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ARTICLE INFO ABSTRACT

Keywords: Arsenic (As) is a common impurity extensively existing in phosphate ore and it has to be removed using
Phosphate ore complicated operations during the phosphorus chemical process. To investigate the occurrence mode of As would
Arsenic

be beneficial to evaluate the separation of As from phosphate ore in the flotation process. In the current study,
selective sequential extraction (SSE) and microanalysis were employed to reveal the distribution and occurrence
modes of As in a phosphate ore sample. The SSE results indicated that As in the phosphate ore was dispersed in
fractions of carbonate minerals (18.27 %), oxides/hydroxides (ca. 38 %), and sulfide minerals (22.07 %). In
addition, 3.05 % of As could be extracted in the exchangeable and soluble fraction. Microanalysis of scanning
electron microscope (SEM), transmission electron microscope (TEM), and electron probe micro-analyzer (EPMA)
revealed the main arsenic-containing minerals by means of energy dispersive spectrometer (EDS) or wavelength
dispersive spectrometer (WDS). Results showed that all of iron oxides/hydroxides phases, all of rhodochrosite
particles, and parts of pyrite were arsenic-containing, with the average contents of As measured to be 0.142,
0.052, and 0.047 %, respectively. Consequently, arsenic amounts in the phosphate ore descended in the order of
iron oxides/hydroxides > pyrite > rhodochrosite. These arsenic-containing minerals/phases could be removed
through different beneficiation methods, such as flotation and chemical minerals processing. The findings of this
study provide a mineralogical insight into developing potential techniques to remove As from phosphate ores.

Occurrence mode
Iron oxides/hydroxides
Pyrite

impurities contents (Dong et al., 2021). It is expected to be depleted
around 2033 due to high-grade phosphate ore constant consumption

1. Introduction

Phosphate ore is an important non-renewable resource, and its
downstream phosphorus chemical products have a wide range of ap-
plications in agriculture, chemical, food, etc. (Yang and Guan, 2023).
The global phosphate ore reserves are around 50 billion tons, principally
occurring as sedimentary phosphorites (USGS, 2022). China has the
second largest phosphate reserves in the world (USGS, 2022), among
which the phosphate ore is mainly in the form of medium-low grade
with an average grade of mere 17 % (P20s) (Jiang, 2014). In the
southwest of China, a large sedimentary phosphate deposit is located in
the Doushantuo Formation of Lower Sinian system (Ren et al., 2015) and
it can be divided into high-grade phosphate ore and medium-low-grade
phosphate ore. The high-grade part has been widely used in the industry
to manufacture phosphorus chemical products, and there has been
limited exploitation of the medium-low grade ores because of the high

(Elser, 2012). Hence, there has been widespread interest in how to
effectively use medium-low grade phosphate ore resources (Aarab et al.,
2021; Dong et al., 2021). To exploit medium-low-grade phosphate ore
has to focus on the impurities elements inside.

Arsenic (As) is an impurity element that extensively existed in
phosphate ore (Stow, 1969), and it can be further enriched in phos-
phorus chemical products. For example, if the As content in phosphate
ore exceeds 10 mg/kg, it will be as high as 140-150 mg/kg in the yellow
phosphorus product, which belongs to the worst grade of yellow phos-
phorus product (Ni et al., 1997). In particular, the standard of As content
in high purity phosphoric acid which is widely used in manufacturing
electronic grade phosphoric acid is strictly limited to less than 1 mg/kg
(Wang and Luo, 2014). Otherwise, As affects the concentration of
electrons and holes in silicon during the semiconductor etching process,
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leading to a decrease in the quality of semiconductor products (Wen,
1992). Hence, the As content is an important criterion for classification
of phosphate ore, with levels greater than 10 mg/kg being considered
high-arsenic phosphate ore (Ni et al., 1997). Arsenic contains strong
biotoxicity under long-term exposure, which may cause muscle cramp-
ing, cardiovascular disease, and cancer (Islam et al., 2023). The occur-
rence mode of As in phosphate ore dictates its mobility and probably
results in the potential release into products and the surrounding envi-
ronment, leading to a threat to human health and a source of environ-
mental pollution (Benredjem and Delimi, 2009). In addition, As in the
phosphorus chemical industry by-product (phosphogypsum) also has
been on the list of potentially toxic elements of the Environmental
Protection Agency (Curran and Lopez, 2021; Wu et al., 2022). Therefore,
As content is an important restriction factor limiting the development of
phosphorus industrial products to a high value-added direction.

