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Abstract

This paper presents the results of the study on chemical and the physical properties of waste phosphogypsum (PG) of apatite
origin from the former chemical plant Wizow, Poland which are important for further processing and economic use. The
research was carried out to verify whether the waste might be useful as a raw material for rare earth elements (REE) recovery
and the manufacture of building materials. The following methods were chosen: X-ray diffraction, scanning electron micros-
copy with an energy-dispersive X-ray detector, atomic absorption spectrometry, inductively coupled plasma spectrometry,
differential thermal analysis, thermogravimetry, and gamma spectrometry with natural radioactive contamination analyzer.
It has been proven that the chemical physical properties of phosphogypsum provide an opportunity to utilize this waste
material as a source of REE and raw material for building purposes. PG contains an overall amount of REE in the interval
of 0.343-0.637% by mass and does not show radioactivity level which would exclude it from construction purposes. The
presented results serve as the basis for currently available technological directions in the management of apatite PG for useful
trade products, which creates a chance for the elimination of its storage necessity by further processing.

Graphical Abstract

Keywords Phosphogypsum - Waste - Phosphogypsum contamination - Rare earth elements - Morphological
characterization

Introduction

Nowadays, rare earth elements (REEs) have a great impact
on the development of new technologies, e.g., strategic
economy sectors [1-3] are considered to be the flywheel of
modern economics and serve as the basis for technological
developments. Economy politics of developed countries is
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aiming towards a decrease in the dependence on raw materi-
als supplied by countries that hold a monopoly for the world-
wide supplies. Raw material accessibility and the security
of supply influence the economics; furthermore, the increas-
ing demand and limited raw material resources enforce the
search for new REE deposits [2-5].

Europe does not have its own primary sources of REE,
but is in fact, one of the most significant consumers of REE.
REEs are treated as critical raw materials and have been put
on a list of raw materials that are crucial for the European
Union (EU) economy [3, 6, 7]. The Raw Materials Initiative
was put forward in 2008 to tackle the challenges related to
the access to raw materials, REE among others. The new
Communication from the Commission to the European Par-
liament on the 2017 list of Critical Raw Materials for the
EU updates the 2014 list of critical raw materials. The list
is used by the Commission as a supporting element when
negotiating trade agreements, challenging trade-distortive
measures, developing research and innovation actions, and
implementing the 2030 Agenda on Sustainable Development
and its Sustainable Development Goals (COM(2017) 490).

A search for new REE extraction methods has consider-
able significance; until recently, they were considered tech-
nically, technologically, or economically unattractive [1-5,
8]. Therefore, new sources of crucial raw materials are gain-
ing importance, e.g., recycling and processing of electronic
waste, mining waters, sediments, mine burrows, black coal,
and fly ashes [8-17].

One source of REEs that should be taken into consid-
eration is apatite phosphogypsum. It is generated as a side
product which is neutralized by storage during the produc-
tion of phosphoric acid from phosphate raw materials by the
so-called wet methods. They consist in the decomposition of
phosphate raw materials by sulfuric acid [18-20] and may
be carried out according to

e hemihydrate (HH, x=1/2),
e dihydrate (DH, x=2),
e and anhydrite (AH, x =0) processes.

The main reaction is as follows:

Ca, (PO, ) F, + 10H,S0O, + xH,0 — 6H;PO, + 2HF
+ 10CaSO, - xH,0. (1)
In the dihydrate method (DH-process), REEs account for
about 20% or more, passing to the phosphoric acid solution;
the rest of the REE remains in the waste of phosphodihy-
drate (PHD). In the hemihydrate method (HH-process), REE
almost entirely pass to the semi-hydrate phosphogypsum
(PSH) [21-24].
The worldwide production of phosphate raw materials
in 2014 amounted to 225 Mt (million tons) and predictions
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for 2018 are thought to amount to 258 Mt [25]. In Europe
(including Russia), there are over 30 phosphoric acid pro-
duction plants, in which some still produce or used to pro-
duce the acid from apatite. It should be mentioned that when
phosphorite is used instead of apatite, the obtained waste of
phosphogypsum is more contaminated and contains far less
recoverable REE than that from apatite. Thus, only the latter
should be considered as a potential source of REE and, at the
same time, as a raw material for the manufacture of building
materials used in civil engineering.

