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p-XRF and p-XANES were combined to in-
vestigate Zn in phosphate-amended soil.
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duced Zn content in the residual fraction.
Phosphate reduced recalcitrant Zn species
such as gahnite and montmorillonite.
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ARTICLE INFO ABSTRACT

Editor: Baoliang Chen Mining is an important component of the Brazilian economy. However, it may also contribute to environmental prob-
lems such as the pollution of soils with zinc and other potentially toxic metals. Our objective was to evaluate changes in

Keywords: the chemical speciation and mobility of Zn in a soil amended with phosphate. Soil samples were collected from a
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deactivated mining area in the state of Minas Gerais, Brazil, and amended with NH4H,PO, saturated with deionized
water to 70 % of maximum water retention and incubated at 25 + 2 °C in open containers for 60 days. The soil was
chemically and mineralogically characterized, and sequential extraction, desorption kinetics, and speciation were car-
ried out using synchrotron bulk-sample and micro-X-ray Absorption Near-Edge Structure (XANES/p-XANES) spectros-
copy at the Zn K-edge, and X-ray fluorescence microprobe analysis (u-XRF). The combination of p-XRF and p-XANES
techniques made it possible to identify Zn hotspots in the main species formed after phosphate remediation. The best
fit combination for bulk XANES and p-XANES was observed in Zn-montmorillonite, Zn-kerolite, Zn-ferrihydrite, and
gahnite. In the course of phosphate treatment, gahnite, Zn layered double hydroxides (Zn-LDH), Zn3(PO,), and ZnO
were identified by bulk XANES, while Zn-ferrihydrite, Zn-montmorillonite, and scholzite were identified by p-
XANES. Zinc in the phosphate-amended soil had the strongest partial correlations (r’ > 0.05) with Ni, Co, Fe, Cr,
Mn, Si, P, Cd, Pb, and Cd, while the unamended soil showed the strongest correlation with Cu, Pb, Fe, and Si. The ap-
plication of NH4H,PO, altered Zn speciation and favored an increase in Zn desorption. The most available Zn contents
after phosphate amendment were correlated with the release of exchangeable Zn fractions, associated with carbonate
and organic matter.
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1. Introduction

The >2647 mining areas in Brazil account for almost 5 % of Brazil's
Gross Domestic Product and 20 % of total employment (Brasil, 2011). Min-
ing and smelting activities, however, are projected to generate 11.4 million
metric tons of waste between 2010 and 2030 (Brasil, 2011). In 2014, Brazil
produced 170 kt of Zn, which is approximately 1.5 % of world production
(Filho et al., 2015). Part of this production is from mining areas in the
Vazante region, located in the state of Minas Gerais (Soares Monteiro
et al., 2006), home to one of the world's major known deposits of non-
sulfide zinc (Hitzman et al., 2003).

Mining waste typically has a high content of potentially toxic elements
such as zinc (Zn), lead (Pb), and cadmium (Cd) that are usually found on the
surface of soils after mining (Steinnes, 1995). Once mobilized in soils, these
elements can be transferred to groundwater and plants, and present a po-
tential threat to human health (Sharma et al., 2018). Although Zn is essen-
tial to the metabolism of plants and animals (Roberts et al., 2002), in excess
it can lead to toxicity.

The majority of soils found in the humid tropics are particularly unique
because they are highly weathered (e.g., Oxisols) and rich in (hydr)oxide
minerals which, for the main part, have a pH-dependent surface charge
(McBride, 1994). These (hydr)oxide minerals immobilize heavy-metal cat-
ions such as Zn®*, Pb?*, Cu®*, Cd®>* (Appel, 2002), and oxyanions such as
H,AsO,; and HSeOs over a wide pH range (Goh and Lim, 2004). The soils
found in mines are usually at circumneutral pH (Fellet et al., 2011). However,
pH can decrease over time due to high precipitation and temperature, and
thereby increase the availability of toxic trace elements (McBride, 1994).

