the froth fraction and a significant re-
duction in glauconite and iron hydroxide content. How-
ever, the advisability of magnetic separation post-flota-
tion should be confirmed via detailed techno-economic
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assessments, incorporating downstream chemical pro-
cessing considerations.

Based on the processing of technogenic phospho-
rus-containing samples with initial P,0O; contents of
10.55% and 5.45%, market-grade phosphorite concen-
trates were obtained with P,0, contents of 18.7-21.5%
and recoveries of 69.5-93%.

Two laboratory-verified flowsheet variants were
developed for feedstock enrichment: magnetic-flota-
tion and flotation-magnetic. Both enabled production
of phosphorite concentrate and glauconite product.
In the first variant, magnetic separation performed at
the head of the circuit, produced glauconite concen-
trates with P,O. contents of 8.24% and 4.07%, and
phosphorite concentrate with 21.0% P,O.. In the sec-
ond variant, magnetic separation followed flotation,
producing glauconite concentrate with 17.2% P,O, and

interfacial surface tension energy at the interfaces of
the three-phase system must be considered. This find-
ing substantiates the recommendation of talactam, an
anionic collector, for the selective separation of fran-
colite from quartz, and defines the optimal operational
conditions for the technological process. The questions
examined in this study require further investigation.
The results obtained are consistent with findings in re-
lated research and may serve as a foundation for more
in-depth exploration of REE recovery from technogenic
phosphorus-containing materials.
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36araueHHs TexHOoreHHoi pocchopBMilLLlyOUOT CUPOBUHM
fIK AdKepena oTpUMMaHHA MiHepanbHUX gobpus

® AHoTauif. AKTyanbHiCTb AOCNIAXEHb MOBA3aHA 3 HEBMPILUEHUMM MUTAHHAMM 3POCTAHHS BapTOCTi CMPOBUHM,
reononiTMYHOI HecTabinbHOCTI Ta CKNafHOCTI nepepobku GocHOopUTOBUX pyh i3 BUCOKMM BMICTOM AOMILLOK, WO
00yMOBOE HEOOXIAHICTb NOLYKY eDeKTUBHUX NiAXOAiIB A0 36arayeHHs Ta nepepobKM HU3bKOCOPTHOI CUPOBUHU 1
BiAXOLIB K anbTepHATUBHUX mkepen docdopy. MeTa focnigkeHHS — po3pobka TexHoNorii 36arayeHHs TEXHOreHHOoI
$HoCHOpPOBMICHOI CMPOBUMHU A9 O0fepXKaHHSA HOCHOPUTOBOrO KOHLLEHTPATY, NPUAATHOMO A9 BUPOOHULTBA A,0OPUB.
[pn BMKOHAHHI [OCAIAXEHb BUKOPUCTAHO MiHEPanoriyHui, XiMiYHUIR, rPaHYNIOMETPUYHUI Ta CeaUMEHTaLiMHWIA
aHaniau cknagy cMpoBuHW. Ipy BUKOHAHHI N1abopaTOpPHMX E€KCMEPUMEHTIB BUKOPWUCTaHI NoapibHeHHs, dnoTauia
Ta MarHiTHa cenapadis. [locnigpkeHo BNacTMBOCTI peareHTiB Ans po3pobku GnoTauiinHoi TexHonorii 36arayeHHs
dochopBMiCHOI cMpOBMHU. Y pobOTi [OCNIIKEHO MOXIMBOCTI 30arayeHHs TeXHOreHHoi @GochOopoBMiCHOI
CUPOBWHU, OTPUMAHOI B pe3ynbTaTi nepepobku GochopmToBOi pyau. 3anponoHOBaAHO ABi 1abopaTopHO anpoboBaHi
TEXHOJONiYHI CXEMM — MaArHiTHO-(NOTaLiHYy Ta (GnoTauiMHO-MarHiTHY, WO 3a6e3neyyTb OAEPXaHHS TOBAapHOrO
dochopuToBOro KoHLeHTpaTy 3 Macoeoto yactkoto P,O. Big 18,7 no 21,5 % npu BunyyerHi pochopy 69,5-93 %.
Yneplue BCTAHOB/IEHO HEOOXiLHICTb ypaxyBaHHS eHeprii MOBEPXHEBOrO HATAry Ha MeXi po3pineHHs Tpbox a3
nig vac gnotauii, Wo L03BOAUNO O06rPYHTYBATU LOLINbHICTb 3aCTOCYBAHHA aHiOHHOro 36Mpaya — Tanaktamy - ang
edeKTMBHOro po3aineHHs ¢paHkoniTy Ta kBapuy. [lpoBeaeHHs MarHiTHOI cemapauii 9k 8o, Tak i nicns dnoTauii
CNPUANO0 NiABULLEHHIO BMiCTY GPaHKOAITY Ta 3MEHLLEHHIO BMICTY IIAyKOHITY i 3a1i30BMiCHMX MiHepaniB. BctaHoBneHo,
Lo nonepesHs KnacudikaLia CMpOBUHM 33 FpaHMYHO KpynHicTio 0,16 MM [,03BONSIE 3MEHLUUTU YTBOPEHHS LUTAMIB
npu pdesiHterpauii. OTpMMaHi rMayKoHITOBI MPOAYKTM MOXYTb 6YTM MOTEHLIMHO BMKOPWUCTaHi AN BMPOOHMLTBA
KaniiHux o6puB Ta 3eN1eHMX NirMeHTIB, 0AHaK Lie NoTpebye nofanblumnx focniaxeHb. [pakTMYHa 3HAYUMICTb pO60OTH
NONSrae B TOMY, L0 BNPOBAXKEHHS Y BUPOOHMLITBO pO3pobieHOi TexHONOorii 36arayeHHs TeXHoreHHoi hocdopuToBoi
CUPOBMHU [,03BONMNO OTpUMaTK GOChATHUIN KOHLLEHTPAT B KinbKocTi 23,18 %, Skt NpuaaTHUIA AN BUrOTOBIEHHS
MiHepanbHoro nobpuea — docdaTtHoro 6opowHa Ill-ro copty, Ta rnaykoHiTOBMI NpoayKT B KinbkocTti 50,71 %, wo
BUMKOPUCTOBYETLCA SIK eHTEPOCOPOEHT Ta IyKepeno MiKpoeneMeHTIB y CKNaAi KOMBiKopMiIB

® Kniouosi cnosa: dhocthop; hpaHKoNiT; rMaykoHIT; MarHiTHa cenapadis; daoTadis
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