One of the most important PG parameters, particularly
determining its application in civil engineering, is its radio-
activity induced by the radioactive elements that it contains
[26]. In Poland, ensuring proper hygienic and health condi-
tions regarding building materials and ipso facto safety is
regulated by two law acts: Building Law and Atomic Law,
as well as executive regulations [27] and EU recommenda-
tions [28]. According to the regulations mentioned above,
it is forbidden to use materials in which the limit of natural
radioactive elements is exceeded for building materials.

The former chemical plant Wizow, before termination
of the phosphoric acid manufacturing, used Kola apatite
concentrate as a raw material. It is produced by calcination
of igneous phosphate ores occurring on Kola Peninsula in
the Russian Federation and contains 1-2% of REE [8, 18,
24, 29]. This raw material was widely used in Central and
Eastern European countries, including Poland, mainly for
phosphoric acid production intended for fertilizer production
purposes as well as the production of household chemicals
[29-33]. It is estimated that the PG pile in Wizow contains
about 5 M tons of the waste [22, 23] with a mean REE con-
tent of 0.3-0.7%.

REE content in phosphate raw materials is significantly
lower than in real REE ores. Deposits of rare earth metals
which are currently extracted contain 3—-15% of rare earth
oxides (REO). However, due to the fact that great quantities
of phosphoric acid are processed into phosphoric acid, the
rare earth metals accumulate in the waste PG which may be
a valuable source of REE [8, 11]. It is possible to extract
REE from PG inter alia by mineral acid extraction [17, 22,
29, 30, 34, 35].

Former chemical plant Wizow is located in the south-
west part of Poland approximately 4 km north of the city
of Boleslawiec, about 45 km from the German and 60 km
from the Czech border (Fig. 1). Until 1983, the chemical
plant produced phosphoric acid by the dihydrate method
(DH-process); however, from 1984, the production technol-
ogy was changed to the hemihydrate method (HH-process),
which had been used until 2006. The main waste product
was the phosphogypsum which includes mainly calcium sul-
fate hemihydrate contained with traces of phosphoric acid,
fluorine compounds, and approximately 0.6% of REO [23].
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Fig. 1 Location of the former chemical plant Wizow

Being an industrial waste from the production of phos-
phorus acid, the apatite phosphogypsum heap amounts to
about 5 million tons [17, 21-23]. The heap is approximately
1000 m long and 200 m wide and more than 30 m high,
covering about 20 ha. Geodetic measurements estimate
the volume of the heap at 3.3 x 10° m®. The district court
declared bankruptcy of Wizow chemical plant in 2006. Lack
of investors has led to a demolition of most of the production
buildings and warehouses in 2014.

The facilities of the Wizow chemical plant, especially the
phosphogypsum heap, as well as the nearby retention ponds
that collectively amount to 7256 m>, have had a negative
impact on the environment. The surrounding drainage trench
discharges the waste waters from the drainage system under
the heap along with the surface run-off into one of the reser-
voirs. The waste waters are contaminated mainly with fluo-
rides, sulfide, and phosphates. The contaminated waters find
their way to the groundwater and consequently to the Bobr
river that is only about 500 m away. The area of the chemical
plant has been fitted with a network of 40 piezometric wells
in order to monitor groundwater that includes eight wells for
a direct monitoring of the storage area. The remaining wells
were used to monitor the retention ponds along with the
plant’s quality of its surface water. Tests of waters from the
eight piezometric wells conducted in 2015 indicate signifi-
cant exceedance of acceptable norm levels for the class five
groundwater. The contained soluble compounds in PG, espe-
cially the free acids, sulfates and fluorides, are supremely
dangerous for the soil and the groundwater.

However, the research conducted by the State Environ-
ment Inspectorate in Wroclaw has not shown any exceedance

of the acceptable norms of heavy metals such as Zn, Pb, Cu,
Cd, Hg, and As.

Materials and Methods

Two random samples of PG waste from Wizow plant were
collected for testing. Samples in the amount of 5 kg were
taken from the upper layer (0-30 cm)—PG1, and also from
1 m below the upper layer of heap—PG?2. Collected samples
were then pulverized, homogenized, and dried at 55 °C.

