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Abstract

The removal of arsenic, antimony and uranium by magnetite from contaminated waters is a
promising technology. In the present experimental study, a magnetite recycled from the steel
industry was used to investigate the sorption of those contaminants in phosphate-free, and
phosphate-rich suspensions, searching for an efficient remediation for the acidic phosphogypsum
leachates derived from the phosphate fertilizer industry. The results showed up to 98% U removal
under controlled pH conditions, while phosphate did not hinder this immobilization. In contrast,
the results confirmed the limited uptake of As and Sbh oxyanions by magnetite in presence of a
competing anion such as phosphate, displaying only 7-11% removal, compared to 83-87% in the
phosphate-free sorption experiments. (Nano) Zero-Valent Iron anaerobic oxidation was examined
as mechanism to increase the pH and as a source of Fe®* with the aim to remove phosphate via
vivianite precipitation, prior to the reaction with magnetite. UV-Vis, XRD and SEM-EDS
showed that vivianite precipitation occurs at pH>4.5, mainly depending on the phosphate
concentration; the higher the [PO,*], the lower the pH at which vivianite precipitates. It is
anticipated that an optimum design with separate reactors controlling the conditions of NZVI
oxidation, followed by vivianite precipitation and finally, reaction with magnetite, can achieve

high contaminant uptake in field applications.



1. Introduction

1.1 Reduction of contaminants by magnetite

The problematic of drinking and waste water contamination by various inorganic toxic pollutants
has gained a worldwide attention and the scientific community has greatly focused on finding
innovative decontamination techniques. The ubiquitous presence of iron (hydr)oxides and their
redox transformations control the mobility of various redox sensitive elements, nutrients and
radionuclides in the environment and in engineered systems (Schwertmann and Taylor, 1989).
These solids have the greatest adsorption capacity per unit mass among environmentally-relevant
solid phases (Missana et al., 2009), and their ability to retain metals and metalloids on their
surface is an important factor of the immobilisation of contaminants. Controlled experimental
systems mimicking in-situ conditions are necessary to study the geochemical processes
controlling Fe transformation and subsequent contaminant retention or release. While the
immobilisation of contaminants by various Fe (hydr)oxides (e.g. ferrihydrite, hematite) has been
broadly investigated, retention by magnetite is far less documented. Magnetite (Fe3Q,) is an iron
oxide containing both Fe?* and Fe** ions, and it has been suggested to be a significant reductant
for contaminants due to its ubiquity in the environment (Gorski et al., 2009). (Nano)magnetite
has a high specific surface area and, when exposed to acidic conditions, it is transformed to
maghemite, releasing Fe®*, which induces the reductive precipitation of inorganic contaminants
(Poulain et al., 2022) or the transformation of organic contaminants (Gorski et al., 2009).
Magnetite has been reported to be efficient in immobilising various inorganic contaminants, such
as Cr (He et al., 2005), As (Zhang et al., 2010), U (Scott et al., 2005; Crane et al., 2011; Pan
et al. 2020), Se (Martinez et al., 2006; Missana et al., 2009), and Sb (Kirsch et al., 2008). The
use of (nano)magnetite is becoming an emerging technology for the treatment of contaminated
land and water with a great potential to become an effective and low-cost alternative to
conventional remediation techniques. Also, while the retention of contaminants by iron-bearing
minerals in presence of microbial activity is well documented, the reactivity under abiotic and

acidic conditions has been less documented.

Magnetite can be produced from the waste products of steel industry (Crouzet et al., 2017).
Here, as an alternative idea for the removal of contaminants, we took advantage of this circular
economy concept to exploit an existing and increasingly produced waste as a source of material

to decontaminate industrial effluents. Among all the wastes produced by the steel industry, the



one that corresponds to the very fine powder (< 1mm) is less easy to reuse or recycle.
HYMAG’IN, a start-up company from the University of Grenoble-Alpes, develops a process for
the transformation of this waste into magnetite, planning to produce a few thousand tons of
magnetite/year/industrial site (Brunet et al., 2017). This patented technology is based on a soft
chemical dissolution/precipitation process called hydrothermal oxidation. The process is entirely
based on reactions with water, and does not require any volatile or organic solvent, strong acid or
flammable gase, fitting well with the ‘Green chemistry’ paradigm. The HYMAG’IN process
produces various types of magnetite powders with size ranging from 100 nanometer to a few
micrometers. Depending on the iron content of the incoming waste, some impurities may be
found in the end product, such as fayalite, rutile or corundum minerals, with molar ratios from
0% to 20%. Here, we used one sample of magnetite produced by the HYMAG’IN process for our

experiments.

1.2 Environmental implications of the phosphogypsum waste

Phosphogypsum (PG) is the main waste generated by the phosphate fertilizer industry, and is
produced by the wet chemical digestion of phosphate ore (fluorapatite, Cas(PO,)sF) by sulphuric
acid (H2SO,) to generate phosphoric acid (H3PO,). PG is a hazardous material that threatens the
environment welfare worldwide. For every ton of phosphoric acid manufactured, 5 tons of PG are
generated, and its worldwide production has reached 100-280 Mt per year (Yang et al., 2009;
Macias et al., 2017). PG leachates are characterised by an extreme acidity, with pH values
ranging from 1.8 to 4.8 (as in the Huelva PG stacks, Spain; e.g. Pérez-Lopez et al., 2016;
Papaslioti et al., 2018a), and by the high content in radioactive and toxic elements due to their
presence in the original phosphate ore and their occurrence of residual phosphoric acid, in
addition to other chemical reagents, such as sulphuric and hydrofluoric acids, ammonium
hydroxide or amine (Lottermoser, 2010). These impurities strongly limit the potential reuse of
phosphogypsum, e.g. as a construction material (Canovas et al., 2018). PG wastes are usually
stockpiled in coastal areas close to phosphate fertilizer plants, where they are exposed to
weathering conditions (Tayibi et al., 2009). They are a significant source of environmental
contamination under leaching (Lottermoser, 2010; Pérez-Lépez et al., 2016). Despite the high
level of pollutants found in phosphogypsum and the stacks proximity to cities, there are no
specific regulations for the management of this waste (Macias et al., 2017).



