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Behaviour of heavy metals and natural radionuclides in the mixing of phosphogypsum leachates with seawater
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Abstract

Phosphogypsum (PG) is disposed worldwide in large stacks usually placed in coastal zones, as in the case of Huelva
(SW of Spain), where around 100 Mt of phosphogypsum are stored on the saltmarshes of the Tinto River estuary
covering a surface of about 1000 ha. This management generates the weathering of PG, and due to its high acidity (pH
= 2) and pollutant load can provoke significant emissions into their surroundings. In this work were evaluated by
laboratory experiments the effects of pH increase in the behaviour of heavy metals and natural radionuclides during the
mixing of phosphogypsum leachates with seawater.

The acidic phosphogypsum leachates showed heavy metals concentrations 2-3 orders of magnitude higher than natural
continental waters, and natural radionuclides (U-isotopes and *'°Po) 4 - 5 orders of magnitude higher than unperturbed
aquatic systems. Major elements and some heavy metals as Mn, Ni, Cd, As, Sb and Co showed a conservative behaviour
during the neutralization of the leachates with seawater, remaining in the liquid phase, while other ones as Al, Fe, Cr,
Zn, Cu, Pb precipitate and/or were adsorbed onto the solid phase. The U-isotopes and *'°Po showed a clear non-
conservative behaviour probably due to coprecipitation/adsorption processes onto the formed precipitates, but while
21%p¢ reach a total removal at pH = 7, U- isotopes after a total removal at pH = 5, return into the liquid phase due to

redissolution/desorption processes at near neutral pH.
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The formed precipitates, mainly composed by iron phosphates particles, showed heavy metal and natural radionuclide
concentrations from 1 to 3 orders of magnitude higher than unperturbed soils. All these facts demonstrate the serious
environmental impact produced by the PG stacks into their surroundings and the urgency of effective restoration
measures.
Findings
The main finding is the evaluation of heavy metals and natural radionuclides behaviour during the mixing of PG leachate
with seawater and the environmental impact due to the enrichment of these pollutants in the particulate phase.
Keywords
Heavy metals, natural radionuclides, phosphogypsum, water mixing, precipitation, acidity.
1. Introduction
Phosphogypsum (PG) is a by-product from the manufacturing fertilizer industry generated during the production of
phosphoric acid (H3POs), mainly composed by gypsum (CaSOs-2H>0), but also contains high levels of pollutants such
as heavy metals, acids, natural radionuclides, and some others trace elements (Renteria-Villalobos et al., 2010; Madruga
et al., 2019) which may be leached. Globally, about 300 Mt of PG are produced every year (Yang et al., 2016) but only
15% of this amount is recycled, being mainly disposed by dumping in large stacks, usually placed in coastal zones close
to the factories (Sanders et al., 2013; El Samad et al., 2014). This management of PG frequently generates its weathering
by both meteorological and environmental agents which can provoke significant emissions into their surroundings
(Tayibi et al., 2009).
Close to the Huelva city (SW of Spain), around 100 Mt of PG are stored in piles on the saltmarshes of the Tinto River
estuary covering a surface of about 1000 ha. This PG was generated in five acid phosphoric plants located in the
industrial complex of Huelva at a rate of around 2.5-10°t/year (Bolivar et al., 2002) since 1965 until the end of 2010,
when the production of phosphoric acid stopped. The industrial process is based on the wet chemical attack of phosphate
rock ore, in the case of Huelva fluorapatite (Cas(POs4)sF) was used, with sulfuric acid (H.SO4). The process can be
summarized in the following general reaction (Eq. 1):

Cas(PO4)sF + 5H2SO4 + 10H20 — 3H3PO4 + 5CaS0O4 -2H,0 + HF
The PG stacks were directly built on the saltmarsh sediments without any type of insulation, and in large proportion of
their extension they are currently without any type of cover layer, being exposed to the weathering conditions. Rainfall
favors the generation of leachates due to surface runoff and the infiltration provokes the existence of polluted

groundwater fluxes. These acidic leachates (pH ~ 2) show high concentrations of phosphates, sulphates, chlorides,
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fluorides, heavy metals (Cd, Cu, Ni, Fe, Mn, Al, Zn, Sb and Sr) (Pérez-Lopez et al., 2016, Milldn- Becerro et al., 2019),
and U-series radionuclides, being these last ones in the order: 2****U (10> Bq L"), *'°Po (10 Bq L"), and ***Ra and *Th
(1 Bq L") (G4zquez et al., 2014; Pérez-Moreno et al., 2018). Previous works (Guerrero et al. 2019, 2020) have
demonstrated that the small grain size saltmarsh sediments act as an impermeable barrier for in-depth leachates coming
from the PG stacks, and the increase in the concentrations of natural radionuclides and other pollutants only reach the
first decimeters of sediments below the contact zone. Therefore, the polluted groundwater travel laterally across the
piles to the borders generating small superficial edge outflows in numerous points (Pérez-Lopez et al, 2015, 2016),
reaching the estuarine environment. In this regard, the authorities in cooperation with the responsible companies are
currently designing an engineering a project for their remediation.