Currently, As removal from phosphoric acid is a necessary process by
means of flotation, adsorption, and precipitation (Bahsaine et al., 2022).
The precipitation method by adding NasS to wipe off As is widely
applied for the production of high-purity phosphoric acid (Bahsaine
et al., 2022; Daryani et al., 2022). However, the current As removal
process is complex and will introduce Na*t impurities to the products (i
et al., 2020). Hence, the characterization of As mineralogical residence
is vital when developing diverse and simple techniques to remove As in
the phosphorus chemical industry.

Associated As with the rock components of phosphate ore has
received research attentions (Stow, 1969; Baioumy, 2005). Correlation
analysis methods were employed to investigate the occurrence mode of
As in phosphate ore, and the findings indicated that iron oxide is the
principal component correlated with the abundance of As for Florida
land-pebble phosphate rocks (Stow, 1969), while for phosphorites in
Egypt, As was suggested to be in the form of sulfides because of strong
positive correlation between As and sulfur (Baioumy, 2005). Arsenic
also was thought to be related to pyrite, iron oxides, and organic com-
ponents in phosphate ores (Lazareva and Pichler, 2009). To sum up, the
previous works were mainly based on geochemical correlation of ele-
ments, and revealing the specific occurrence minerals of As and quan-
titative analysis of As distribution in phosphate ore needs further
investigation.

The present study aims to provide accurate results regarding the
mineralogical residence of As in phosphate ore. An arsenic-rich phos-
phate ore was selected and characterized for its mineral composition.
Selective sequential extraction (SSE) procedure was applied for
revealing As distribution in diverse fractions. Meanwhile, several
microanalysis methods were carried on to identify arsenic-containing
minerals. The findings of this work can be useful for forecasting the
migration rule of As in the phosphorus chemical industry and providing
guidance for the removal of As from phosphate ore in the future.

2. Materials and methods
2.1. Samples and reagents

The phosphate ore used was collected from a dressing plant of
Wengfu Group, which was stacked for beneficiation processing. It was
derived from Chuanyandong ore of Wengfu open-cast mining, Weng’an
County, Guizhou, China. The sample was dried at 40 °C for 24 h in a
drying baker. Afterward, the sample with large blocks was ground using
agate mortar in the laboratory and was then sieved through 0.074 mm
before characterizations and experiments. Reagents of NH4NO3
(ammonium nitrate), NH3-H,O (ammonium hydroxide), CH3COOH
(acetic acid), (NH4)2C204 (ammonium oxalate), C¢HgOg (ascorbic acid),
and HNOs (nitric acid) were of analytical grade and were used to pre-
pare extraction solutions. Deionized water (18.25 MQ) was used for the
preparation of extracted solutions and the washing steps of selective
sequential extraction (SSE).
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2.2. Selective sequential extraction

Selective sequential extraction is an effective method to investigate
the occurrence mode of elements, assuming that the elements in
different phases can be dissolved by different reagents without affecting
the other phases. It was originally developed for the analysis of the
occurrence state of elements in soil (Tessier et al., 1979) and was then
developed with modification for coal and shale samples (Wenzal et al.,
2001; Dai et al., 2004; Goren, 2015). The method has since been refined
to better suit the research on the occurrence state of the elements in
sedimentary minerals (Goren, 2015; Yang et al., 2016; Liu et al., 2018).
Since phosphate ore belongs to sedimentary mineral resources, the SSE
process can be used to investigate the occurrence of elements in phos-
phate ore.

The SSE procedure included five sequential steps to distinguish six
fractions as shown in Table 1. Particularly, carbonate minerals (CARB)
were usually identified by dissolution using 1 M NaOAc solution at pH of
4 (Goren, 2015). In this study, to dissolve large amounts of dolomite in
phosphate ore, the present SSE procedure used 6 % of acetic acid solu-
tion to substitute NaOAc for CARB fraction identification. The XRD
comparison of before and after acetic acid leaching is shown in Fig. 1a,
and the results illustrated that the dolomite in phosphate ore could be
dissolved well.

The SSE procedure began with adding 1.0 g of dried and homoge-
nized sample into a 50 mL polypropylene centrifuge tube. In each of the
five initial steps, 25 mL of the extraction reagent was added to the re-
sidual sediment obtained from the previous step. In general, the tubes
were positioned horizontally to achieve maximal solid-solution inter-
action. The mixture was shaken for the time and temperature deter-
mined (Table 1). After each extraction step, the tube containing
phosphate ore and extraction leachate was centrifuged at 3500 rpm for
10 min. Furthermore, the solution entrapped in the remaining samples
was collected in subsequent washing steps and combined with the cor-
responding extract. The final insoluble residue was insoluble residue
fraction (IR) and was dried for elemental determination. Each SSE step
was conducted in triplicate to effectively reduce the experimental error
and the results presented were the average values of three replicate.