Some of the most problematic contaminants contained in the PG acidic effluents are the redox
sensitive As, Sb and U elements. Arsenic is a toxic trace element, whose fate and bioavailability
strongly depends on its speciation. Arsenic-contaminated drinking water has been a severe
problem in many areas worldwide (Yean et al., 2005; Charlet and Polya, 2006), and the health
hazard due to the chronic exposure to arsenic is well established (e.g. Tseng et al., 1968;
Anderson and Bruland, 1991). Similarly, antimony (Sb) is a toxic, geogenic and anthropogenic
metalloid, ubiquitously present in the environment, and considered as a priority pollutant by the
United States Environmental Protection Agency (USEPA) and EU (Filella et al., 2002). Excess
Sb intake by humans may cause, like As, various toxicity related health problems (Wilson et al.,
2010; Boreiko and Rossman 2020). Thus, the focus of research has now shifted to develop
treatment methods using suitable sorbents to achieve low As and Sb levels in drinking water.
Both oxyanions are present in PG leachates at significant levels, e.g. up to 45 and 0.3 mg/L,
respectively (Papaslioti et al., 2018a), and are the most problematic PG drainage water
contamination concerns. Their immobilisation is hindered by the presence of high phosphate
levels (i.e. >2500 mg/L), as phosphate competes with As and Sb oxyanions for sorption sites.
Though only 15% of U present in the phosphate rock remains in the PG waste (Abril et al.,
2009), its concentration is still too high for the solid to be used in a recycling process. For
instance, values reported for total U in the huge PG stack present in Huelva (Spain) are in the 0.5
to 19 mg/L range (Papaslioti et al., 2018a).

In search for an efficient remediation technique for the PG stacks, some treatment systems have
been tested. For example, the feasibility of an alkaline treatment system by the addition of a
Ca(OH), solution to the PG acidic leachates has been studied for a PG located in an estuarine
environment degraded by such pollution (Millan-Becerro et al., 2019). High removal values
were reached for most contaminants, but the system was not significantly effective for As and Sb
removal. In addition, large amounts of contaminant-rich lime waste products produced by such
industrial process, due to the extreme acidity of the treated leachates, would have to be stored.
Another research approach introduced the induction of controlled redox oscillations in the same
PG system in order to mimic the fluctuation of water saturation and redox conditions, caused
either by the tidal flood or by monsoon (Papaslioti et al., 2020), controlling the behaviour of
dominant redox sensitive species (i.e. Fe and S). A negligible effect of the redox oscillations was

observed on the studied pollutants (Zn, As, Cd, U, and Sb) compared to the effect in low



phosphate synthesis (Parsons et al., 2013), inducing poor adsorption to Fe (hydr)oxides due to
high phosphate concentration and very low pH conditions, in addition to limited sulphide
precipitation, due to the short induced redox cycles.

1.3 Precipitation of phosphate-Fe vivianite mineral

As indicated by previous studies (Millan-Becerro et al., 2019; Papaslioti et al., 2020), the
presence of phosphate in waste leachates hinders the removal of As and Sb oxyanions. Many
potential phosphate removal mechanisms are Fe-based, including adsorption, precipitation and
coprecipitation. For instance, vivianite (Fe3(PO4),*8H,0) precipitation is an emerging technology
for phosphate immobilisation and P recovery due to its natural ubiquity, foreseeable economic
value (e.g. Liu et al., 2018; Cao et al., 2019; Wu et al., 2019; Liu et al., 2021). Vivianite is a
commonly identified mineral in many natural and aquatic systems. It is an important sink for
dissolved Fe?* in phosphate rich environments, due to its thermodynamic stability (Ksp = 10°%),
and is thus easily precipitated (Miot et al., 2009; Liu et al., 2021). It has various industrial
applications, in the manufacturing of secondary Li-ion batteries and slow-released fertilizer (Cao
et al., 2019; Wu et al., 2019). In addition, vivianite has been identified as a dominant phase in
experiments performed in PG geochemistry studies and remediation approaches (Papaslioti et
al., 2018b; Papaslioti et al., 2020). Another Fe-based reducing agent is the (nanoscale) zero-
valent iron (NZVI), which is commonly used to treat contaminated waters (e.g. Kanel et al.,
2005; Bae and Hanna, 2015; Almeelbi and Bezbaruah, 2012). It is highly reactive, abundant
and cheap, and has an extremely large surface area (Choe et al., 2000; Kanel et al., 2005; Liu
and Wang, 2019). It can be in in-situ large-scale groundwater treatment units as it can be
transported effectively through aquifers due to its small size and its capacity to remain in
suspension (Zhang et al., 2003; Kanel et al., 2005). In the present study, NZVI is examined as a
source of Fe*? for vivianite formation, and at the same time as a pH buffer due to its anaerobic

oxidation (corrosion) as shown in Eq. 1:
Fe® + 2H,0 = Fe®* + H, + 20H" (1)

This Fe?* aqueous ion production may induce vivianite precipitation (Eg. 2) thus, acting as a

potential phosphate removal pathway for acidic waste leachates:

3Fe”" + 2P0, + 8H,0 = Fe3(P04)2+8H;0 (2)



The aim of the present study is to fulfil some of the existing knowledge gaps on contaminant
sorption by magnetite and to suggest management techniques for the remediation of toxic, acidic,
and phosphate rich PG wastes, as well as other phosphate-rich wastes (e.g. waste activated
sludge; Cao et al., 2019). We address the combined interactions of physical and geochemical
processes regulating the fate of most redox sensitive elements, in a controlled but complex
setting, representative of natural systems. This research focuses on the effect of magnetite on (i)
U reduction thus reducing the threat posed by PG waste radioactivity worldwide and (ii) As and
Sb oxyanion removal, thus on a reduction of As and Sb toxicity and raising levels of population
impregnation due to the ineffectiveness of the current PG remediation strategies up to date. The
optimum parameters for vivianite precipitation are investigated as an early phosphate removal
step from PG waste effluents, prior to magnetite interaction, as described above. The purpose of
the present research is to set the basis of an industrial process to decontaminate PG effluent
waters through (i) the use of ZVI (here scaled down by the use of NZVI) to increase the pH of the
water while producing Fe?*, with (ii) precipitation of phosphate ions as vivianite, and (iii) the use
of magnetite derived from steel industry wastes to immobilize toxic pollutants under different pH
conditions and high phosphate concentrations. This three-step process provides new insights into

anew ‘green’ route for the decontamination of drinking and wastewaters.