Estuaries are complex coastal systems controlled by tidal action and riverine flows, which comprise transition zones
between freshwater and seawater, controlling the flux of elements from the land into the oceans. In these transition
systems, meaningful modifications of water chemistry take place with strong gradients in physico-chemical parameters
such as pH, redox potential, and dissolved ions (Benoit et al., 1994; Hierro et al., 2014). On the other hand, when
anthropogenic polluted releases reach the marine environment, different geochemical processes occur, as precipitation
and/or adsorption onto formed solid phases, and on the opposite, dissolution, desorption and migration, changing the
elemental concentrations in dissolved phase and the bottom sediments (Zhou et al., 2003; Hierro et al., 2014). Therefore,
to study the hydrochemical processes taking place during the mixing of PG leachates with seawater is crucial to
understand the intake of radionuclides and other pollutants into the open ocean. One of the main parameters involved in
the mixing process is the pH, which directly controls the chemical composition of the mix, and thereby, the precipitation
and mineralogy of the particulate phase.

Taking a similar approach to this work, Papaslioti et al. (2018) studied the effects of pH increase on trace elements
mobility in the mix of PG leachates with seawater. In regard with the problematic of the leachates, Milldn et al. (2019)
evaluated the alkaline treatment of this wastewater to provoke the precipitation and immobilization of the dissolved
pollutants, achieving the almost totally removal of fluorides, phosphates and most metals with the exception of As and
Sb.

According to these facts, the main aim of this work is to evaluate the behaviour of heavy metals and natural radionuclides
(U-isotopes and *'°Po) and the involved hydrochemical processes during the mixing of phosphogypsum leachates with
seawater, simulating the mix produced when the wastewaters from PG piles reach the coast environment.

2. Materials and methods
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2.1. Study area

The phosphogypsum stacks of Huelva are over the saltmarshes of the right bank of the Tinto River (Fig. 1). The Tinto
River joins in its mouth with the Odiel river to flow into the Atlantic Ocean forming the Huelva Estuary. This estuary
is severely polluted (Vicente-Martorell et al., 2009; Canovas et al. 2010; Sdnchez-Moyano et al., 2010) due to both the
acid mine drainage (AMD) affecting these two mining rivers which go through the Iberian Pyrite Belt (IPB) transporting
in solution high concentrations of metals and metalloids (Sdinz et al. 2004; Nieto et al. 2013), and the intense activity

of the Huelva Industrial complex, generating a huge volume of polluted effluents into the estuary.

Perimeter channel

Figure 1. Location map of the Huelva phosphogypsum stacks and location of the phosphogypsum leachates sampling
points: Boreholes (B1 and B2) and perimeter channel (PCh) located in the zone 2 of the phosphogypsum stacks of
Huelva.

In their current state, four zones can be identified in the phosphogypsum stacks of Huelva (Fig. 1). Zones 1 and 4 (around
550 ha in total), located to the north and south respectively, are considered already restored. Despite the regeneration of
these zones, some edge outflows points can be observed in both, mainly in Zone 4 (Pérez-Lopez et al., 2016). In the
Zones 2 and 3, the PG is exposed to the external agents without any kind of cover layer, and show surface ponds of
industrial process acidic water (green colors in Fig. 1), which are getting shallower and smaller due to the evaporating
process is been developing to proceed with the restoration of this areas. In the Zone 2 about 25 Mt of PG are stored in a

surface of over 250 ha forming a pyramidal pile of up to 30 m in height. A network of perimeter channels surrounds this
4
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zone to collect the leachates from the PG stack. The Zone 3, with about 15 Mt of PG piled, shows a surface about 200
ha and an average of 6 m in height.

2.2. Sampling and pretreatment

To develop the mixing experiments, three phosphogypsum leachates (PGL) samples and a seawater sample (SW) of
about 200 L were collected on March 2019. The PGL samples, with a volume about 5 L each one, were taken in three
different points from the Zone 2, two of them in boreholes (samples B1 and B2) which collect the polluted groundwater
in the border of the stack, and the third one inside the perimeter channel (sample PCh), which collects the existing upper
lateral leachates. The PGL sampling points were chosen to show similar hydrochemical characteristics than the edge
outflows, whose access is complex and a partial mix with the estuarine water is observed. The SW sample was collected
in the open ocean close to the Port of Mazagén (Huelva Atlantic coast), to avoid additional contamination due to the
high load of metals and other pollutants transported by the Tinto and Odiel rivers due to the AMD as was previously
indicated.

The pH, electrical conductivity (EC) and redox potential (Eh) of the samples were measured in situ with a portable
multimeter Crison MM40+, with a 5048 (Ag/AgCl) electrode. The instruments were calibrated before sampling, and
the redox potential was corrected to obtain the potential relative to the hydrogen electrode (Eh) according to Nordstrom
and Wilde (1998). Water samples were filtered in the laboratory by using 0.45 um pore size polycarbonate filters.