Table 1
Detail steps of the sequential extraction procedure used in this study.
Steps  Fractions Reagents Extraction Washing steps
conditions
1 Exchangeable 1 M NH3NO3 30 min Deionized water;
and soluble (NH3-H0, shaking, 10 min shaking; S/
(EXC)h pPH=7) 20 °C, S/L" = L 1:12.5; two
1:25 times
2 Carbonate 6 % 4 h shaking, Deionized water;
minerals CH3COOH 20°C, S/L = 10 min shaking; S/
(CARB) 1:25 L 1:12.5; two
times
3 Amorphous 0.2M 4 h shaking in (NH3)2C204 (0.2
oxides (AO)" (NH4)2C204 the dark, 20 °C, M); S/L 1:12.5; 10
S/L =1:25 min shaking in the
dark; two times
4 Crystalline 0.2M 30 min in a (NH3)2C204 (0.2
oxides (CO)“ (NH4)2C504 water basin at M); pH 3.25; S/L
(ascorbic 96 + 3 °Cin 1:12.5; 10 min
acid, pH = the light, S/L =  shaking in the
3.25) 1:25 dark; two times
5 Sulfide minerals 65 % HNO3 2 h shaking, 80 Deionized water;

(sMy°

°C, S/L = 1:25

10 min shaking; S/
L 1:12.5; two
times

# S/L: solid-to-liquid ratio, g/mL.

b Groen (2015).
¢ Wenzal et al. (2001).
4 Daj et al. (2004).
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Fig. 1. (a) XRD comparison of the raw phosphate ore and after CARB leaching using 6 % acetic acid solution and (b) SEM backscatter image of the phosphate ore, Ap-

apatite, Dol-dolomite, Qtz-quartz, Py-pyrite, Ir-iron oxides/hydroxides.
2.3. Characterization methods

The main chemical compositions of the phosphate ore were deter-
mined by X-ray fluorescence spectroscopy (XRF, PANalytical PW2424,
Netherlands). A prepared sample of XRF was fused with a lithium
metaborate-lithium tetrabo-rate flux which also included an oxidizing
agent (lithium nitrate) and was then poured into a platinum mold. After
that, the obtained disk was analyzed by XRF spectrometry. The XRF
analysis was examined in conjunction with a loss-on-ignition (LOI) at
1000 °C, and the resulting data came from the combination of the two
methods. X-ray diffraction spectroscopy (XRD, PANalytical Empyrean,
Netherlands) was used to identify the mineral compositions of the
phosphate ore. The XRD patterns of the samples were recorded utilizing
Cu Ko radiation. The apparatus was conducted under standard condi-
tions at 40 kV, 20 mA. The XRD spectra were scanned at a 26 range from
5° to 60° at a speed of 10°/min, with a step length of 0.03°.

The scanning electron microscope (SEM) images of samples were
observed by a Scios (FEL, USA) field emission scanning electron micro-
scope with an energy dispersive spectrometer (EDS). The EDS was
worked with an operating voltage of 20 kV and an operating current of
1.6nA, and the spot size was 2 nm. The samples were made flakes before
grinding and after, and observed under SEM after pre-treatment such as
carbon spray, with a working distance of 5.3 mm. The transmission
electron microscope (Tecnai G2 F20 S-Twin, USA) with an energy
dispersive spectrometer (TEM-EDS) was used for morphology and
element analysis of the phosphate ore particles. The EDS was worked
with an accelerating voltage of 20 kV and beam current of 1 nA.
Approximately 1 g sample was dispersed into ethyl alcohol suspension
for 5 min using an ultrasonic disperser, and a droplet of the sample
dispersion was then dropped onto a lacy carbon-coated 20-mesh Cu grid
and transferred to the microscope for observation after drying. The
electron probe micro-analyzer (EPMA) element analysis of samples was
determined by a JXA-8530F (JEOL, Japan) field emission electron probe
micro-analyzer with wavelength dispersive spectrometer (WDS). Ana-
lyses were performed at 25 keV acceleration potential and 2 pA beam
current. As reference materials magnetite (Fe3O4), pyrite (FeS,), pyrope
(Mg3Alx(SiO4)3), FeAsS, and Mn were used. In addition, mineral iden-
tification in phosphate ore was conducted using TESCAN Integrated
Mineral Analyzer (TIMA, TIMA X, Czech Republic). It consists of the
combination of a Scanning Electron Microscope with four light-element
energy-dispersive X-ray spectroscopy (EDS) detectors. The EDS data are
used to classify the analyzed point based on a database of known mineral
compositions, therefore inferring the mineralogy at each point in a
systematically scanned image of a sample and obtaining the classifica-
tion, abundance, and distribution of minerals.