2. Materials and methods

2.1 Materials and chemicals

HYMAG’IN magnetite with a purity of 87% was used for the experiments. XRD analysis show
the presence of two other mineral phases: rutile (10%), and elemental iron (3%) which has not
been fully dissolved and oxidized during the process. SEM particle measurement reveals a
median size of 377 nm. The surface area of the solid was determined by the BET method and a
value of 12 m?/g +/- 3% was obtained. All chemicals used for synthesis and stock solutions,
(FeCl3*6H,0, NaBH,4, FeCl,+4H,0, NaH,PO,4, NaCl), are analytical reagents, purchased from
Sigma-Aldrich. ICP-standards solutions of 1g/L were used as As™, Sb*™, and U*® source. Reagent
grade NaOH (>=98 %, Sigma Aldrich) and HCI (37 %, Carl Roth) were used for preparation of 1
M and 0.1 M stock solutions for pH control. The synthesis of necessary products and all the
experiments, apart from the sorption ones, were conducted at room temperature inside a Jacomex

glove box, filled with Ar, with a controlled oxygen partial pressure maintained below 2 ppm,



using boiled and argon-degassed Milli-Q water (18.2 MQ-cm) for all the solutions and

suspensions.

2.2 Sorption experiments

A magnetite suspension of 2 g/L was prepared by mixing the solid with a NaCl solution of lonic
Strength (IC) = 0.1 M, mimicking the IC of the phosphogypsum waste waters. All experiments
were conducted in serum bottles (200 mL) and were kept under continuous stirring for
homogenization of the suspension. Short term kinetic batch experiments were conducted of 4 hrs
each, at different pH values (2.5, 5, and 7) for comparison, using HCI and NaOH solutions for pH
adjustment. Aliquotes were collected at different time intervals after pH adjustment and
monitoring before each sampling using a Metrohm 781 pH Meter. They were filtered using 0.22
um filters. All aliquotes were acidified with 1% supra-pure nitric acid to keep the analytes of
interest in solution, and were stored at 4 °C. A first experiment was performed to observe the
kinetics of magnetite dissolution at the three different pH values, with no contaminants added.
Next, U adsorption by magnetite was studied by adding 0.0076 mM of U at the magnetite
suspension at t = 120 min. The synergetic effect of As (0.04mM), U (0.0076 mM) and Sb
(0.002mM) was tested separately at the same conditions. The same experiments were repeated
using a mixture of NaCl and NaH,PO, as the solution matrix, keeping the IC = 0.1 M, with the
aim of studying contaminant adsorption under high phosphate concentration (26.46 mM).
Another series of sorption experiments was conducted, by reacting natural PG wastewater with

magnetite at pH ~2.5 (real conditions) and, after adjusting the pH at ~5.5.

2.3 NZVI oxidation experiments as a function of pH

The NZVI material was synthesized by dropwise addition of a 1.6 M NaBH,4 aqueous solution to
a 1 M FeCl3*6H,0 aqueous solution under magnetic stirring, as described by Wang and Zhang
(1997), and Kanel et al. (2005). In order to study the pH dependent oxidation rate of NZVI,
kinetic experiments were performed under anoxic conditions by reacting 0.2 g/L of the
synthesised NZVI with pure water at different starting pH values (2.5, 4, 5, 6, and 7).
Experiments were performed for up to 5 hrs each, monitoring the pH and the Fe®* concentration
regularly. Based on the results, further oxidation experiments were conducted for 60 min each, by
reacting NZVI1 (0.1 and 0.2 g/L) with pure water of pH 2.5 (value of the PG waste acidic

leachates).



2.4 Vivianite precipitation experiments

With the aim of finding the optimal conditions for the nucleation of vivianite, various kinetic

experiments were conducted, combining different Fe?*/PO,* molar ratios, at different phosphate

concentrations (5, 10, 15, and 25 mM) (Table 1). The duration of each experiment was 60 min

and samples were collected regularly to follow the behaviour of Fe** and PO,* in solution, while

monitoring the evolution of pH. The analytical reagents used for the preparation of the Fe?* and

PO, stock solutions were FeCly*4H,0 and NaH,PO,, respectively. Solid samples were collected

(when reaction occurred) at the end of the experiments (at t = 60 min) to characterize the

precipitates.

Table 1: Conditions of the vivianite precipitation experiments: [PO,>] at t=0 and at t = 5 min;

Fe/P molar ratio, initial and final pH, total [Fe] at t=5 min, %[PO.*] removal and Sl of vivianite

calculated by PHREEQC at the given parameters.