2.3. Titration curves

A titration curve is a plot showing the change of the pH of a solution during a titration, i.e. the addition of a reagent
(acid or base). In our case, the objective was to increase the pH of the PGL by the addition of a basic solution. Firstly,
a strong base (1.5 M NaOH) was added to the acidic PGL to study its alkaline neutralization improving the knowledge
about the kind of leachate acidity. A volume of 100 mL of PGL from the perimeter channel (PCh) was selected, and the
reagent was added dropwise with a graduated burette under continuous stirring. The titration curves with SW were
carried out to estimate the amount of seawater required to neutralize the leachates to reach pH up to neutral conditions
(pH = 7-8). Approximately 300 mL of SW were taken, and each one of the three PGL collected were added individually
dropwise with a graduated burette under stirring. For these experiments, the pH values were determined with a
multimeter Crison MM40+.

2.4. Precipitation method

The precipitation experiments were developed by using the PGL collected in the perimeter channel (PCh sample), which

was selected as the most representative of the leachates arriving to the estuary. For every experiment, 20 mL of PCh

5
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were taken, and the suitable amount of SW (up to around 15 L) to obtain the target pH (3, 4, 5, 6 and 7), according to
the obtained ratios in the titration curve. A duplicate of every experiment was carried out, and therefore, ten experiments
were developed in total. The mix of SW and PGL was stirred during a few minutes to reach equilibrium (constant pH),
and then, it was filtrated through 0.45 um pore size polycarbonate filters to obtain the precipitates. The physicochemical
parameters (pH, Eh and EC, and T) of the resulting solution were measured with a multimeter Crison MM40+. The
filtrated solutions (dissolved phase) from each mixing experiment were store and the filters with the formed solid phase
were preserved in a dryer until the chemical and radiological analysis were carried out.

2.5. Analytical methodology

Chemical composition of the samples (starting samples and obtained solutions after the experiments) was determined
by Coupled Plasma Mass Spectroscopy (ICP-MS) and Inductively coupled plasma optical emission spectroscopy (ICP-
OES) techniques at Actlabs (Canada). The quality control (QC) was developed by the measurement of Certified
Reference Materials (CRMs) and one duplicate every ten samples.

Natural radionuclides in dissolved and particulate matter were determined by a sequential extraction technique based
on the use of tributyl phosphate (TBP) (Bolivar et al., 2000), subsequent electrodeposition onto stainless-steel disc (U-
Th-Ra isotopes), and self-deposition onto silver discs for the case of *'’Po. The radioactive sources were counted by o-
particle spectrometry using ion-implanted silicon detectors, with a 25% absolute efficiency. The QC for alpha-particle
measurements was conducted by participating in annual international proficiency tests (International Atomic Energy
Agency [IAEA] and the Spanish Nuclear Safety Council [CSN]), and by measuring both a blank and CRMs every set
of six samples (IAEA-443).

Two of the obtained precipitates (pH ~ 5 and 7) were also analyzed by scanning electron microscopy (SEM-EDS), via
a JEOL (JSM 5410) scanning electron microscope coupled with a dispersive energy detector in the central research
services of the University of Huelva.

3. Results and discussion

3.1. Physicochemical parameters of the starting samples

The physicochemical parameters of the starting samples are shown in Table 1. The SW sample showed typical values
of marine waters, with an alkaline pH (= 7.8), an electrical conductivity (EC) of 61.5 mS cm™, due toits high salinity,
and a redox potential (Eh) of 465 mV, similar to the observed values for seawaters from Huelva coast and other places

worldwide (Papaslioti et al., 2018; Abdel-Halim and Aly-Eldeen.,2016; Akmal Idrus et al., 2017).
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EC Eh

Code pH (mS cm™) (mV)
SW 7.78 61.5 465
PCh 1.68 40.8 623
B1 1.75 29.4 532
B2 1.62 39.1 414

Table 1. Values of the physicochemical parameters of the starting samples. SW (seawater), PCh (perimeter channel),
B1 and 2 (borehole 1 and 2).

Regarding the PGL samples, all of them show extreme acidity (pH = 1.7) as expected, and EC values around 40 mS cm’
! for the PCh and B2 samples, while the sample B1 showed a slightly lower value around 30 mS cm™'. The lower EC of
the sample B1 is probably related to a higher influence of the rainwater due to sealing problems of the borehole and/or
higher weathering of the PG in this point. The Eh of these leachates showed oxidising values in all cases, significantly
higher in the sample PCh (Eh = 620 mV) probably due to it is a surface sample, while the samples B1 and B2 are
groundwaters from boreholes. As conclusion, to point out that the physicochemical parameters of these leachates are in
agreement with the observed ones in previous works (Gazquez et al., 2014; Pérez-Moreno et al., 2018).