Samples collected in March 2013 were taken from the
depth of 0-30 cm and below 1 m. Content of phosphogyp-
sum in deeper levels of the heap remains close to the upper
layers due to low filtration—something that was determined
during the filtration tests (see “Scanning Electron Micros-
copy (SEM)” section). Grain size, size distribution of crys-
tals, as well as the permeability coefficient were determined
in the samples. Moreover, X-ray diffraction (XRD), scanning
electron microscopy (SEM), differential thermal analysis
(DTA) and thermogravimetry (TG), and analyses of chemi-
cal contents were conducted using the atomic absorption
spectrometry (AAS) and inductively coupled plasma (ICP)
methods.

In November 2011, a series of 12 drillings were con-
ducted throughout the entire length of the heap for analyti-
cal purposes. The depth of the drillings varied between 29
and 42 m. Combined length of the drillings amounted to
410 LM. 2 kg sample was obtained from each 1 LM of the
drillings. The samples were then averaged and 12 aggregate
samples were subjected to tests in the Activation Laborato-
ries Ltd. in Ancaster, Ontario to determine a content of 39
components. This was done by melting the analytical sample
with Na,O, and direct analysis using the mass spectrometry
method (MS). Four samples from the depths of 1, 15, 30,
and 42 m were subjected to tests of bulk density and perme-
ability coefficient by a soil testing in a specialist laboratory
of Wroclaw University of Science and Technology.

Grain Size and Crystal Size Distribution

Once dried in 105 °C, the samples were tested using Master-
sizer 2000 laser diffractometer, equipped with Hydro 2000 S
dispersion unit (Malvern) with size range capacity 0.100 to
1000.000 um.

X-Ray Diffraction (XRD)

To determine the phase composition of PG [different frac-
tion shares of calcium sulfate (VI)] and mineral impurities,
an X-ray diffractometer was used: the MPD X’Pert PRO
Pw3040/60 of PANanalytical, geometry Bragg—Brentano,
Theta—Theta. Measurement conditions were as follows:

@ Springer
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range 2.6°—65° 2Theta; counting time—300 s; scan rate—
0.01 2Theta; CuKo radiation, Ni filter to remove K-beta radi-
ation, acceleration voltage of 40 kV, and current of 40 mA.
Data analysis and percentage shares of mineral phases were
conducted on the basis of Rietveld method using the High-
Score+ software supplied with the current ICSD and PDF4+
databases.

Scanning Electron Microscope

Examinations of PG structure were carried out at the Labo-
ratory of Queen Mary University in London and Faculty of
Earth Sciences of University of Silesia in Katowice. Queen
Mary Laboratory used a scanning electron microscope, type
FEI Inspect F, equipped with an energy-dispersive X-ray
spectroscope (EDS) (Inca Energy System, Oxford Instru-
ments, High Wycombe, UK). Semi-quantitative analysis
was performed using the following standards: O—SiO,,
F—MgF,, Si—Si0,, Fe—FeS,, Ca—wollastonite, Sr—
StF,, and La—LaBg; number of iterations =5. Results of
the analyses were converted into weight percentages and
atomic percentages.

Observations at the University of Silesia, Faculty of Earth
Sciences, were carried out using an ESEM—XL 30 TMP
(Philips/FEI) scanning electron microscope equipped with
EDS (EDAX) detector.

ESEM was used to determine the REE-bearing mineral
phases. On the basis of this method, preliminary data on
chemical composition, shape of mineral phases, and suc-
cession of crystallization were determined. Qualitative EDS
analyses of non-polished powder were performed only to
determine mineral species.

Chemical Composition

The chemical composition of PG was determined based on
the mean data, obtained according to research procedures
based on PS 2001 methods of AAS, inductively coupled
plasma-atomic emission spectrometry (ICP-AES), induc-
tively coupled plasma-optical emission spectrometry
(ICP-OES), and inductively coupled plasma-mass spectrom-
etry (ICP-MS) X-ray fluorescence. The following equipment
was used:

AAS—Atomic Absorption Spectrometry Thermo 3500
ICE (Thermo) with background correction for determina-
tion of metallic elements in flame and graphite cuvette.
XRF method, using the sample preparation equipment
and the PW 2400 type fluorescent X-ray spectrometer
from Philips.