Because excavation and deposition in landfills are economically unfea-
sible in emerging countries like Brazil, innovative and cost-effective strate-
gies are needed to reduce the risks associated with heavy metals. In-situ
remediation is an established, cost-effective approach for immobilizing
contaminants in their place of origin. Amendments found to be effective
for immobilizing metal contaminants in non-tropical soils include phos-
phate (Baker et al., 2014; Seshadri et al., 2017), alkaline materials (Basta
and McGowen, 2004; Sik Ok et al., 2011), biochar (Abdelhafez et al.,
2014; Puga et al., 2015), and organic compounds (Nawab et al., 2016;
Sidhu et al., 2016). These amendments are reported to reduce the environ-
mental risks associated with heavy metals in soils by the formation of low
soluble salts or precipitates and increased sorption (Lee et al., 2009).

Understanding the chemical speciation of heavy metals in soils is an
important step towards rational use of such amendments to optimize their
effectiveness. Synchrotron radiation techniques such as X-ray fluorescence
microanalysis (p-XRF) and X-ray Absorption Near-Edge Structure (XANES)
are established suitable techniques for ascertaining metal speciation and
their possible associations in complex environmental media due to their
selectivity as regards elements studied and their high resolution. These
techniques are state-of-art tools that can probe the local atomic structure
of Zn in soils, minerals, and sediments (Manceau et al., 2000; Roberts
et al., 2002; Scheinost et al., 2002; Voegelin et al., 2002).

Our hypothesis was that even with a reduction in pH, the application of
ammonium phosphate would precipitate Zn in stable phases and thereby
reduce the availability of Zn. Thus, we aimed to evaluate the chemical spe-
cies of Zn formed after the application of NH4H,PO, and Zn desorption po-
tential. We used synchrotron p-XRF and p-XANES, stirred-flow kinetic
approach, and sequential extraction. The information provided in this
study will be important to the formulation of new strategies for the in-situ
stabilization of Zn in tropical soils impacted by mining waste.

2. Material and methods
2.1. Soil collection and characterization

Soil samples of a Technosol (anthropogenic soil) were collected from
the surface layer (0-20 cm) in a Zn mining area located in Vazante, in the

state of Minas Gerais, Brazil (close to geographical coordinates 17°59” S,
46°54’ W). The uncontaminated soil below the Technosol is a Ferralsols
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by the FAO Classification System (WRB, 2014), and an Oxisol by the Soil
Taxonomy (Soil Survey Staff, 2014). The soil was air-dried at room temper-
ature and passed through a 2-mm sieve. Soil total organic C content was de-
termined with a Shimadzu TOC-5000. The pseudo-total concentrations of
Cd, Pb, and Zn in the soil sample were extracted according to the
EPA3051a method (1:3 HCI/HNOs, v/v) (USEPA, 2007) and quantified
by inductively coupled plasma optical emission spectroscopy (ICP-OES;
iCAP 6300, Thermo Scientific, USA).

Other chemical analyses (exchangeable ions and pH) followed the
methods of Ingram and Anderson (1993). X-ray diffraction (XRD) was per-
formed on the bulk soil, the clay, sand, and silt fractions. We also performed
XRD in the clay fraction after both concentrating the iron oxides with 5 M
NaOH (Kampf and Schwertmann, 1982), and applying treatment with so-
dium dithionite-citrate-bicarbonate (DCB) for removing the free iron oxides
(Mehra and Jackson, 1960). More information about the XRD procedure
can be found in the Supporting Information (SI) section.

2.2. Amendment and incubation

The soil was amended individually in triplicate with monobasic ammo-
nium phosphate (NH4H,PO,) (Sigma-Aldrich; high purity and solubility in
water of 2.5 M). Phosphorus (P) was applied to the soil at 2:1 molar ratios of
P relative to the sum of Pb, Cd, and Zn. This rate was based on the possible
formation of precipitate M5(PO4)30H (M = sum of Zn, Pb, and Cd) (Fang
etal., 2012).