The element concentrations of the solution and insoluble residue
after SSE were determined by inductively coupled plasma-atomic
emission spectrometry (ICP-AES, Agilent VISTA, USA). The solid

samples were first pre-oxidised with nitric and perchloric acids to
convert As to pentavalent As to reduce volatilisation. Hydrofluoric acid
was then added and the reaction was heated on an electric furnace. The
residual solution was diluted with hydrochloric acid and fixed, and then
analysed by plasma emission spectroscopy. The liquid samples are tested
directly by acidizing, and the liquid is concentrated or diluted if the
value of the element measured is low or above the detection limit of the
instrument. Spectral interferences between elements are corrected and
the final analytical result is obtained.

3. Results and discussion
3.1. Characterization of phosphate ore

The main chemical composition of the phosphate ore is shown in
Table 2, and the chemical composition of P20Os, CaO, and SiO in the
phosphate ore are the dominant components, accounting for 24.10,
36.40, and 18.96 %, respectively. Such chemical compositions indicate
the phosphate ore belongs to a medium-low-grade phosphate ore with
high silicon content (Wang et al., 2022). The trace element concentra-
tions of the phosphate ore are shown in Table 3, and the As content of
the phosphate ore is 43.8 mg/kg. It should be classified as a high-arsenic
phosphate ore because the As content is higher than 10 mg/kg (Ni et al.,
1997).

SEM backscatter image further revealed the grain size and embedded
features of the minerals in the phosphate ore sample as shown in Fig. 1b
and S1. Combined with XRD analysis results (Fig. 1a), the main phases of
the phosphate ore were recognized as apatite, dolomite, and quartz,
with small amounts of pyrite, iron oxides/hydroxides. It also can be
observed that the sizes of apatite were a bit larger than those of dolo-
mite. Quartz was mostly embedded in the apatite particles. Pyrite par-
ticles embedded in apatite while iron oxides/hydroxides existed
independently with good granular crystal shapes.

3.2. The dissolution and distribution of arsenic

3.2.1. Evaluation of effectiveness of the SSE method

The recovery of the different elements in the SSE was calculated by
the ratio of the total of SSE contents and the total contents measured by
ICP-AES or XRF. The recovery values of all elements in this study ranged
from 78 to 102 % (Table S1), and the range of 100 + 40 % for SSE could
be acceptable (Goren, 2015). Fig. 2 shows the distribution of Mg, Fe, S,
and Si among the six fractions of SSE in the phosphate ore. In the CARB
fraction, approximately 60 % of Mg was extracted (Fig. 2a) due to the
dissolution of dolomite implying a good selectivity of using acetic acid to
obtain CARB fraction from phosphate ore. Sulfur in phosphate ore was
reported mainly occurred as sulfides, especially as pyrite. The proposed
SSE procedure suggested that more than 70 % of S was released in the
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Table 2
Main chemical composition of the phosphate ore (wt %).
Components CaO P,0Osg SiO,y MgO SO3 K,0 Fe,03 Al,03 MnO Na,O LOI
Content 36.40 24.10 18.96 2.44 217 1.96 1.79 4.69 0.27 0.01 6.27
Table 3
Trace element including concentrations of the phosphate ore (mg/kg).
Elements As Ga Zr Ta v Th Sr Hf Rb Zn REEs" U Ni
Content 43.8 6.99 67 0.2 28 4.51 834 1.5 34.9 14 246.5 9.61 16

@ REEs: rare earth elements including scandium, yttrium, and lanthanide.
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Fig. 2. Distribution of typical elements of (a) Mg, (b) S, (c) Fe, (d) Si, and (e) Mn in the phosphate ore from SSE extraction steps.