3.2. Titration curves

The Figure. 2A displays the titration curve of the sample PCh with a strong base (1.5 M NaOH). The obtained curve
shows a similar pattern than the theoretical titration curve with a strong base for the phosphoric acid. Phosphoric acid is
a triprotic acid with the following pK.: pKa =2.12, pK = 7.21, and pK.3 = 12.32 (Haynes et al., 2016), in concordance
with the obtained ones in our experimental data. The first two equivalence points, corresponding to base reaction with
the first and second protons of this weak acid are also in agreement with the theoretical titration curve. These points
were calculated for our experimental data by means of the first and second derivates, being located at pH values 5 and
9, respectively. These facts confirm that the acidity of the leachates comes mainly from the dissolved phosphoric acid
in the PGL, which is the main phosphoric acid specie at pH < 2, and not due to other potential acids as fluorhydric acid

or not completely consumed sulphuric acid during the industrial chemical process (Eq. 1).
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Figure 2. A: Titration curve of the phosphogypsum leachate (PGL) with NaOH (1.5M). B: Titration curves of the
phosphogypsum leachates with seawater.

Regarding the curves obtained during the titration of the three collected PGL (B1, B2 and PCh) with SW (Fig. 2B), a
similar pattern between them can be observed. Only the first equivalence point, and the first two midpoints (pKa values),
are observed. This is because the maximum pH reached by using SW was around 7.5 since the neutralizing power of
seawater comes from the presence of carbonates and bicarbonates ions. It is interesting to note the large amount of SW
required for the neutralization of the PGL, in the order of 10° parts of SW per one part of PGL for reaching a pH = 7. It
highlights that the curve for the sample B1 is slightly displaced to the left indicating that a smaller SW amount is required
to achieve the alkaline neutralization of this leachate, which is expected, due to the pH of this sample was also slightly
higher (Table 1). The curve of sample PCh showed an increase in the slope since SW/PGL = 107 in relation to the one
of sample B2, which indicates that lower SW amounts are required to increase the pH at this interval. This fact is
probably related, despite the similar chemical composition of these two samples as it is discussed in section 3.4, with
differences in the concentrations of the dissolved species.

After analyzing these results, it was decided to take the sample collected in the perimeter channel (PCh) to carry out the
mixing experiments as was considered the most representative of the leachates that reach the estuary by the edge
outflows, and because is the one with the easiest access and the greatest availability in order to carry out future
experiments.

3.3. Mixing experiments

The mixing experiments were performed in duplicate (Exp. A and Exp. B), to guarantee the repeatability of the results.

The amount of PGL and SW, the physicochemical parameters measured (pH, EC, Eh and T) and the obtained mass of
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precipitate for the target pH values are shown in the Table S1 of the supplementary material. The variation of some of
these physicochemical parameters during the mixing experiments are displayed in the Figure 3. As can be observed,
with equivalent amounts of the starting samples (Fig. 3A) the physicochemical parameters reached very similar values
during the neutralization. To confirm this fact, the relative standard deviation (RSD) of the main physicochemical
parameters (pH, EC and Eh) was calculated. RSD values < 2 % were obtained with a mean of 0.7 %, verifying the

repeatability of the experiment.
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Figure 3. Variation of the pH (A), Eh (B), mass of precipitate (C) and increase of the precipitate (D) during the
neutralization carried out in the mixing experiments.
The EC was constant for all the pH range (= 64 mS cm™), showing a similar value than the SW due to the large amounts
added in comparison to the PGL ones (see Table S1), which also indicates the scarce precipitation occurred during the
neutralization. The Eh decreases during the neutralization from a value close to 600 mV at pH = 3 to around 400 mV at
pH = 5, remaining this value constant until pH = 7 (Fig. 3B). This fact seems to be related with the lower influence of
the PGL (Eh = 620 mV, Table 1), due to the increase of SW amount at higher pH values, which showed lower Eh value.
And, as it was expected, during the mixing experiments, a solid precipitate was generated for each target pH. The

obtained masses were very similar in both experiments, being slightly higher for the experiment B (Fig 3C). It highlights
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the increase in the mass of precipitates for the pH values 6 and 7 regarding the more acidic pH values. In the Fig. 3D
the increase in the mass of the precipitate (%) with respect to the previous pH has also been represented to analyze the
precipitate formed per unit of pH increase. It is observed that, from pH =~ 3 to pH = 4, the mean variation was around 25
%, while the variation was even lower from pH = 4 to pH = 5 with a mean increase of around 5 %. This fact indicates
that from pH = 4 to pH = 5 the generated new mass of solid was practically negligible. On the contrary, from pH = 5 to
6, and from pH =~ 6 to 7 a notable increase in the amount of formed solid was observed, with an average about 65 % in
both cases. This fact shows the notable increase in the amount of precipitate generated per unit of pH increase for pH >
5, which indicates that the precipitation of chemical species increases significantly since this pH value.

3.4. Stable elements

In the Table 2 the concentration of the elements in the starting samples, (PGL collected in the PCh and SW), the mixing
solutions, and the obtained precipitates for each target pH value in the experiment A are shown. The concentrations of
the dissolved elements in the others collected PGL (B1 and B2) are shown in the Table S2 of the supplementary material.
Samples PCh and B2 showed similar concentrations in general, while slightly lower concentrations were obtained in B1
in agreement with the lower EC of this sample (Table 1). The concentrations observed in the mixing solutions of the
Experiment B were very similar to the ones of the Experiment A as can be consulted in the Table S3 of the supplementary
material, and the calculated RSD showed a mean and median values of 6.5 and 2.7 %, respectively. According to the
high repeatability observed in this section and section 3.3, the analysis in this work will be performed with the samples
of the experiment A.