ICP-AES sequence emission spectrometer ARL Model
3410 ICP (Fisons instruments).
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ICP-OES spectrometer Plasm 40 from Perkin Elmer.
ICP-MS using Elan 6100 apparatus from Perkin Elmer.

Thermal Analysis

Sample testing was conducted in a thermal analyzer—
Netzsch model STA 449 F3 Jupiter—by two measurement
techniques, including the simultaneous analysis of DTA-TG
(simultaneous signal recording from TG-DTA) which DTA
and TG.

Radiometric Analysis

Summary activity of radionuclides in PG samples (potas-
sium “°K, radium 2*°Ra-, and thorium 228Th—) and, indirectly,
the emission of gaseous radon 22?Rn, was determined using
the three-channel analyzer of radioactive contamination,
AZAR; the obtained results were compared to normative
specifications [27, 28]. The measurements were made in
accordance with the norm of the Institute of Building Tech-
nology 455/2010 by utilizing the radionuclide contamination
meter MAZUR 01. According to the norm of the institute
regarding the natural radioactivity measurements of con-
struction products, PI-MAZAR 01 is the only suggested
meter for testing the suitability of construction products.

Results and Discussion
Grain Size and Crystal Size Distribution

Application of ultrasound turned out to be adequate in order
to disperse all aggregates found in the sample, regardless of
what caused lumping of the initial PG particles. Crystal size
distribution of PG1 and PG2 samples that have been pre-
sented in Figs. 2 and 3 have a bimodal distribution, and the
average diameter of PG1 crystals is about 211 um, whereas
of PG2 is 150 pum.

Basic parameters of crystal size distribution PG1: d(0.1)
—29.911 um, d(0.5) —189.172 ym, d(0.9) —414.747 pm,
where:

d(0.1)—value of diameter, where 10% of grains has a
lower diameter than that value itself.

d(0.5)—mean, value, which separates the distribution into
two equal part, as well as the diameter, where 50% of
grains has a lower diameter than that value itself.
d(0.9)—is a value of diameter, where 90% of grains has
a lower diameter than that value itself.

D(4.3)—average diameter referenced to the volume.
Distribution parameters for PG2 samples were as fol-
lows: d(0.1) —23.399 um, d(0.5) —126.164 um, d(0.9)
317.762 pm.



Waste and Biomass Valorization

Fig.2 Grain size distribution of Particle Size Distribution
PG1 samples 9
8
7
[
)
& 6
g5
-§ 4
3
2
1
%1 1 10 100 1000
Particle Size (um)
Fig. 3 Grain size distribution of Particle Size Distribution
PG2 samples
7
6
= 5
g 4
2 3
2
1
8.01 0.1 1 10 100 1000 3000

X-Ray Powder Diffraction

PG mineral composition is relatively diversified which was
confirmed by XRD analyses. Data analysis was conducted
using the computer program HighScore+ supplied with the
current database ICSD and PDF4+. Diffractometric results
suggest that gypsum and fluorapatite are the main com-
ponents of PG (Fig. 4). Additionally, the following com-
pounds were also detected: SrSO, (celestine), SiO, (quartz),
CaS0,-0.5H,0 (bassanite), CazAl,(SO,);(OH),,-26H,0
(ettringite), and SrAl;(PO,),(OH)s-(H,O) (goyazite).
Based on the lines characteristic of monocaustic phosphate
Ca(H,PO,),-H,0, the presence of this acidic phosphate is
apparent.

Quantitative analysis of mineral content was conducted
using the roentgenography, comparing the intensity of the
mineral line with the line of a clean mineral (model).

The percentage composition of the sample is shown in
Fig. 5.

Scanning Electron Microscopy (SEM)

ESEM was used to determine the REE-bearing mineral
phases. On the basis of this method, preliminary data on

Particle Size (um)

chemical composition, shape of mineral phases, and succes-
sion of crystallization were determined.

Based on the observation in backscattered electrons
(BSE), it was found that phosphogypsum forms granules of
up to 1 mm in size (mean 100-200 um) (Figs. 6, 7).

The BSE image (Fig. 6) shows agglomerated PG granules
of various sizes. Brighter image contrast is a result of the
stronger charging effect in the selected area. It is related to
the thinner spray in that specific area and the imperfection of
spraying itself. For areas marked with the pink table, a semi-
quantitative EDC analysis was conducted; the spectrum is
shown next to it (Fig. 7). The conducted analysis showed
mainly the presence of Ca, S, and O, which suggests gyp-
sum. Additionally the analysis found Sr, Si, F, and La that
may be built into the PG structure (Table 1).