Teflon flasks with a volume of 0.5 L were used to perform the experi-
ment. In each flask, 200 g of previously dried soil with a granulometry of
<2 mm were added. The NH4H,PO, was dissolved in ultrapure water,
and later the solution was applied on the soil surface to ensure the homoge-
neity of the application of NH4H,PO, in the soil and between treatments.
After the NH4H,PO, application, the soil was incubated at 25 + 2 °C for
60 days, and the soil moisture was maintained with additions of deionized
water at 70 % of the maximum water-holding capacity every three days
based on the loss of water mass.

2.3. Bulk XANES

Zinc-K edge XANES analysis was carried out at the XAFS2 beamline at
the LNLS (Brazilian Synchrotron Light Laboratory), located in Campinas,
state of Sdo Paulo, Brazil. The measurements were taken in transmission
mode using a Si (111) double crystal monochromator. Energy was
calibrated using a Zn metal foil positioned between the second and the
third ionization chambers. The soil samples were ground, and 150 mg
was pressed into 5 mm diameter pellets in a 1.3 cm® area ~1.5 mm thick.

Three XANES spectra were collected per sample across the energy range
of —130 to 340 eV relative to the Zn-K edge energy at 9659 eV. These spectra
were energy calibrated, aligned, merged, and normalized by means of the
Athena program in the IFEFFIT package. Linear combination fitting (LCF)
analyses were plotted across an energy range of — 20 to 80 eV relative to
Eq by a standard elimination procedure following Manceau et al. (2012)
which was applied to find the best fit combination of standards to fit the sam-
ple spectra (Fig. 1). Additional information about the bulk XANES procedure
and standards (Table A.1) utilized for the LCF analysis is in the SI Section.

2.4. Micro-XRF and Micro-XANES

Micro-XRF imaging and spectroscopy were applied to the phosphate-
amended and unamended soil sample that was air-dried, ground, embedded
in epoxy and prepared as thin sections each ~20 pm thick. For the P-
amended soil, we used the Beamline (5-ID) sub-micron resolution X-ray spec-
troscopy (SRX) from the National Synchrotron Light Source II (NSLS-II),
Brookhaven National Laboratory in Upton, New York, USA. This beamline
had a focused spot of 1 pm X 0.7 pm controlled by Kirkpatrick —Baez mir-
rors and Si (111) horizontal double-crystal monochromator crystals.

Micro-XRF analysis was carried out using an incident beam energy of
15 keV and fluorescence signals were recorded by a three-element Si drift
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Fig. 1. Zinc K-edge (p-)XANES spectra and overlaid linear combination fits from
Table 2 for mining area soil samples amended with the treatments of phosphate.

detector. A 120 pm X 120 pm image of the sample was collected in step-
scan mode using a step size of 1 ym and a 0.3 s dwell time. The p-XRF map-
ping technique was used to image spatial distributions of Zn, Si, P, Ca, Fe,
Al, Mg, K, Pb, Mn, Cu, and Ni.

For the unamended soil, the analyses were completed using p-XRF and
p-XANES at the DO9B-XRF Beamline at the LNLS. A focused 20 pm diameter
spot size controlled by a KB mirror system and Si (111) crystal monochro-
mator were used. Micro-XRF analysis was carried out using incident beam
energy of 15 keV and the fluorescence signals were measured by a silicon
drift detector (SDD; AXAS-A, KETEK GmbH, Germany). The image was col-
lected across a 4000 x 3000 pm area of the sample, using a step size of 30
pm and 0.3 s dwell time. The p-XRF mapping technique was used to image
the distributions of Zn, Fe, and Si (Fig. A.1).

Zinc K-edge p-XANES spectra were collected at ten points on the p-XRF
map in P-amended soil and three points on the p-XRF map in unamended
soil. Five u-XANES spectra were collected per sample and were acquired
across the energy range of —100 to 200 eV relative to the Zn K-edge energy
at 9659 eV. The LCF analysis was carried out across an energy range of —20
to 80 eV and — 20 to 40 eV relative to E, for both the P-amended and un-
amended soil, respectively. The fit results were obtained using the Manceau
approach as described above for bulk XANES. Additional information about
p-XANES procedures and standards (Table A.1) utilized for the LCF analysis
is in the SI section.