PO, (mM); | Fe/P molar Sl PO (MM); | Fe (mM); %[PO,*]
t=0 ratio PHinisa | \jyianite t =5 min t=5min | PHma | removal
25 0.5 6.16 10.44 13.98 0.341 5.66 44.08
25 1 5.28 10.98 15.65 7.442 4.01 37.40
25 15 4.95 11.22 22.07 29.80 3.83 11.72
15 0.5 6.05 9.71 13.30 0.363 5.57 11.33
15 1 5.25 10.16 12.02 6.559 4.12 19.87
15 15 4.85 10.35 10.75 14.08 3.96 28.33
10 0.5 5.44 7.78 8.521 2.560 4.47 14.79
10 1 5.27 8.1 8.260 6.977 4.24 17.40
10 15 5.11 8.21 8.345 10.59 4.20 16.55
5 0.5 6.17 7.31 4.012 0.990 4.99 19.76
5 1 6.10 7.6 4.030 3.389 4.57 19.40
5 15 5.90 7.5 4.092 4.058 4.52 18.16

2.5 Analytical methods

2.5.1 Solution analysis




Elemental concentrations were determined via Inductively Coupled Plasma-Optical Emission
Spectrometer (ICP-OES) using a Varian 720-ES instrument at the Institute of Earth Sciences
(ISTerre) in Grenoble (France). Detection limits in pg/L were 0.12 for Fe, 2.1 for P, 1.5 for As, 2
for Sh, and 3 for U. Iron, P, As, Sb, and U ICP-standard solutions of 1g/L were prepared with the
same matrix as the samples and were analysed by ICP-OES as external standards. Dilutions were
performed to ensure that the concentration of the samples was within the concentration range of
instrument calibration and blank solutions with the same matrix as the samples were also

analysed. The average measurement error was below 5% for all analyses.

2.5.2 Nucleation of vivianite

Solutions prepared with the same parameters used for the kinetic experiments of vivianite
formation (see paragraph 2.4) were prepared additionally for analysis by UV-Vis, in order to
determine the induction time and follow the rate of vivianite nucleation. The mixing of the
solutions was performed directly before measurement by a Cary 3500 UV-VIS Spectrometer,
which is used to determine changes in the absorbance of the solution and hence correlate it with
the kinetics of formation of a phase in the solution. A blank solution was prepared with 2mL of
MilliQ water. Each solution was put in plastic square cuvette (12.5*12.5*45 mm). Each
experiment was conducted for over 1 hour at a fixed temperature of 25°C, with a stirring of 800
revolutions per minute (using a magnetic bar of 7 mm long and 1 mm wide). The absorbance of
the solution over time was determined using a wavelength of 500 nm, a spectral bandwidth of 5

nm, and a collection time of 1 s.

2.5.3 Solid analysis

XRD. The original magnetite, the solid material collected after each sorption experiment, and the
solid material collected after each vivianite precipitation experiment were analysed using X-ray
diffraction (XRD) analysis with a Bruker D8 diffractometer with Cu radiation (A = 1.54 A) and
Vortex-EX detector (Hitachi), showing no distinct impurity diffraction peak, after prepared on a
silicon plate and sealed in the air-tight powder holder.

BET. The specific surface area (SSA) was determined by the Brunauer—Emmett—Teller
adsorption method (BET-N,) at 77 K, using a Belsorp-Max (Bel Japan) volumetric gas sorption
instrument. A small amount (0.418 g) of magnetite was loaded in a glass cell inside the glovebox



and then dried under vacuum at 80 ° C during 12 h. The SSA was calculated from the BET
equation in the P/P, range 0.052-0.307.

SEM-EDS. The solid material collected after each vivianite-precipitation experiment was
prepared for analysis by Scanning Electron Microscopy (SEM). Powder samples were put on
pins, previously covered by a self-adhesive carbon film, and then coated with 1 nm of Au using a
Cressington Sputter Coater 108 Auto. Samples were analysed by a Tescan Vega 3 SEM,
collecting images by Secondary (SE) and Backscaterred Electrons (BSE) at 16 keV.

3. Results

3.1 Uranium sorption by magnetite

At neutral pH, zero to minimal magnetite dissolution occurred throughout the experiment, as
previously reported (Poulain et al., 2022). A very fast adsorption of U by magnetite was
observed, reaching up to 98% removal efficiency only 10 min after the addition of U in the
magnetite suspension (at t =130 min of the experiment; Fig. 1C). The remaining U concentration
in solution was thereafter stable, with no further sorption or desorption from magnetite until t =

240 min. At lower pH, magnetite surface layer is transferred to maghemite via Eq. 3.
FesOqe) + 2H™ = Fe,05() + Fe**+ H,0 (EQ. 3)

So, in contrast with neutral pH, at pH 5 magnetite transformation to maghemite was very fast
(only after 30 min). Right after U addition to the suspension, the concentration of Fe in solution
was doubled and then it was stable until the end of the experiment (Fig. 1A). However, the
increase of Fe in solution (~0.3 mM) is much larger than the decrease of U, (~6.5 uM sorbed)
(Table S1), so it cannot be explained by an UO,?*/Fe®* simple cation exchange mechanism at the
surface of magnetite. Uranium concentration in solution decreased rapidly (67% removal after 30
min of magnetite reaction with U at pH 5), followed by a slower, but steady sorption, reaching an
88% decrease after 120 min of reaction (at t = 240 min of the experiment; Fig. 1C), unlike the
experiments at pH 2.5, in which U behaved conservatively, i.e. is mainly not sorbed at all. More
specifically, U is exhibiting a poor sorption to magnetite (but a 12% maximum), followed by a
fast desorption (Fig. 1C). In these very highly acidic conditions, the adsorbent continues to
dissolve according to Eq. 3 at a high rate, with a steadily increase of Fe** concentration through

the experiment (Fig. 1A).
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Figure 1: Magnetite dissolution (A and B), and U removal (C and D) through time. A: Fe*" released as a
function of cumulated added H* (log scale) to keep the pH at a value of 2 (blue square) or 5 (black
triangle), in absence of phosphate; B: Fe?" released as a function of cumulated added H* (log scale) to
keep the pH at a value of 2 (blue square) or 5 (black triangle), in presence of phosphate (26 mM); C: % U
removal in absence of phosphate at pH 2 (red square), 5 (orange triangle), and 7 (green circle); D: % U
removal in presence of phosphate (26 mM) at pH 2, 5, and 7. [U] added in suspensions is equal to 7.6 M.

Uranium was added in all suspensions at t = 120 min.