During the research carried out at the University of Sile-
sia, raw sample collected from the heap in Wizow contained
strong-bonded granules (up to 2 mm in diameter) that were
harder than the rest of the grains. In the BSE image, crystals
were observed which show brighter contrast than the rest of
the gypsum matrix (Fig. 8). Crystals which were acicular in
appearance and had a total length up to 5 pm have shown
the presence of SrSO, along with impurities such as La, Ce,
and Nd. The EDS spectrum is suggestive of celestine. The
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Fig.5 Percentage shares of mineral phases in hard solids of phospho-
gypsum from Wizow

Ca peak is probably from the gypsum matrix. This is the first
phase which contains REE.

Lanthanide form in PG is not clearly defined. However, it
was experimentally ascertained that it is possible to extract
REE from PG by extraction with mineral acids [17, 22, 29,
30]. REE in phosphogypsum may be in the form of com-
pounds in combination of other cations, such as sulfates,
phosphates, and fluorides. REE in the gypsum structure may
be in-built within an elementary cell in the form of cations or
anions connected to phosphorus or fluoride ions. REE may
occur as isomorphic co-crystallates of REE and strontium

[36].
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(Copper (Cu))

Apatites from Kola Peninsula are rich in Sr; therefore,
it is highly possible that the product of its dissolution in
sulfuric acid may be celestine. As Sr has a strong affinity to
REE, these elements easily create substitutions within the
celestine structure which are opposite to the chemical struc-
ture of gypsum. This was proven in experiments conducted
on apatite waste from Khibiny and Kovdor of Kola Peninsula
[36]. The author indicated the existence of phosphate and
sulfate Sr phases enriched in REE.

The second phase observed in the sample was strontium
phosphate with REE (Fig. 9). In the EDS spectrum, as well
as Sr and P, Ca and S peaks are also present. This is pre-
sumably derived from gypsum, but can also come from a
structure that is being discussed, as it may be a phase of
goyazite structure.

In the sample, a residue of strontium-bearing apatite was
present (Fig. 10), which was undissolved during the produc-
tion process. The EDS spectrum did not indicate the pres-
ence of REE (Fig. 10).

Analysis of Phosphogypsum Chemical Composition

Table 2 presents chemical analyses of PG carried out by the
authors and by Ancaster laboratory, Canada. PG2 is a sam-
ple which was intended to leaching tests to give lanthanides
solution.

The utilization of apatite PG for bonding gypsum produc-
tion is possible in the case of minimal lanthanide content,
while the level of phosphates should not exceed 0.1% [30,
37].
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Fig.7 BSE image of PG (pink frame is the field of semi-quantitative analysis) and EDS spectra of the field. (Color figure online)

Table 1 Chemical composition

° > Element wt% at.%

of PG on the basis on semi-

quantitative EDS analysis 0 61.76 7821
F 1.49 1.59
Si 0.25 0.18
S 15.88 10.03
Ca 19.03 9.62
Sr 1.58 0.36
La 0.01 0.00

Results of the averaged samples of analyzed com-
ponents obtained from the 12 drillings are in line with
the mean values. The aggregate Ln concentration varies
between 0.34 and 0.73% with the average of 0.45%, where

heavy lanthanides from Eu to Lu consist 3.9% of the over-
all contents in phosphogypsum.

Filtration value of the samples taken for tests from
various depths amounted to 8.35x 1077 to 1.9 107 m/s,
whereas PG bulk density was 1.1-1.57 g/cm®.

Differences in the PG filtration values are probably
caused by compacting of PG as well as by the processes of
cementation, associated with the movement of compounds
washed out from the upper PG layers, such as phosphorus
acid, fluorosilicate sodium, calcium and potassium sulfates
and phosphates. This leads to filling up the space between
the grains with chemical compounds and therefore joining
of loose PG grains due to pressing together of sediments
by the consecutive layers of the deposited wastes.