2.5. Statistical analyses of -XRF images

The p-XRF intensity data normalized to the incoming X-ray intensity (Ip)
were natural log-transformed to analyze a statistical relationship between
Zn and other matrix elements (Ca, Cr, Co, Fe, Mn, Ni, Pb, Cd, P, Cu, Si). Sim-
ple Pearson correlation analyses were plotted together with partial correla-
tion analyses to remove the effects of other confounding variables, i.e., co-
localization of elements (Sharma et al., 2019). The total number of
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observations was 12,321 and correlations were considered significant at
a = 0.05. Correlation between element pairs may be weak but still signif-
icant because of the large number of observations. All statistical analyses
were carried out using the R statistical software program (version 3.2.3).

2.6. Desorption experiments

Zinc desorption kinetics were carried out using a stirred-flow reactor
equipped with a piston displacement pump designed for use in an HPLC sys-
tem (LC-40B X3 HPLC/UHPLC, Shimadzu, Japan). A 12 mL stirred-flow
chamber was used in these experiments to which 0.2 g of <2 mm sieved
of each amended soil sample was added. Mehlich-3 solution (0.2 M
CH;COOH + 0.25 M NH,NO; + 0.013 M HNOs + 0.015 M NH,F +
0.001 M EDTA) was the desorption agent because it estimates the availabil-
ity of heavy metals for plants (Hosseiwwnpur and Motaghian, 2015) and es-
timates bioaccessibility (Minca et al., 2014).

A 25-mm diameter cellulose filter membrane with a 0.45 pm pore size
was used in the reaction chamber. The solution flowed through the cham-
ber at a rate of 1 mL min~ ! and the suspension in the reaction chamber
was stirred at 300 rpm. The effluent was collected from the reactor at
2 min intervals over a period of 2 h, and Zn concentration was determined
by ICP-OES (iCAP 6300, Thermo Scientific, USA). The desorption kinetics
of Zn were calculated according to Yin et al. (1997) and plotted in cumula-
tive Zn desorption percentages.

2.7. Sequential fractionation procedures

The sequential soil fractions were determined following the procedure
developed by Silveira et al. (2006). The original method separates seven
fractions although, in the present study, we used the following sequence
of extractants which were designed to target various operational forms of
metals: 0.1 M CaCl, for readily exchangeable Zn (F1); 1 M NaOAC (pH
5) for carbonates forms (F2); NaOCl (pH 8.5) for organic-matter bound
(F3); 0.2 M oxalic acid + 0.2 M NH, oxalate (pH 3) for iron-oxides
bound (F4); and the residual (F5) was obtained after digestion applying
the EPA3051a method (USEPA, 2007). The Zn concentration in each ex-
traction solution was quantified using ICP-OES (iCAP 6300, Thermo Scien-
tific, USA). The means of the Zn content extracted from each fraction were
compared by t-test (p < 0.05).

3. Results
3.1. Soil characteristics

Soils from the mining area were considered hazardous on account of the
concentrations of Zn, Pb, and Cd exceeding the intervention values adopted
by the state of Sdo Paulo for industrial or residential areas, namely,
10,000 mg Zn kg~ !, 4400 mg Pb kg ™!, and 14.0 mg Cd kg~ (CETESB —
Environmental Agency of Sdo Paulo State, 2016) (Table 1). The unamended
soil sample had a pH of 8.3, but the addition of the P amendment
reduced the pH by up to two units. The XRD indicated the presence of
goethite (a-FeO(OH)), hematite (Fe,O3), kaolinite (Al,Si,Os(OH),4),
gibbsite (Al(OH)3), muscovite (KAl3Siz00(OH),), clinochlore ((Mg,Fe2+)
5A12513010(0H)8), montmorillonite ((Na,Ca)0,3(Al,Mg)25i4o10(0H)2'ﬂ
(H50)), and quartz (SiO,) (Fig. 2).