3.2 U sorption by magnetite in phosphate presence

In the presence of phosphate, at neutral pH conditions, we observed a slow deprotonation and
limited magnetite dissolution. A slow, kinetically controlled reaction prevailed, achieving up to
68% uranium removal from solution after 120 min of reaction with magnetite at pH 7 (Fig. 1D),
which is 30% less compared to the reductive immobilisation in the absence of phosphate. The
phosphate removal from solution was very low and could not be shown quantitatively due to very
high initial concentrations. However, comparing the absolute concentration values (Table S1),
the phosphate amount removed from solution (~1-2 mM) was higher than that of U (~6 uM), so
phosphate adsorption to magnetite, and possible competition with many ions for adsorption sites
were considered. At pH 5, dissolved Fe in solution increased gradually until t =140 min, when
magnetite dissolution decreased until t = 210 min (Fig. 1B). Next, total Fe concentration in
solution continued to increase until the end of the sorption experiment at t = 240 min (Fig. 1B),
while the [Fe] released in solution (~3 mM) was much larger than that of [U] (~6.7 uM) (Table
S1), as already shown in the phosphate-free experiments. At pH 5 we observe a very fast U
adsorption, with 77% removal from the solution only 10 min after U reaction with magnetite. Up
to 91% removal was reached in total, while U concentration in solution almost stabilized after t =
140 min, with no further important sorption or desorption processes (Fig. 1D). So, unlike the
reaction at neutral conditions, at pH 5 phosphate presence did not appear to hinder U removal by
magnetite, despite the fact that the phosphate removed from solution (~3 mM) was also higher
than that of U (~6.7 uM) (Table S1). Thus, since U sorption is pH-dependent, the most efficient
U removal from solution in a phosphate-rich suspension was observed at pH 5. At pH 2.5, no
impact of phosphate was observed on magnetite dissolution, comparing the two experiments
(Figs. 1A & 1B). However, the decrease of U concentration was limited by the highly acidic
conditions in both cases; up to 18% U removal observed at t = 240 min in presence of phosphate,

with no further decrease, even with some desorption following (Fig. 1D).

3.3 Synergetic effect of As, Sb and U sorption by magnetite

The same experiments were conducted with a mixture of As, Sb and U oxyanions to study their
synergetic and/or antagonistic effect at pH 5.5 (optimal value for the immobilisation of all three
ions). The concentration of Fe released in solution was lower compared to that in the U sorption
experiments: ~0.04 mM, and ~0.2 mM in the phosphate-free, and phosphate-rich suspensions,

respectively (Table S2). Nevertheless, uranium behaviour was not affected in presence of As and



Sb and was fully removed from solution under both phosphate and no-phosphate presence (Fig.
2). Without phosphate on magnetite, As and Sb immobilization was up to 87% and 83%,
respectively (Fig. 2A). On the contrary, phosphate ions compete very efficiently for magnetite

adsorption, so the sorption of metalloids was only 7% and 11%, respectively (Fig. 2B).
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Figure 2: Synergetic effect of ions sorption by magnetite through time. A: Sorption rate of As (black
circle), Sb (grey triangle), and U (red square) without phosphate presence at pH 5.5; B: Sorption rate of
As, Sb, and U under phosphate presence at pH 5.5.

3.4 Effect of magnetite on the acidic phosphogypsum leachates

After observing no effect of magnetite on the contaminants contained in PG wastewater effluents
due to the very low pH, As, Sb and U removal by magnetite was studied by reacting with PG
wastewater after raising and adjusting the pH at around 5.5, which has been observed as the
minimum optimal value for their removal in the current study and in literature (Missana et al.,
2003; Singer et al., 2012; Verbinnen et al., 2013). Indeed, U was fully removed from the PG
wastewater solution, after only 30 min of reaction with magnetite, with no desorption following
(Fig. 3). However, As and Sb sorption rates were low (Fig. 3; 22% and 13%, accordingly),
similarly to the experiment on the synthesized water with U, As and Sb, despite the higher pH
conditions, corroborating the antagonistic effect of high phosphate concentration present in the

PG wastewater.
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Figure 3: Sorption rate of As, Sbh, and U through time of the PG waste-water effluents after adjusting the
pH at 5.5.

3.5 NZVI oxidation

The production of Fe** and the pH increase following anaerobic corrosion of NZVI (Eq. 1) were
investigated at very acidic conditions (pH ~ 2.5), mimicking those of the PG waste effluents. As
shown in Figure 4, the initial concentration of NZV1 added in the acidic solution had an effect in
both pH and [Fe?'] evolution through time. At [NZVI] = 0.1 g/L the pH increase was very slow
(Fig. 4A). It increased from 2.5 to 4 in 60 min and even after 240 min, the pH remained lower
than pH 5. The respective production of ferrous iron was gradual, reaching ~1 mM in 60 min and
~1.3 mM in 240 min. At double NZVI concentration (0.2 g/L), the rise of the pH and the
respective Fe?* production were very fast (Fig. 4B). A pH value of 5.57 was reached already after
10 min, with 0.8 mM of dissolved Fe**, while at 1 h the pH was 8 with 1.5 mM of Fe*" in
solution. So, despite a large difference in final pH in the two experiments, the dissolved Fe?*

concentration was not significantly different.



6— — 1.6 9 — —2
e 1 &-e--¢[Fer] |
1 ©-0--@pH - 8 — @& -0--0 pH s
________ . 4 L7 ]—16
L 1.2 e | N4 l’__-_o—--- ]
| Vo e | d ’,‘ ;

,f‘ ———————— % . / Il, ~1.2 %
x| £ .- £ T 4 £
s 47 ¢ = —0.8 4 3 i 14 ’ B +

ll r R 5 — 1’ 7 R

1 1 7 I w jo--¢ 08 W

] 1 #

| o [NzVI] = 0.1 g/L 4— 1 [NZVI] = 0.2 g/L E

3 w 0.4 f *
1 ll - 0.4
- 3_?"
Cu L B B B B LI R E e 2T T 1 T 1 1 1°
0 30 60 90 120 150 180 210 240 0 10 20 30 40 50 60
Time (min) Time (min)
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(A), and 0.2 g/L (B).