SM fraction (Fig. 2b). The releasing of Fe in the SM fraction was merely shown in Fig. 2d, which indicated that clay minerals could not be dis-

50 % as shown in Fig. 2¢c. The results could be attributed to the existing solved in the first four steps. According to the above analysis for the
of both iron oxides and iron hydroxides as shown in Fig. 1b. The extraction distribution of Mg, Fe, S, and Si, it can be concluded that the
remaining of Si in the IR fraction accounted for approximately 95 % as SSE procedure can dissolve the corresponding components well for the
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phosphate ore, and it could be used to investigate the distribution of As
in the phosphate ore.

3.2.2. Distribution of arsenic

The distribution of As in the five extraction steps from the SSE is
presented in Fig. 3. Totally, dissolution of As in AO and CO fractions (the
total oxides/hydroxides fraction) accounted for the highest proportion
of a little more than 38 %, followed by SM and CARB fractions.

Exchangeable and soluble fraction (EXC). Generally, EXC fraction
of the SSE represents the elements with weak bonds. More than 3 %
liberating of As was obtained during the extraction process from the
vigorous shaking, indicative the probable existence of the adsorption of
As on the particle surfaces of the phosphate ore. Arsenic can be adsorbed
on original clays and Mn/Fe oxides/ hydroxides in sediments (Dousova
etal., 2011; Mirlean et al., 2012), and these substances also widely exist
in phosphate ores. The current results have not been able to determine
the specific minerals that the As is attached to. However, the EXC
fraction As would be easier released into the phosphoric acid solution
when the phosphate ore is subjected sulfuric acid leaching in the
phosphorus chemical industry.

Carbonate minerals fraction (CARB). In the CARB fraction, the
extraction rate of Mn was close to 60 % (Fig. 2e), implying the existence
of manganese carbonate minerals, though Mn usually occurs in phos-
phorite in oxides forms (Gal et al., 2020). Another carbonate dolomite
was determined without As contained (Fig. S2). Thus, 18.27 % of As
dissolution was attributed to the Mn-containing carbonate minerals,
which was also demonstrated from the microanalysis as detailed below.

Amorphous oxides (AO) and crystalline oxides (CO) fractions.
AO and CO fractions constitute the total oxides/hydroxides fraction of a
particular element. The As dissolution in the total oxides/hydroxides
fraction was as high as 38.04 %, and this was mainly due to iron
dissolution. Consequently, the iron oxides/hydroxides were one of the
main arsenic-rich phases in the phosphate ore. Previous research had
also confirmed the presence of As in phosphate ore mainly in iron oxides
(Stow, 1969), herein, iron oxides/hydroxides were used because the SSE
procedure and EDS/WDS analyses cannot differentiate oxides and hy-
droxides. The occurrence mode of As in iron oxides/hydroxides will also
be discussed in the microanalysis section below.

Sulfide minerals fraction (SM). In the SM fraction, the content of
As was 22.07 %, and iron also had a high extraction rate of nearly 50 %
(Fig. 2¢). These results suggested that As was related to sulfide minerals
and iron-containing minerals in the phosphate ore. The presence of As in
pyrite has been widely known (Qiu et al., 2017; Zhao et al., 2021).
However, other arsenic-containing sulfide minerals that might be pre-
sent in the phosphate ore need to be verified by microscopic analysis.
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Insoluble residue fraction (IR). The final insoluble residue solids
were weighted as an average mass of 0.24 g (Table S2). The remaining
As in the IR fraction was calculated as 2.94 %, while the Al and Si
remaining in this fraction were approximately 50 % and 95 % (Figs. S3
and 2d), respectively. On the one hand, Al represents clay minerals, and
the clay minerals in the IR fraction might contain small amounts of As
probably due to the stable sequestration by clay minerals (Zhang et al.,
2018). On the other hand, organic constituents in the phosphate ore
were insoluble so it entirely remained in the IR fraction (Stow, 1969;
Baioumy, 2005). Thus, organic matter and clay minerals might be
attributed to this proportion of As.

3.3. Occurrence mode of arsenic in minerals

3.3.1. Carbonate minerals

Combined with the previous SSE results, As is possibly presented in
Mn-containing carbonate minerals. To recognize these minerals, the
phosphate ore slice was analyzed by TIMA as shown in Fig. 4a. The
arsenic-containing mineral in the phosphate ore was identified as
rhodochrosite. Combined with SEM backscatter image (Fig. 4b),
rhodochrosite was symbiotic with quartz and illite, surrounded by ma-
trix of apatite. Table 4 presents the EPMA results of compositions of the
different rhodochrosite particles in the phosphate ore. The content of
Asy0s in different rhodochrosite particles ranged was 0.015-0.153 %
with an average AsyOs content of 0.079 % (equal to 0.052 % As). All of
the rhodochrosite particles found from the microanalysis were deter-
mined to be arsenic-containing by EPMA-WDS. These results confirmed
that rhodochrosite was one of the important arsenic-containing minerals
in phosphate ore. The total amount of elements in the minerals exceeded
100 % because the results EPMA provided were without the amount of
CO2 which was analyzed by adding CO; in proportion to the
rhodochrosite.