Table 1
Selected chemical properties of amended with phosphate and control soil samples from the mining area.
Treatments pH H,0 C P Exchangeable Total
K Na Ca Mg H + Al Al Cd Pb Zn
gkg™! mg kg~ ! mmol. kg ! mg kg !
Control 8.3 16 90 0.9 0.08 183 215 0 0 98 4300 13,000
Phosphate 6.3 16 8991 0.4 0.13 79 186 166 119 111 4100 13,100
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Fig. 2. XRD of the sand, silt, and clay fractions, and in the clay fraction after chemical treatments for removing iron oxides (DCB) and silicates (oxides).

3.2. Zinc speciation and elemental distribution

Zinc K-edge XANES spectra for the control (unamended) and amended
soil samples from the mining area were nearly identical, except for the P-
amended samples (Fig. 1). Consistent with the overlaid XANES spectra
themselves, LCF results also showed similar best-fit combinations of
standards to spectra for unamended soil samples (Table 2), including
26-30 % Zn-montmorillonite, 40-41 % Zn-kerolite (Zny1Mgg.9Si4O010

Table 2

(OH)>nH,0), 18-24 % Zn-ferrihydrite, and 10-14 % gahnite (ZnAl,0y,).
The best fit to the spectrum for the P-treated sample consisted of 20 %
gahnite, 16 % Zn-LDH (Zn layered double hydroxides), 49 % Zn3(PO4),,
and 15 % zincite (ZnO) (Table 2).

The p-XRF images in the P-amended soil showed spatial distributions of
Zn, Si, P, Ca, Fe, Al, Mg, K, Pb, Mn, Cu, and Ni (Fig. 3). The visible spatial
pattern of Zn across the imaged area was not consistent with the pattern
of any one single element, but it was consistent with fits to the ten p-

Combinations of standards yielding the best fits to zinc K-edge Micro and bulk-XANES spectra for mining area soil amended with phosphate for a linear-combination fitting

(LCF) energy range of —20 to 80 eV relative to E, (first-derivative maximum).

Spots Zn3(POy4)» ZnO Gahnite Zn-LDH Zn-montmorillonite Zn-ferrihydrite Zn-kerolite Scholzite 10* x R-factor”
Proportion of standard + uncertainty (%)*
Micro-XANES - phosphate
1 70 = 4 30 =4 52.4
2 10 +£1 69 = 4 21 =4 46.2
3 15+ 2 57 £ 6 28 + 3 41.1
4 100 -
5 30 =2 21 =2 17 £ 2 8+1 24 +3 14.2
6 29 +1 40 = 2 12 +1 19 +£3 6.7
7 24 =1 20+ 1 22+1 35*2 7.9
8 19+1 36 = 2 14 1 311 5.1
9 35=+1 42 =1 23+1 7.4
10 8+2 72+ 3 20 = 4 6.8
Average 32+2 12 +£ 2 19 +£3 27 = 4 7+2 4+1 10 £ 2 18.3
Micro-XANES - control
1 21 £ 2 41 £ 3 16 = 2 20 = 3 1.8
2 34 +2 48 =2 10 =2 7.2
3 41 1 59 +1 9.4
Average 28 =3 49 + 2 8+1 5.6
Bulk-XANES
Phosphate 49 = 3 15+1 20+ 1 16 £ 1 11.7
Control 10+x1 26 + 2 24 + 2 40 = 2 6.0

2 All data have been re-normalized to sum to 100 %; uncertainties were calculated in Athena.

b R-factor is a measure of goodness of fit = X(data-fit)?/2(data)>.
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Fig. 3. (a) u-XRF images showing spatial patterns of selected elements across a 120 pm x 120 um area of a thin section of the phosphate-amended mine-soil sample; (b) Zn K-
edge p-XANES spectra taken at the 10 Zn spots labeled in (a) and overlaid fits from Table 2.