3.6 Vivianite formation

The precipitates from the kinetic experiments were collected and analysed by XRD and SEM-
EDS to observe the effect of saturation index and Fe/P molar ratio on the morphology and
crystallinity of vivianite. At low [PO,>] (i.e. 1 and 5 mM), the precipitates were amorphous and
thus, identification of vivianite by XRD was not feasible. At higher PO,> concentrations (10, 15
and 25 mM) vivianite formation could be clearly confirmed by XRD (Fig. 5A), and specifically
for the highest ones (15 and 25 mM), at all Fe/P molar ratios (e.g. Fig. 5B). The results from the
SEM-EDS analysis corroborate those from XRD, and showed that vivianite formation and
morphology depended on [PO.*] concentration, and thus on the SI of the solution with respect to
vivianite, and on the pH conditions (Table 1). At low [PO4*] (i.e. 5 mM), and SI < 8, vivianite
was observed to be amorphous (Fig. 6A), with a Fe/PO,* equal to 50/50, and not 60/40, as is
usually the case for vivianite, based on its structural formula (Fe3(PO,),). On the other hand, for
higher [PO4>], and for a SI > 8, vivianite appeared to form rod-shaped crystals (Fig. 6C and D),
but also with a mixture of amorphous precipitates, due to the rapid drop of pH (since the solution
is not buffered), and the drying processes that favoured the amorphous material over the
crystalline. An exception was observed at the precipitates corresponding to [PO.*] = 10 mM and
Fe/P = 1, where large vivianite crystals could be identified (Fig. 6B). This could be explained by
the fact that, at relatively lower saturation indexes (Table 1) but over the threshold for formation



of crystalline viviante (i.e., at [PO,*] > 5mM), the nucleation of crystalline vivianite may be

relatively slower in comparison to a faster growth rate.
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Figure 5: XRD patterns of precipitated material of the vivianite-formation experiments at A) different
[PO,*] at 1 Fe/P molar ratio, and B) at different Fe/P molar ratios at [PO,*] = 15 mM.
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Figure 6: SEM images and the respective EDS spectra of vivianite formed at: A) [PO,*] =5 mM, B)
[PO.*] =10 Mm, C) [PO,*] = 15 mM, and D) [PO,*] = 25 mM, all at a molar Fe/P ratio = 1.



Various precipitation kinetic experiments were performed to explore the optimal parameters (pH,
Fe/P ratio, [PO4>]) for the formation of vivianite in acidic conditions. The results of the
experiments did not show important differences in the kinetics at different Fe/P molar ratios
(Table 1); however, at Fe/P = 0.5 vivianite identification by XRD was limited, supported by
SEM analysis showing amorphous material, due to the insufficient concentration of dissolved
Fe?*. Similar studies have shown that vivianite formation is more favoured at high Fe/P molar
ratios, i.e. equal to 1.5, while excess of Fe?* is undesirable, as it interferes with the purity of
vivianite (Cao et al., 2019). The pH is also one of the driving parameters for vivianite
precipitation as the phosphate species activity varies with pH. The fact that no buffer was used
during the experiments led to a rapid drop of pH once the precipitation reaction started, according
to Eqs. (4) and (5), so no further vivianite precipitation was feasible (Fig. 7).

3Fe*" + 2HPO,”™ + 8H,0 = Fey(PO4),-8H,0 + 2H" (4)
3Fe?* + 2H,P0O, + 8H,0 = Fe3(PO,),-8H,0 + 4H* (5)

This explains the fact that no more phosphate was removed from solution already after up to 5
min (Fig. 7). The initial concentration of PO,> played an important role for the reaction and it
affected the pH conditions under which precipitation happens; the higher the [PO,*], the lowest
the pH in which vivianite precipitation was feasible and the higher its removal % from solution.
As such, up to 44%, 28%, and 17% removal of dissolved phosphate was achieved, when its initial
concentrations were 25, 15, and 10 mM, respectively. On the contrary, the removal was limited
for initial [PO,*>] =5 mM (Table 1).
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Figure 7: PO,> and Fe concentrations (mM) during kinetic experiments of vivianite formation as a
function of pH, at different initial [PO,>]: A) [PO,*] = 5 mM, B) [PO,*] = 10 Mm, C) [PO,*] = 15 mM,
and D) [PO,>] = 25 mM, all at a molar Fe/P ratio = 1.

The same experiments were conducted under UV-Vis to follow the evolution of the absorbance
of the solution, as a proxy for the kinetics of nucleation and precipitation. As shown in Figure 8,
the induction time of vivianite nucleation could not be followed: the increase in absorbance
occurs instantaneously after the mixing of the solutions, preventing a precise determination of the

time needed for nucleation to occur. The results are presented in Figure 8 as a function of the



PO4> concentration and the Fe/P ratio. At [PO,>] = 5mM (Fig. 8A), and at [PO,*] = 10 mM and
Fe/P = 0.5 (Fig. 8B), which correspond to aqueous conditions of supersaturation with respect to
vivianite (SI ~ 8), the curves show a smooth logarithmic like evolution of the absorbance. On the
contrary, for higher phosphate concentrations, the curves show both a sigmoidal behaviour
continued by a logarithmic-like increase of the absorbance. We interpret the presence of two
steps as a double precipitation mechanism, with the initial formation of one phase (probably an
amorphous precipitate) and its subsequent recrystallization into vivianite. The absolute value of
the absorbance is directly proportional to the initial phosphate concentration, which indicates a
higher degree of precipitation, probably resulting from faster growth rates. The result of the
experiment at [PO,*] = 5 mM, showing a single logarithmic evolution, is consistent with the
initial formation of an initial amorphous precipitate. These results are consistent with the well-
crystalized vivianite observed by SEM-EDS analyses when SI > 8, and the poorly crystalline
material retrieved at the end of the experiments where SI < 8, which could not be identified by
XRD. In all cases, the drop of pH following vivianite formation (expected from eq. 4) and the
unbuffered pH conditions, was a decisive parameter for the presented results. As vivianite
formation is pH dependent, and no buffer was used to keep pH stable and equal to a desiring

value, vivianite formation stopped after pH dropped.
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Figure 8: UV-Vis spectra following the nucleation of vivianite at: A) [PO,*] =5 mM, B) [PO4*] = 10
Mm, C) [PO,*] = 15 mM, and D) [PO4>] = 25 mM. Blue, orange and grey lines correspond to
Fe/P molar ratios equal to 0.5, 1, and 1.5, respectively.