Regarding the starting samples, the SW contains high concentrations of major elements, such as Na (11.7-10° mg L™,
Mg (1.44-10°mg L"), S (1.04-10° mg L"), K and Ca (4.4-10* mg L"), similar to the found ones in seawater from the
Huelva coast in previous studies (Papaslioti et al., 2018; Hierro et al., 2014). The PGL showed high concentrations for
major elements, mainly P (1.1-10* mg L") being this value 6 orders of magnitude higher than unperturbed freshwater
(Wetzel, 2001), but also for most heavy metals, such as Mn, Fe, Zn, As, Cr, Co, Cu, Cd, Ni, Al, Sb and Pb, 2-3 orders
of magnitude higher than natural continental waters (Zhou et al., 2020), and U (1.7 - 10" mg L"), as expected from the
acidic pH value and high EC, and in agreement with previous studies (Pérez-Lopez et al., 2016, Papaslioti et al., 2018).
All these pollutants show very low concentrations in the SW, below the detection limit (DL) in most cases, hence its
contribution to the concentration of these in the mixing solutions is negligible. In the mixing solutions, the major
elements tend to show a constant value during the neutralization, similar to the one of SW, indicating a conservative

behaviour, i.e., these elements mainly remain in the aqueous phase. On the other hand, the pollutant elements decrease
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their concentrations in the mixing solutions as larger amounts of SW are added, clearly due to the dilution effect, but

also precipitation processes can be occurred due to the increase of pH showing a non-conservative behaviour.

Starting samples Mixing solutions Precipitates
PGL SW |(pH=3 pH=4 pH=S5 pH=6 pH=7|pH=3 pH=4 pH=5 pH=6 pH=7
Al| 64 0.13 0.205 0.180 0.170 0.130 0.118 1.0 1.0 1.0 3.5 5.1
Ca | 1640 441 457 459 450 443 454 9.3 9.6 14.2 19.3 19.4
Fe | 139 0.0081 | 1.017 0.404 0.271 0.148 0.036 92 974 954 549 399
K | 268 440 422 432 425 428 438 9.2 9.5 9.2 8.8 9.8
Mg| 860 1440 | 1400 1470 1450 1450 1460 | 17.1 17.8 18.8 255 285
Mn| 143 <0.002 | 0.190 0.142 0.113 0.036 0.016 | 0.018 0.027 0.026 0.041 0.050
Co | 0.982 <0.002 | 0.013 0.009 0.007 0.003 <0.002|0.0013 0.0014 0.0012 0.0016 0.0019
Ni | 6.82 <0.002 | 0.081 0.060 0.049 0.021 0.008 | 0.016 0.014 0.012 0.015 0.016
Na | 4620 11700 | 11540 11900 11800 11900 12050 | 158 153 137 170 202
P | 11281 0.278 139 99 80 34 14 99.7  98.1 99.7 648 452
S | 1523 1040 | 1031 1070 1050 1053 1060 | 13.4 11.8 10.3 14.3 18.5
Zn | 70 0.050 | 0.818 0.589 0.483 0.225 0.118 | 0.16 0.16  0.76 1.97 1.81
Cr| 20 <0.002 | 0.165 0.049 0.006 <0.002 <0.002| 17.1 20.2 16.3 13.7 53
Si | 519 <2 7.5 53 4.4 <2 <2 0.60  0.41 043 026 0.15
Cu| 9.84 0.0035| 0.121 0.092 0.068 0.022 0.006 | 0.16 0.08 0.31 0.99 1.02
As | 21.6 <0.002 | 0.387 0.287 0.229 0.099 0.040 | 0.127 0.161 0.172 0.108 0.083
Sr | 343 8.2 8.5 8.5 8.4 8.2 8.3 024 045 0.83 1.02  0.85
Cd| 95 <0.002| 0.115 0.082 0.067 0.028 0.010 | 0.0033 0.0022 0.0036 0.0047 0.0029
Ba | 0.042 0.008 | 0.008 0.008 0.007 0.007 0.007 | 0.034 0.034 0.067 0.071 0.064
Sb | 0.567 0.011 | 0.036 0.030 0.022 0.017 0.016 |0.0066 0.0185 0.0144 0.0113 0.0065
Pb| 0.55 0.003 | 0.010 0.006 0.004 0.003 0.003 | 0.068 0.21 042 037 024
U | 191 0.0032 | 030 0.11 0.008 0.013 0.024 | 2.1 12.4 18.4 10.0 2.0
Table 2. Concentration (mg L") of the most significant elements in the starting samples and in the mixing solutions,

and solid precipitates (mg g™') in the experiment A.