Manganese played a possible role in inducing As immobilization in
calcite (Nilling et al., 2022). Rhodochrosite is a calcite-group mineral
(Luo et al., 2018), which shows the same crystal structure and similar
chemical composition as calcite. It could be inferred that the As in the
rhodochrosite of phosphate ore might be due to the fixation of As by Mn.
In addition, no As peaks were determined in dolomite (Fig. S2), and no
other carbonate minerals in the phosphate ore were found during the
microanalysis. These findings confirmed that the release of As in CARB
fraction from SSE was from rhodochrosite dissolution.

3.3.2. Iron oxides/hydroxides

It was reported that As could occur in iron oxides/hydroxides
(Aftabtalab et al., 2022; Bari et al., 2022), as iron oxides/hydroxides
have considerable adsorption capacity for As (Zhang et al., 2004; Zhang
et al., 2017; Thakur and Armstrong, 2021). The microscopic
morphology and proximate As content of iron oxides/hydroxides in the
phosphate ore were analyzed using TEM-EDS as shown in Fig. 5. The
As05 contents of iron oxides/hydroxides in phosphate ores ranged from
0.127 to 0.360 %, with an average As;Os content of 0.217 % (equal to
0.142 % As) (Table S3). The average As content in iron oxides/hy-
droxides is much higher than that of phosphate ore in Florida which
contained a high content of 0.054 % As in the hydrous ferric oxides
(Lazareva and Pichler, 2009). The iron oxides/hydroxides in the phos-
phate ore existed as aggregates of small acicular crystals (Fig. 5a),
graininess aggregate (Fig. 5b), agglomerates on small iron oxide/hy-
droxide particles as botryoidal aggregates (Fig. 5c), and the inclusion of
tiny particles of iron oxides/hydroxides (Fig. 5d). Additionally, the As
content of iron oxides/hydroxides in phosphate ore varied with the
surface morphology of iron oxides/hydroxides, as the lowest As content
of 0.05 % was found in the acicular crystal iron oxides/hydroxides, and
the highest As content of 0.61 % was found in the inclusions of iron
oxides/hydroxides. In this study, As content appeared to increase with
increasing particle size of iron oxides/hydroxides. Iron oxides/hydrox-
ides have been extensively studied as adsorbents for As because of their



G. Zhou et al.

Apatite

- / Tron oxide/hydro; :'de
g ) o

"%

g r

oL

rRhodochrosﬂ;e
pm .

Minerals Engineering 203 (2023) 108363

Fig. 4. The (a) TIMA and (b) SEM backscatter images of rhodochrosite in the phosphate ore.

Table 4

Compositions of different rhodochrosite particles in the phosphate ore obtained from EPMA-WDS analyses (wt%).
No. MnO FeO BaO MgO Al,03 Asy05 CaO CO, Total
1 50.720 6.821 5.762 3.034 3.438 0.127 2.298 38.290 110.490
2 54.706 0.075 5.725 3.802 2.432 0.039 2.495 38.290 107.564
3 56.657 0.44 6.87 2.483 0.958 0.039 2.339 38.290 108.076
4 54.911 0.427 6.034 2.650 1.042 0.098 2.432 38.290 105.884
5 35.177 24.52 4.739 2.175 2.189 0.153 1.898 38.290 109.141
6 56.040 0.349 8.387 1.466 0.444 0.015 2.244 38.290 107.235
Average 51.369 5.439 6.253 2.602 1.751 0.079 2.284 38.290 108.065

@

4

Tron oxides/hydroxides: Aé"? .0
' : As 0.24%

Fig. 5. The TEM image and arsenic content of iron oxides/hydroxides in the
phosphate ore.

strong affinity for As (Fendorfet al., 1997; Yavuz et al., 2006; Yang et al.,
2014; Chen et al., 2022a). Therefore, the As of iron oxide/hydroxide in
the phosphate ore was most likely to be present in the form of adsorp-
tion. Previous studies have confirmed that the adsorption of As was
highly dependent on the particle size of the iron oxides/hydroxides
(Yean et al., 2005; Mayo et al., 2007). The kind of adsorption of As with
iron oxides/hydroxides could not be released according to the SSE re-
sults. This might be responsible for the adsorption behavior that
happened at the earlier stages, and the combined forms have been strong

bonds during the weathering and deposition process of phosphate ore. It
is worth mentioning that all the iron oxide/hydroxide particles found
under the TEM observations were arsenic-containing.