It is important and possible for industrial implementation to
obtain a full value product in PG processing, such as binding

@ Springer
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Fig. 9 BSE image of gypsum crystals (dark gray) with grains of REE-bearing Sr phosphate (light gray in the center) and its EDS spectrum (Ca
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Thermogravimetric Analysis

For the pure dihydrate, the dehydration process causes changes
to the crystalline structure which follow the formula [55]:

CaSO, - 2H,0 (monoclinic) - CaSO, - 0.5H,0 (monoclinic)
— CaSO,III (pseudohexagonal) — CaSO,II (orthorhombic)
2)

500 600 700 800 900 1000 1100 1200 1300 14.00

Fig. 10 BSE image of an Sr-bearing apatite relic within PG from
Wizow and its EDS spectrum
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Table 2 Composition of apatite PG samples from Wizow

Component  Unit Authors Ancaster  PG2

P total mg P kg™! 0.34-0.6 0.42

P available  mgPkg™! 0.3-0.57 0.17

K mass % 0.041-0.237 0.0805 0.041
Na mass % 0.079-0.834  0.249 0.101
F mass % 0.34-0.42 0.34
Corg mass % 1.14-1.20

CaO mass % 29.6-31.4 31.53 29.1
SO, mass % 42.11-43.01 42.11
Al,0, mass % 0.18-0.30 0.304 0.21
Fe,0, mass % 0.06-0.20 0.294 0.0.93
Sio, mass % 0.36-1.08 1.34 0.5

Sr mass % 1.30-1.45 1.40 1.450
Cu mg Cukg™  17.0-32.6 15.8 61.05
Cd mg Cdkg™!  1.31-1.43

Cr mg Crkg™'  4.06-5.40

Zn mgZnkg™'  9.4-66.0 <30 9.4

Ni mgNikg™'  1.3-2.0 1.5

Pb mgPbke™!  2.12-3.09

Mn mass % <0.0001

Ba mass % 0.054 0.0

U mg U kg™! <1.0

Th mg Th kg™! 10.0

REE mass % Ln  0.343-0.637  0.447 0.4398
La mass % 0.13-0.15 0.135 0.1247
Ce mass % 0.15-0.27 0.198 0.1890
Pr mass % 0.015-0.024  0.0197 0.0324
Nd mass % 0.05-0.09 0.0665 0.0595
Y mass % 0.018-0.06 0.0155 0.0192
Sm mass % 0.010-0.015  0.0099 0.0051
Gd mass % 0.007-0.01 0.0079 0.0048
Dy mass % 0.004-0.01 0.0039 0.0022
Eu mass % 0.002-0.003  0.0026 0.0023
Er mass % 0.0015-0.005  0.0013 0.0004
Tb mass % 0.0008

Ho mass % 0.0006

In the DTA curve for pure gypsum, there are two clearly
visible endothermic effects

e first, at the temperature of about 160 °C connected with
transformation of dihydrate into hemihydrate (a or f),
and

e second, at the temperature of about 200 °C, the trans-
formation of hemihydrate into the phase of anhydrous
sulfate CaSO,-III (o or B).

With further temperature increase to 350 °C, an exother-
mic effect is observed for hemihydrate § which is connected
to phase transformation:

B-CaSO, - -III - CaSO,-II 3)

Whereas for a-hemihydrate, this effect occurs earlier, at
temperatures of about 220 °C:

a-CaSO, - -1l - CaSO,-II @)

DTA and TG examinations were performed for two PG
samples at an interval of 20+600 °C. During heating of
the PG sample, CaSO,-2H,0 undergoes gradual dehydra-
tion, first to hemihydrate and subsequently to anhydrous
form. The DTA curve for PG samples allows a quality
assessment of chemical processes that occur in samples as
a result of temperature changes. An intensive dehydration
of dihydrate into hemihydrate occurs at a temperature range
from 130 to 190 °C for the TG curve (Fig. 11) and from 120
to 185 °C for DTA curve. In a DTA curve for PG1, there are
two visible endothermic peaks of different intensities. The
maximum of the first one is at 148.6 °C and the second one
is at 165.4 °C. An exothermic effect occurs at about 420 °C.
In PG2, these are at 142.9, 162.8, and 350 °C, respectively.
These values differ from the values for pure gypsum, with
the high probability that they result from impurities in PG
samples. The PG2 sample was taken from the surface layer
of the pile, while the PG1 sample was from 1 m below the
pile surface. The washout into deeper layers of the landfill
causes salinity to increase with depth.