The obtained precipitates are mainly composed by Na, and Fe (Table 2). High concentration of most heavy metals and
U was observed in these precipitates with values about 1-3 orders of magnitude higher than the background of this
region (Lario et., 2016; Guerrero et al., 2019), which demonstrate the high polluting potential of the leachates into the
PG stacks surroundings and the urgency of restoration measures. The concentrations of these pollutants in the solid
phase during the neutralization process showed different trends, increasing, decreasing, or not showing a clear
behaviour. To clarify these results and to analyze the non-conservative character of these elements, the transfer factor
(TF) to solid was calculated according to the following formula (Eq. 2):

Cp M,

- 100
CpeL * Vpgr, + Csw - Vsw

Where:

C, = Concentration of the element in the precipitate
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M, = Mass of the precipitate

CparL = Concentration of the element in the PGL

VpcL = Volume of PGL

Csw = Concentration of the element in the SW

Vsw = Volume of SW

To note that the TF to aqueous phase was also calculated and the data are in agreement with the obtained ones to solid,
but were presented these last ones due to the authors consider it more accuracy as a direct measure. For the elements
with concentrations below the DL in the SW, this value was applied for the calculations. TF values < 0.1 % of Ca, K,
Mg, Na, S, Si, Sr and Cd and < 1 % of Mn, Co, Ni, As, Sb and P were obtained, showing a conservative behaviour of
the major elements and some heavy metals during the neutralization. To note that, the TF only indicate the % of an
element that is transferred into the solid phase, hence should be taken into account the total amount of this element
added to the mixing solutions, which explain the fact that P and Na are some of the main components of the precipitate
due their very high concentration in the starting samples.

The other elements, including several heavy metals, showed higher TF to solid (Fig. 4), and therefore a non-conservative

behaviour during the neutralization, precipitating and/or been adsorbed to a greater or lesser extent onto the solid phase.

A —4—Al Zn —=—Cu —+—Ba B ~&—Fe —#—Cr —9—Pb —¢U

30 120 4
110 4
25 o 100 A
" il — 90 4
£ 20 - v £ 80 -
= g = 704
3 15 - A0 S 60
210 g o
- 40 4
& ,',_// D‘: 30 4
5 & = + 20 -
- = 10 4

o LA -1 Ll Ll v T Al A o T T n g LA Ll L Ll L Al

25 3 35 4 4.5 5 55 6 6.5 7 25 3 35 4.5 5 55 6 6.5 7

pH pH

Figure 4. Transfer factor (TF) to solid (%) of non-conservative elements.
Zn and Cu showed a conservative behaviour until pH = 5, increasing theirs TF up to 5 and 25 % at pH = 7, respectively
(Fig. 4A). Ba showed TF around 5 % during the neutralization while Al increases its TF since pH ~ 6 — 7 reaching
values about 15 % (Fig. 4A). On the other hand, Fe, Pb, Cr and U showed a notably higher TF to solid (Fig. 4B).
Regarding Pb, the maximum TF (= 50 %) was observed at pH values around 5 — 6, while the TF to solid of Fe ranged
from around 60 % at pH = 3 to 90 % at pH = 7. A mean TF around 90 % of Cr was observed during the neutralization.

According to Papaslioti et al. (2018), Fe tends to precipitate in the form of phosphates as strengite (FePO4-2H,0) at pH
12
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> 3 and in the form of oxyhydroxide as goethite (a-FeOOH) at pH > 4, lepidocrocite (y-FeOOH) nearly at pH > 5 and
ferrihydrite [Fe(OH);] at pH > 6, which usually act as sinks for trace elements as Pb and Cr, being retained by sorption
processes. Lastly, the TF of U increased from a minimum about 10 % at pH = 3 to reach a total precipitation at pH = 5
and decreased again up to 30 % at pH = 7. This behaviour will be discussed in detail in the next section.

3.5. Natural radionuclides

The activity concentration of 2**U and *'°Po and the **U/***U activity ratio in the starting samples, the mixing solutions,
and the obtained precipitates for each target pH in the experiment A are shown in the Table 3. Ra and Th-isotopes
showed low activity concentrations in the PGL with values below 2 Bq L™, being in the mixing solutions below the DL
(1 mBq L") in most cases, hence were not included in this work. The PGL showed, due to their high acidity, very high
activity concentrations for the studied natural radionuclides, with about 300 Bq L' of ?*U and 22 Bq L™ of '°Po. These
values are about 4 — 5 orders of magnitude higher than the observed ones in unperturbed surface freshwater and seawater
(De Vos and Tarvainen, 2006; IAEA, 2017), which demonstrates the extreme polluting potential of these acidic
leachates. Although U concentrations in seawater depends on the salinity (Owens et al., 2011), its concentration is
significantly uniform in the world oceans, being generally accepted that the U “oceanic average” concentration is 3.3 £
0.2mgL", ie., 0.041 BqL"' of #*U (Ku et al., 1977), in agreement with our experimental data. The ***U/?*U activity
ratio (ARy) showed secular equilibrium in the PGL (ARy = 1), same ratio than the measured in both PG and phosphate
rock used in Huelva and other places worldwide (Borylo et al., 2009; El Afifi et al., 2009, Guerrero et al., 2020) due to
the uniform bulk dissolution of the original ore in the phosphoric acid production process (Hussain and
Krishnaswami, 1980; Andersen et al., 2009). In the SW sample the ARy was a bit higher (1.08 £ 0.04), in agreement
with mean value of marine water (ARy = 1.14) (Boryto and Skwarzec, 2014). In surface waters this ratio is usually

higher than 1 due to nuclide recoil during alpha-decay of **U and preferential dissolution of ***U (Henderson et al.,