Furthermore, the SEM backscatter image exhibited that the iron
oxides/hydroxides in phosphate ore had different brightness, with
darker areas indicating higher silicon and As content relative to the
brighter sections (Fig. 6 and Table 5). Hence, there is a correlation be-
tween arsenic and silicon. In minerals, As could replace silicon since the
ionic radii of As®* (0.46 f\) are fundamentally similar to the radius of
Sitt (0.40 i\), making ionic substitution possible (Onishis and Sandell,
1955; Shannon, 1976). It is speculated that the As element adsorbed by
iron oxides/hydroxides may have exchanged for the silicon in the iron
oxides/hydroxides, thus making iron oxides/hydroxides continue to
adsorb more As. This could explain why small amounts of iron oxides/
hydroxides contain high silicon content and high As content
simultaneously.

3.3.3. Sulfide minerals

The widespread presence of As in sedimentary sulfide minerals has
been well known (Zhao et al., 2021). The previous research reported
that As>* and As!" could respectively substitute for Fe>™ and S% in
pyrite (Deditius et al., 2008). The SSE analysis results also speculated
that As in phosphate ore might occur in sulfide minerals. Afterward,
TEM-EDS analysis revealed massive (Fig. 7a) and spherical (Fig. 7b)
pyrite particles in the phosphate ore with As content of 0.01 and 0.07 %,
respectively. Pyrite in sediments was demonstrated enrichment of As
with a heterogeneous distribution (Lazareva and Pichler, 2009). To find
out the exact amount of As in pyrite, EPMA analysis was carried out on
the phosphate ore slice as shown in Table 6. The results showed that 2 of
the 12 pyrite particles did not contain As or contained less As lower than
the EPMA can determine and the other 10 pyrite particles were deter-
mined as arsenic-containing ranging from 0.008 to 0.100 %, with
average As content of 0.047 %. These pyrites had the potential to be
generated in hydrothermal systems (Qiu et al., 2017). The total amount
of elements in the pyrite was less than 100 % due to the pyrite particles
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Fig. 6. The SEM backscatter image of the iron oxides/hydroxides in the phosphate ore.

Table 5

Compositions of different iron oxides/hydroxides particles in the phosphate ore obtained from EPMA-WDS analyses (wt%).
No. FeO MnO SiO, MgO Al,03 Asy05 K;0 CaO P,0s5 Total
Spot 1 72.620 0.051 2.443 0.360 0.225 0.181 0.030 1.163 0.157 77.230
Spot 2 72.644 0.156 2.910 0.607 0.461 0.147 0.013 1.176 0.204 78.318
Spot 3 64.236 0.233 8.821 0.664 2.876 0.360 0.104 2.163 0.873 80.330
Spot 4 61.936 0.272 7.970 0.623 2.578 0.302 0.129 3.397 1.659 78.866

Fig. 7. The TEM images and arsenic content of pyrites in the phosphate ore.

in the phosphate ore being mostly smaller than 1 nm, and the EPMA
electron beam would hit the impurities around the pyrite particles.

From the microanalysis, two sphalerite particles in the phosphate ore
were found without arsenic-containing as shown in Table 6. It seems
that As tended to substitute Fe rather than S in the sulfide minerals.
Additionally, an independent As mineral in phosphate ore was identified
as arsenopyrite under SEM observation as shown in Fig. 8 (EDS analysis
shown in Fig. S4). The arsenopyrite particle was small and embedded in
apatite. However, arsenopyrite was rarely observed in comparison with
pyrite under SEM observations. Although not all pyrite contained As,
pyrite phases contributed most As for sulfide minerals in the phosphate
ore sample.

3.4. Arsenic removal analysis

Based on the above findings, As mainly existed in all of rhodochro-
site, all of iron oxides/hydroxides, and parts of pyrite. According to the
contents of the minerals/phases and their As contents, As amounts in the
phosphate ore descended in the order of iron oxides/hydroxides > py-
rite > rhodochrosite. Totally, the distribution of As was dispersed in the
phosphate ore and occurred in several different mineral phases, so it is
not conducive to one-step removal of As.