TG curves allow the quantitative assessment of these
processes (they show changes in sample mass at different
temperatures). Based on a DTA and TG curve analysis, it
was claimed that sample PG1 contained about 19.80% H,O,
and PG2 about 19.31% H,0.

Radiometric Analysis—Calculating the Radiological
Effect

Calculation of the radiological effects was carried out based
on the formula 1. There are two accepted qualifying indica-
tors considering radioactive activity: f and f,, where

Jfi—informs about exposure to gamma radiation by natu-
ral radionuclides (see Table) which occur in environmen-
tal samples of mineral origin,

Jf>—informs about radium Ra-226 content which is a ver-
nacular radon isotope and additionally indirectly indicates
a level of exposure to alpha radon Rn-226 radiation and
its short-lived derivatives (risk for lung epithelium).

Safety conditions are met when f; < 1.2 and f, <240 Bq/
kg

fi = Sk /(3000 Bq/kg) + Sg,/(300 Bq/kg) + S,/
(200 Bq/kg) and f, < S, )

@ Springer
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Fig. 11 Thermogram of sample
PGI. TG and DTA curves shape

TG %

100 4

95

90

85

80 1

DTA /(uVimg)
1 exo
0.0
-0.1
-0.2

16:-1980% [-0.3

DTA: 1654 °C

0.4
05
06
— " 07
DTA: 1486 °C
100 200 300 400 500

Table 3 Radionuclides in examined samples of PG

Sample Radionuclide Series  Activity concen-  Analytical
tration (S) [Bq/kg] error [Bg/
kel
PG1 K-40 - <20 -
Ra-226 U-Ra  80.5 20.4
Th-228 Th 76.2 6.8
PG2 K-40 - <22 -
Ra-226 U-Ra 728 18.6
Th-228 Th 86.8 7.6

where S, Sg,, and S,—concentrations of potassium K-40,
radium Ra-226, and thorium Th-228 in Bq/kg.

For the maximum values specified in Table 3, the calcu-
lated indicators are f; =0.71 and f, =80.5 Bq/kg; therefore,
safety conditions for apatite PG as a potential building mate-
rial are met.

For a comparison, concentrations of natural radionuclides
for Polish soils are listed below. The mean values for Poland
and ranges of concentrations of four radionuclides in 2012
are as follows [56]:

e potassium “°K: mean—415 Bq/kg; range—63-924 Bq/
kg;

e radium **°Ra: mean—24.8 Bq/kg; range—4.3-128.3 Bq/
kg;

e thorium *?®Th: mean—23.8 Bq/kg; range—4.1-
101.7 Bg/kg.

@ Springer
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Tests of Lanthanide Leaching

Thorough tests conducted by the authors under the previous
experiments have shown that the phosphogypsum apatite
may be considered as a potential raw material for lanthanides
recovery.

Leaching of PG with sulfuric acid allows the removal
of the lanthanides as wells as other noxious contaminants
that disallow PG utilization for the purposes of building
construction.

Dried in 105 °C for a period of 2 h, phosphogypsum PG2
was subjected to leaching using sulfuric acid of concentra-
tion 10 and 15% in room temperature of 20 °C. The ratio
of liquid to solid phases was 1:3. To accomplish the above,
a sample of 50 g phosphogypsum was taken, when intro-
duced to a glass beaker it was doused in sulfuric acid of
adequate concentration, then it was subjected to leaching
without heating for a period of 4 h. The morphology of the
PG?2 crystals that was subjected to tests has been presented
in Fig. 6.