4. Discussion

4.1 PG treatment limiting factors: low pH and high phosphate

The most restrictive factor for the efficient removal of toxic pollutants from PG effluents is their
extreme acidity that hinders the (co)precipitation/adsorption processes of these contaminants. To
achieve optimal removal of the contaminants of interest (As, Sb, and U) from the PG leachates by
magnetite, pH value around 5.5 needs to be reached. Common techniques used for pH increase
prior to efficient treatment, include lime addition, and seawater mixing. According to Papaslioti
et al. (2018b), enormous amounts of seawater are needed to neutralise the effluents, and in order
to reach a pH value of 5.5, the seawater to acidic leachate ratio is 50 to 100, thus four times lower
than to reach pH 7 (Fig. 9). Thus, mixing with the local seawater is an efficient and cost-effective
way to increase the pH of the PG effluents prior to their reaction with magnetite, but it has the
drawback to dilute much the effluent and thus, to overdimension the facilities. Another promising
mechanism to increase PG effluent pH is to treat it with (N)ZVI, which can be also used as a
source of Fe®* in order to precipitate vivianite, and thus to decrease phosphate concentration. In
the current study, the anaerobic oxidation of NZVI (Eq. 1), triggered the pH increase in highly
acidic solutions (Figure 4), showing a rapid efficiency in pH adjustment, while not diluting the

effluent and not requiring large amounts of magnetite.
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Figure 9: Mixing ratios of seawater to PG leachates as a function of pH. Each plot corresponds to
different types of PG wastewater: the black diamonds to edge outflow water of an untreated PG area, the
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(the mixing ratios of the latter correspond to the values displayed in the right y axis). The figure is
modified after Papaslioti et al. (2018b), where more details can be found on the different types of PG

water and on the mixing ratios.

The presence of phosphate ions in contaminated leachates at high concentration is the second
most limiting factor for the immobilisation of toxic elements (i.e. As and Sb), and as such, their
removal from solution is crucial, e.g. via the formation of vivianite. The amount of ferrous iron
and phosphate, their molar ratio, and the pH are the most important parameters controlling the
nucleation and precipitation pathways of vivianite. The optimal pH range for vivianite
precipitation is 7 to 9, while at pH <5, almost all Fe** and PO,* ions remain in solution (Liu et
al.; 2018; Cao et al., 2019), though an increased initial PO,> concentration favors a wider pH
range where vivianite formation occurs (i.e. pH 4 toll), due to the higher ionic strength that
favours the competition with OH ions and as such, meeting the Ksp of vivianite (Méarz et al.,
2018; Cao et al., 2019). These later observations show that the formation of vivianite is feasible
in PG effluent conditions (high concentrations of PO,> and pH < 6 the targeted pH value for

immobilisation of contaminants of interest). This was confirmed by our Kinetic experiments



which showed that vivianite formation is feasible in a pH range of 4.5 to 6, especially in the

presence of high PO,> concentrations (Table 1; Fig.7).

4.2 Reductive immobilisation of U®*

Uranium immobilisation on magnetite at pH 5 and 7 confirms previous XPS, XAS, and
Méssbauer spectroscopy-based studies on the occurrence of U®* reductive precipitation to
UO4(s), a 10° less soluble phase than U(V1) salts, with the formation of a possible surface U>*
intermediate reaction step (Scott et al., 2005; Aamrani et al., 2007; Latta et al., 2011; Pan et
al., 2020). The recent Pan et al. (2020) study, shows that at neutral pH conditions, UO,
nanowires are formed that ultimately collapse into nanoclusters. The reduction occurs most likely
at the surface of (nano)magnetite and is driven by the electron transfer between Fe and U. In our
sorption experiments, the very fast release by magnetite of Fe?* (ag) at pH 5 was stopped after
U®" addition and sorption reaction (Figs. 1A and C), indicating a two-step reaction: first a cation
exchange of Fe?* and UO,?*, at the magnetite surface. Second, a 2-electron transfer from
magnetite to U, with maghemite formation being coupled to UO,**(aq) reduction to UO,(s),

according to Eq. 6:
UO,** + 2Fe304 + H,0 = U0, ) + 3Fe205) + 2H" (EQ. 6)

Despite the suspension becoming more acidic according to Eq. 6, aqueous Fe concentration
remained constant, as Fe,O3 has a low solubility at pH 5. However, the mechanism that is
suggested for the behaviour of Fe and U in our experiments cannot be efficiently shown due to
the relatively low concentration of U compared to the instability of the magnetite. During the
phosphate-rich sorption experiments, the decrease of magnetite dissolution from t = 140 to 210
min observed at pH 5 (Fig. 1B) was due to phosphate adsorption, vivianite surface precipitation,
and/or decrease of surface charge that would decrease the magnetite dissolution kinetics. A
simultaneous removal of UO,?* and the Fe?* is also, observed in presence of phosphate (Figs. 1B
and 1D). The layer of a Fe-phosphate mineral (e.g. vivianite) potentially formed on the surface of
magnetite, would block the mineral dissolution and passivating it. However, total Fe
concentration in solution increased afterwards, which means that aqueous Fe phosphate

complexation was favoured (i.e. Eq. 7).