2006).
238U 234U/238U 210PO

Starting PGL 302 £ 9 1.00 = 0.01 21.8 + 1.0
samples SW 0.042 £ 0.002 1.08 = 0.04 0.0036 + 0.0004

pH=3 3.56 £ 0.17 0.99 + 0.01 0.19 = 0.02

pH=4 1473 = 0.029 1.00 = 0.02 0.075 + 0.010
Mixing

pH=S5 0.177 £ 0.009 1.02 + 0.03 0.021 + 0.005
solutions

pH=6 0.219 + 0.018 1.03 + 0.03 0.006 = 0.001

pH=7 0.325 = 0.017 1.02 + 0.02 0.0037 = 0.0010
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pH=3 224 + 0.6 0.99 + 0.01 7.6 + 0.2
pH=4 124 £ 2 1.00 0.02 10.6 £ 0.2
Precipitates pH~=5 232 + 12 1.006 0.006 17.0 £ 0.3
pH=6 115 + 5 1.005 = 0.006 11.8 + 04
pH=7 20.7 + 0.9 1.01 £ 0.01 7.7 + 0.3

H+

H+

+
+

Table 3. Activity concentration (Bq L") of the studied radionuclides in the starting samples and the mixing solutions,
and in the solid precipitates (Bq g).

The activity concentrations of natural radionuclides in the mixing solutions showed a clear decrease during the
neutralization, due to the dilution effect by the large amount of SW added, similarly as was previously observed for the
stable elements. To note that the activity concentration of *'’Po in the solutions continuous decreasing with the increase
of pH, while the ***U reach the minimum concentration at pH = 5 and tends to increase again at higher pH values. It
highlights that '°Po showed a similar value than SW at pH = 7, while ***U showed activity concentrations 1- 2 orders
of magnitude higher than the SW concentration in the mixing solutions. Concerning the solid precipitates, >**U and
1% showed a similar trend, being enriched the precipitate until pH =~ 5 and decreasing again their concentrations as
the pH value increase. The measured concentrations of these natural radionuclides in the precipitates are 2-3 orders of
magnitude higher than the worldwide median value for natural soils (0.035 Bq g') (UNSCEAR 2000), showing once
again the potential environmental impact of these leachates. The ARy showed values around secular equilibrium in both
mixing solutions and precipitates, demonstrating that is strongly influenced by the PGL.

To clarify the behaviour of U-isotopes and *'°Po during the alkaline neutralization of the acidic leachates, the TF to solid
and the distribution coefficients (Kq) were calculated (Fig. 5). The Kq4 are used to quantify the affinity of a chemical

specie for particles and were calculated according to the following formula (Eq. 3):

_%
Cq

Kq
Where:
C, = activity concentration of the radionuclide in the precipitate
Cq = activity concentration of the radionuclide in the dissolution
The TF to solid of ***U increased gradually their value from about 10 % at pH = 3, up to about 90 % at pH = 5, when
most of the ***U is found in the precipitate (Fig. 5A). The TF slightly decreased at pH = 6 to about a 70 %, but reached

a 20 % at pH = 7, which indicates that at this pH about 80 % of **U is again in solution. This fact is confirmed in the

Fig. 5B where the Kqat pH = 5 — 6 are around 1-2 orders of magnitude higher than for lower or higher pH values. This
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behaviour has been observed in previous studies (Hsi and Langmuir, 1985; Serkiz and Johnson, 1994) and was justify
due to coprecipitation of U with Fe-Mn hydroxides (McKee et al., 1987) in the pH range from 4 to 6 and the existence
of redissolution processes due to the formation of carbonated complexes (Hierro et al., 2013; Guerrero et al., 2021) at
higher pH values. Therefore, the U-isotopes show a non-conservative behaviour and tend to precipitate or to be adsorbed
almost totally at pH values around 5, to return into the liquid phase due to redissolution/desorption processes at near

neutral pH values.

X 238U A 110p°
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Figure 5. Transfer factor (TF) to solid (%) (A) and evolution of the distribution coefficients (kd) during the increase of
pH (B) of the studied radionuclides

The *'°Po continuously increased its TF during the alkaline neutralization of the PGL, reaching values around 90 % at
pH values = 5, and a total removal (TF = 100 %) at pH value = 7 (Fig. 5B). In this sense, the K values of *'’Po increase
during the increase of pH, showing values around one order of magnitude higher for pH values above 4, than for lower
pH values. The observed Ky are in agreement with the obtained ones in other works in natural (unperturbed) and polluted
systems worldwide (Blasco et al., 2016, Manjon et al., 2019, Bam et al., 2020). These facts demonstrate that 2190 tends
to precipitate and/or to be adsorbed by the particulate matter during the neutralization, showing a non-conservative
behaviour.