The suspension then was subjected to vacuum filtration
and washing the suspension three times with distilled water in
total amount equal to double the mass of the used sample of
the phosphogypsum. The filtrate was collected separately as
were the washings. The process of washing was conducted in
several stages using in each stage of washing double repulpa-
tion of the filter cake. Each time the repulpated suspension was
filtered. The suspension after washing and drying in 105 °C
was subjected to chemical analysis. Based on the conducted
analyses, the lanthanides leaching fraction in relation to their
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Table 4 Phosphogypsum analysis

Component  Unit PG2 PGosu,s0,  PGisgn,so,
PHy,0 2.83

Pl mg Pkg™! 042 038 0.37

P yitable mgPkg™! 0.17  0.14 0.12

Ln mass % 0.44 0.213 0.216

F mass % 0.37 0.30 0.27

AL O, mass % 0.18 0.012 0.10
Fe,04 mass % 0.061  0.055 0.050

Na mass % 0.082  0.075 0.074

K mass % 0.045  0.040 0.040
Sio, mass % 0.002

Sr mass % 1.45 1.45 1.44

CaO mass % 30.1

SO, mass % 43.01

Zn mgZnkg™! 4301 420 41.9

Table 5 Degree of lanthanide extraction efficiency

Leaching 10% H,SO, 15% H,SO,
Extraction efficiency % 51.5 50.9

content in raw phosphogypsum was determined. The results
are shown in Tables 4 and 5.

It was determined that using 10% rather than 15% sulfuric
acid was more effective in the process of leaching. By recrys-
tallizing the PG using a sulphuric acid, it is realistic to extract
only about 50% of the rare earth contained in the phosphogyp-
sum accumulated in the heap.

Concentration of lanthanides in the obtained solution after
recrystallization is relatively low, around 1+3 g Ln,O; per
1 dm?. The lanthanide solution may be considered as a starting
raw material for the separate processing procedure.

Farther processing of the obtained solution containing lan-
thanides proceeds in accordance with the procedures presented
in [57]. The obtained PG, after the filtration and washing pro-
cesses, was then subjected to calcination. Next, the sample was
tested according with the PN-EN 13279-2:2006 norms “Bind-
ing materials.” The obtained material had characteristics of the
following parameters: ratio water/binder=0.74 +0.02, initial
binding time 250 s, resistance to bending 2.85 +0.2 N/mm?,
and resistance to compression 6.5 +0.2 N/mm?. Eruptions and
blooms in the structure of the obtained binding gypsum have
not been observed.

Conclusions

PG waste dumps from the former chemical plant Wizow,
which collects waste from the production of phosphoric
acid made by wet methods from apatite raw materials, con-
tains dihydrate calcium sulfate as a main compound and
impurities such as phosphates, sulfates, fluorides, heavy
metals, aluminum, iron, silica, and strontium compounds,
as well as REE and naturally occurring radionuclides. This
waste is described by code 06 09 80 and for many years it
has been a burden for the environment. The waste contains
an admissible level of radioactive chemical elements for
building materials. The concentration of natural radionu-
clides in PG is close to the values which characterize Pol-
ish soils.

PG samples contain an overall amount of REE in the
interval of 0.343-0.637% by mass; the main components
of lanthanides are elements such as Ce, Ln, Pr, Nd, and
Y. Their extraction, despite the slight share in PG, can
result in a significant amount of REE being produced and
other measurable effects in processing of huge amounts
of landfill waste, connected with the necessity to solve
ecological problems. These effects are due to the removal
of REE and, in the meantime, cleaning the main PG bulk
from other accompanying impurities. Hence, apatite PG
can be used for the production of binding plaster.

Lanthanide extraction tests from apatite phosphogyp-
sum utilizing sulphuric acid have shown the efficiency
level to be at about 50% in relation to Ln,0; content in the
initial raw material. Viability of the investment will be
decided by the economy and the price of raw materials,
building materials, and energy factors. Due to lanthanides
usefulness in modern technologies, it should be predicted
that their cost will rise. Moreover, elimination of difficult
to estimate environmental costs of phosphogypsum storage
should be taken into account as well.

Considering the actual level of knowledge, which is the
result of previous and ongoing research works, a hypoth-
esis can be formulated that for the specified market prices
for REE and using the right technological solutions, the
processing of apatite PG can be economically profitable.
Besides these conditions, an important factor which deter-
mines the efficiency of such a project is obtaining market
products of a standard value as a result of PG processing:
binding plaster, anhydrite cement, autoclave plaster, bind-
ers, building elements, chalk fertilizer, composite isolating
materials, fillers for synthetic masses, dyes and enamels,
and using PG for the remediation of degraded terrains, in
agriculture (enhancing soil acidity) and in road construc-
tion. Designing innovatory and innovative technologies for
PG processing provides a chance to eliminate landfills by
processing it into useful trade products.

@ Springer
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