U022+ + 2Fe30,4 + A4HT + 2H-,PO, = UO, Ok 2F6203(5) + Z[FE(H2PO4)] 2* (aq) 2H-0 (Eq 7)



If Fe** was released, it could complex PO,> ions as an aqueous complex species (i.e. FePO,),
while dissolution of magnetite, potentially releases ferrous and ferric iron ions, which can
complex phosphate ions. Magnetite Fe oxidation coupled to U reduction will control the kinetics
of it (Figs. 1B and D). In general, the high concentration of phosphate present during the reaction
of magnetite with U did not hinder its efficient removal from solution, as shown in figure 1D.
However, we observed an opposite behaviour at pH 7 and 5 compared to experiments without
phosphate (Fig. 1C vs Fig. 1D; Table S1). Under high phosphate concentration the reaction is
faster at pH 5, whereas without phosphate it is faster at pH 7. At neutral pH, phosphate hinders
the formation of UO, and promotes that of monomeric U*, such as Us(POs)s°
precipitate/complex (Veeramani et al., 2011). More specifically, the monomeric U*" mostly
likely occurs as surface complex species on vivianite surfaces, and appears to be coordinated to
phosphate rather than to Fe**. On the contrary, U®* presents a lower reduction compared to that in
phosphate-free suspensions, since adsorbed phosphate blocks further U adsorption and slows
down the transfer of electrons from Fe?* to U®*, corroborating the lower removal during the
present experiments on phosphate-rich suspensions (Fig. 1D). Also, phosphate complexing UO,**
in solution, e.g. as (UO,HPO,)°, being the only slow decomplexation leading to reductive
precipitation could be considered for the lower U removal from solution when phosphate is
present. At pH 5, similarly to the PO,>-free experiments, the driving processes that control the
solubility of U are first, the reduction of U®* to U*, and then its precipitation, i.e. as
(UO,)3(PO.); (5), at the surface of magnetite or elsewhere. The behaviour of U and PO, is a
matter of kinetic of decomplexation of uranyl; uranyl is neutral, so it is quickly adsorbed. When
PO,* adsorption occurs, the surface of magnetite becomes negatively charged, favouring
electrostatically U adsorption, which is fast (Fig. 1D). At pH 2, different phosphate complexes
formed, so we should have H3PO, compared to before. So, at least half of the phosphate should
be as H3PO, and still half as H,POy,, indicating an elevated presence of protons, which explains
why the formation of H3;PO, outcompetes that of Fe**. Uranium removal is not minimal when
phosphate adsorption occurs, in contrast with the phosphate-free solution, due to screening of the
positive surface charge, and thus, favouring the UO,?* adsorption by electrostatics and further U

reduction.

4.3 Competitive sorption of As and Sb



Reduction of As®" and Sb°* to their trivalent form is feasible by magnetite, forming a stable
sorption complex on its surface, under a pH and time dependent adsorbance, substituting the
position occupied by tetrahedral Fe** (Auffan et al., 2008; Kirsch et al., 2008; Wang et al.,
2008; Mittal et al., 2013). Indeed, both reduced As(OH)% and Sb(OH)°; species are sorbed
through a loss of 3H" and a tridentate surface. The limitation of As and Sb uptake in the
phosphate rich waters studied in the present research is attributed to the presence of phosphate
anion competing with As and Sb on magnetite (e.g. Chowdhury and Yanful, 2010) for
(co)precipitation and/or adsorption processes or on Fe minerals in contaminated waters of
different pH values (Zhang et al., 2004; Papaslioti et al., 2018b; Millan-Becerro et al., 2019;
Papaslioti et al., 2020). Phosphate anion has the same sorption mechanism as the two oxyanions
of interest and the significantly higher PO,* concentration present in the phosphogypsum
wastewaters compared to that of As and Sb inhibits their immobilisation. However, based on the
results of the present study, after rising the pH at a value close to 5.5 and removing the phosphate
via vivianite precipitation, As and Sb could be efficiently removed from the PG effluents by
reductive precipitation on magnetite. Under these conditions, As™ and Sb* are efficiently

reduced to their trivalent form, that can form a stable surface tridentate complex on magnetite.

5. Conclusions: A novel treatment technology for acidic, phosphate rich waters

Phosphogypsum is a highly contaminated waste that threatens the environmental welfare
worldwide through pollutant leaching from PG stacks. In addition, the acidity and high phosphate
concentration in those effluents are hindering the removal of most inorganic contaminants. In this
study, we examine magnetite as an immobilisation agent for As, Sh, and U redox sensitive
contaminants contained in PG waste effluents through adsorption and/or reduction processes. We
use magnetite derived from recycling waste of the steel industry in compliance with ‘green’
chemistry technology, that is advantageous for large scale applications. We show that U is
efficiently removed from both phosphate free and phosphate rich solutions at pH 5-7. However,
phosphate anions compete with As and Sb oxyanions for magnetite sorption sites and they are
efficiently immobilised only at phosphate-free conditions. We address the acidity and phosphate
obstacles by using (nano)zero-valent-iron as a source of ferrous iron and pH increase with the
aim to remove phosphate from contaminated waters via vivianite precipitation prior to reaction
with magnetite. In this study, we, therefore, set the basis for an alternative remediation technique

for contaminated, acidic, phosphate-rich waters. In the case of PG, the wastewater leaching from



the stacks will first, enter a reactor where (N)ZVI will raise the pH at around 5.5 (optimal
conditions for As, Sb, and U reduction and adsorption) and enough Fe?* will be produced for
vivianite formation, thus for the removal of phosphate ions to a level where competition with As
and Sb oxyanions for magnetite surface sites would be low. The resulted solution will pass into a
following reactor, where vivianite will be formed and precipitate. The resulted solution will then,
pass to a third reactor of the treatment set-up, to react with the magnetite from the recycling
industry with the aim to immobilise the contaminants of interest, and finally result in a
decontaminated water. Further studies for optimisation of the suggested remediation strategy are
necessary, for upscaling and framing the flux of the solution during the different steps, residence
times in each reactor, and necessary amounts of (N)ZVI and magnetite to be used according to
the needs.
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