Beneficiation technology, especially flotation, is still widely used for
removal of silicate and carbonate minerals from medium-low-grade
phosphate ore (Wang et al., 2022). Since rhodochrosite is chemically
similar to dolomite which can be removed by reverse flotation separa-
tion (Chen et al.,, 2022b), the As in rhodochrosite can probably be
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Table 6
Compositions of different pyrites and sphalerites particles in the phosphate ore obtained from EPMA-WDS analyses (wt%).
Mineral No. Fe Mn Mg As Al Ca P S Total
Pyrite 1 39.729 0.308 0.105 0.060 0.544 1.124 0.383 47.772 90.025
2 43.466 0.636 0.064 0.008 0.136 0.809 0.210 54.081 99.410
3 36.343 0.216 0.193 0.080 2.231 0.563 0.163 45.094 84.883
4 38.118 0.279 0.049 0.097 0.271 0.368 0.087 47.218 86.487
5 38.359 0.344 0.169 0.100 0.453 1.003 0.331 45.542 86.301
6 40.317 0.052 0.057 0.043 0.120 0.716 0.235 46.239 87.779
7 44.385 0.000 0.012 0.000 0.095 0.519 0.118 51.457 96.586
8 42.887 0.139 0.014 0.074 0.106 0.642 0.207 50.346 94.415
9 38.932 0.029 0.110 0.000 0.200 3.790 1.592 43.680 88.333
10 44.606 0.110 0.002 0.032 0.030 0.379 0.029 53.000 98.188
11 44.740 0.001 0.004 0.000 0.026 0.599 0.109 53.109 98.588
12 44.482 0.014 0.012 0.066 0.033 0.588 0.142 52.765 98.102
Average — 41.364 0.177 0.066 0.047 0.354 0.925 0.301 49.192 92.425
Mineral No. Fe Zn Ca Si Mg As S P Total
Sphalerite 1 4.763 41.986 8.672 1.864 0.131 0.000 23.620 3.790 86.005
2 1.132 57.340 0.905 0.968 0.190 0.000 30.916 0.183 92.630

Fig. 8. The SEM image of arsenopyrite found in the phosphate ore.

removed in flotation process. For example, increasing the amount of
flotation agent can lower the carbonates contents in the flotation
concentrate by controlling the Mn contents. The removal of As from
phosphate ore can be achieved by inhibiting iron oxides/hydroxides by
adding starch inhibitors during direct flotation of phosphate ore (Wang
et al., 2023). In fact, iron oxides/hydroxides have been regarded as one
of the toxic components during the phosphate ore flotation process, and
according to the current findings, the content of iron oxides/hydroxides
in phosphate ore concentrate can be lowered to concurrently decrease
As. In terms of As in pyrite, it should be difficult to be removed or
separated by flotation due to the small size of pyrite particles (Fig. 1b).
Probably, additional chemical beneficiation can be employed for
removal of the As in pyrite.

4. Conclusions

The mineral composition of the phosphate ore used in this study was
determined as apatite, dolomite, and quartz, with small amounts of
others, such as pyrite, iron oxides/hydroxides. Accordingly, its chemical
composition of P20s, CaO, and SiOy accounted respectively for 24.10,
36.40, and 18.96 wt%. The As content in the phosphate ore was 43.8
mg/kg, which would be enriched in the downstream phosphorus

chemical products. Selective sequential extraction procedure was con-
ducted to reveal the As distribution in different fractions. The results
showed that As in the total oxides/hydroxides fraction accounted for
approximately 38 %, followed by sulfate fraction minerals (22.07 %)
and carbonate minerals (18.27 %) fraction. Moreover, 3.05 % of As was
extracted as an exchangeable and soluble fraction during the sequential
extraction procedure. Correspondingly, microanalysis of TEM-EDS,
SEM-EDS, and EPMA-WDS verified that iron oxides/hydroxides,
rhodochrosite, and pyrite were the main arsenic-containing minerals/
phases, with the average As contents of 0.142, 0.052, and 0.047 %,
respectively. All of the oxides/hydroxides and rhodochrosite particles
found from the microanalysis were determined arsenic-containing,
while a large proportion of the pyrite particles contained As and a
small number of pyrite particles did not contain As. Consequently, As
amounts in the phosphate ore descended in the order of iron oxides/
hydroxides > pyrite > rhodochrosite. These minerals/phases could be
removed by different beneficiation methods, such as flotation and
chemical minerals processing.
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