3.6. Micro-structural characterization of the obtained precipitates

According to the previous findings, several heavy metals and the studied natural radionuclides showed a non-
conservative behaviour during the increase of pH, been removed from the dissolved into the solid phase. Thus, the
characterization of the obtained precipitates is of great significance to improve the understanding of the geochemical

processes controlling its mobility during the neutralization of the PGL with SW. The precipitates generated from two
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target pH were analyzed by SEM-EDS, and the images and spectra are shown in the Figure 6A (pH = 5) and B (pH =
7). The results of this analysis showed that the formed precipitates consist of a cryptocrystalline matrix mainly composed
of P and Fe, as expected according to results presented in section 3.4, suggesting precipitation of iron phosphates, as
strengite (FePO4-2H,0). A fine layer of salts mainly composed by Cl and Na, probably in the form of halite (NaCl),
covering most of the matrix particles was observed (Fig. 6A). These salts were probably originated by the evaporation

of the remaining solution (mostly SW) in the filter.

Figure 6. SEM images and EDS spectra of the obtained precipitates during the neutralization at pH = 5 (A) and 7 (B).
It is very interesting the detection of U in the matrix at pH = 5 (Fig. 6A), which is in agreement with the previous
findings and seems to confirm that U is removed from the dissolved phase due to coprecipitation/adsorption processes
onto strengite crystals. Other metals, such as Al, Cr and Cu were detected together with the matrix at pH = 7 (Fig. 6B),
which is consistent with the observed data in section 3.4, and probably due to coprecipitation and/or adsorption
processes. The higher concentrations of Ca detected at pH = 7 in the matrix together with the high concentration of P
could be indicative of the precipitation of hydroxyapatite [Cas(PO4)3(OH)]. Finally, to highlight the small particle mainly
composed by S and Ba, probably as barium sulphate in the form of barite (BaSOs), observed at pH = 7. Barite show a
very low solubility and tend to precipitate when the concentration of sulphate increases in solution, in this case due to
the input from the PGL.

4. Conclusions
The PG stacks of Huelva release polluted acidic leachates into the surrounding estuarine environment which produce a

serious environmental impact. Seawater mixing experiments were carried out to improve the understanding of the
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hydrochemical processes occurring when these leachates reach the marine environment increasing their pH, focusing
on the behaviour of heavy metals and the natural radionuclides with higher concentrations in the leachates (U-isotopes
and 2'°Po).

The obtained conclusions in this work are:

The titration curve of the phosphogypsum leachate with a strong base (NaOH) confirmed that the acidity of the leachates
is mainly due to the existence of remaining phosphoric acid, and not due to other potential acids as fluorhydric acid
coming from the ore, or sulphuric acid not completely consumed during the industrial chemical process.

The acidic phosphogypsum leachates show a high pollutant load, with large amounts of heavy metals as Mn, Fe, Zn,
As, Cr, Co, Cu, Cd, Ni, Al, Sb and Pb, 2-3 orders of magnitude higher than natural continental waters, and natural
radionuclides, mainly U-isotopes and *'’Po, 4 - 5 orders of magnitude higher than unperturbed surface freshwater and
seawater. This fact demonstrates the extreme polluting potential of these acidic leachates.

The analysis of the transfer factor (TF) to solid showed a conservative behaviour during the alkaline neutralization of
major elements and some heavy metals as Ni, Cd, As, Sb and Co, which remain almost totally in the aqueous phase.
Several heavy metals as Al, Fe, Cr, Zn, Cu, Ba, and Pb showed higher TF to solid, and therefore a non-conservative
behaviour during the neutralization, precipitating and/or been adsorbed to a greater or lesser extent onto the solid phase.
The U-isotopes and *'°Po showed a clear non-conservative behaviour according to the TF and distribution coefficient
(Kq) values. U-isotopes presented an almost total removal from the dissolved phase at pH values around 5, probably due
to coprecipitation/adsorption processes onto the formed precipitates, to return into the liquid phase due to
redissolution/desorption processes at near neutral pH values. *'°Po strongly increases its removal from the dissolved
phase during the neutralization, reaching a total removal at pH = 7 due to precipitation and or coprecipitation/adsorption
onto solid precipitates.

The formed precipitates during the neutralization showed heavy metal and natural radionuclide (U-isotopes and *'°Po)
concentrations from 1 to 3 orders of magnitude higher than unperturbed soils, demonstrating the serious environmental
impact produced by the stacks into their surroundings in their current state.

The SEM-EDS images showed that the generated precipitates consist of a cryptocrystalline matrix mainly composed of
P and Fe, due to the precipitation of iron phosphates (strengite), which act as a sink for heavy metals and natural
radionuclides by coprecipitation/adsorption processes.
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