XANES spectra that included combinations of seven standards of vary-
ing composition across the ten spots analyzed (Fig. A.2). A Pb hotspot
at the bottom of the image was not enriched in Zn but was co-localized
with Mn. Zinc in hotspots 4 and 10 were co-localized with similar
hotspots of Ni. In our study, Zn had strong significant correlation
with Ni (r = 0.62), Co (r = 0.56), Fe (r = 0.53), and Cr (r = 0.51)
(Table A.2). However, partial correlation that accounts for covariance
between other elements showed the highest positive correlation with
Ni (r’ = 0.56) and Mn (1’ = 0.38), and negative correlation with Pb
(r = —0.29).

The partial correlation coefficients decreased when compared to the
Pearson correlation coefficient, implying that the simple Pearson correla-
tion between Zn and Ni, Co, Fe, or Cr had a dependent spatial relationship
with other co-localized elements which does not necessarily represent the
spatial correlation between the elements. The partial correlations between
element pairs (e.g., Zn-Co, Zn-Cr, and Zn-Cd) were weak but significant be-
cause of the large number of observations. The p-XRF image for the un-
amended soil shows the spatial relationships between Zn, Cu, and Si
(Fig. A.1). Zn had significant (p < 0.02) partial correlation coefficients sig-
nificant only for Cu (r’ = 0.20).
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Fig. 4. Cumulative Zn desorption (% of the total Zn content on the soil) by Mehlich-
3 extracting solution for amended and control samples from the mining area.

Micro-XANES spectra of the unamended soil collected from three spots
confirmed the predominance of fit with Zn-montmorillonite (41-59 %)
followed by gahnite (21-41 %) (Table 2). Spots 1 and 2 had a fit with Zn-
ferrihydrite (10-16 %) and only spot 1 had a fit with Zn-kerolite (20 %).
These data agreed with the LCF performed in the bulk XANES where the
same species were identified (Table 2).

Micro-XANES spectra in the P-amended soil collected from ten spots
varied (Fig. 3), and the best-fit combination of standards for all spots in-
cluded 8-35 % Zn3(POy4),, 19-35 % scholzite (CaZn,(PO,4)»2(H,0)),
21-40 % gahnite, 23-100 % Zn-LDH, 8-30 % Zn-montmorillonite,
20-24 % Zn-ferrihydrite (Table 2). The merging of these ten spectra was
very similar to the spectra of the bulk XANES (Figs. 1 and A.1), whereas
bulk XANES fit results did not show any fit with the standards of scholzite
and Zn-montmorillonite. However, the Zn-montmorillonite standard had
a significant fit in the p-XANES (49 %) and bulk XANES (26 %) results of
the unamended soil.

The greater proportion of gahnite in the fit was found in two “hotspots”
(spots 9 and 10), consistent with results obtained by Kirpichtchikova et al.
(2006). Considering the size of the microprobe beam (0.7 pm?) and bulk
beam (400 pm?), ten p-XANES spectra represented only 0.0001 % of the lat-
eral sample area irradiated by the bulk beam. Nevertheless, the merged pi-
XANES is qualitatively similar to the bulk XANES spectrum analyses and
has the advantage of being able to identify species that cannot be
deconvolved using bulk XANES.
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3.3. Desorption kinetics and sequential extraction

The amount of Zn desorbed was normalized to the total soil Zn concen-
tration and plotted as a function of time to compare the desorption behavior
of treatments (Fig. 4). For each treatment, the amount of Zn desorbed after
2 h was 20.5 % for phosphate and 20.3 % for control. During the initial pe-
riod of desorption (80 min) the P-amended soil had the highest desorption,
coming close to equilibrium at around 2 h.

The P-amended soil was the only one with detectable amounts of Zn in
F1 extracted with 0.1 M CaCl, and higher Zn contents in F2 (extracted with
1 M NaOAC pH 5) and F3 (extracted with 5 % NaOCl) - p < 0.05 (Fig. 5).
The addition of P reduced the Zn extracted by 0.2 M oxalic acid + 0.2. M
NH, oxalate (F4) and extracted according to EPA3051a (F5). As for the
control, the application of P reduced the Zn content of F4 by 11 % in F4
and 10 % in F5.

4. Discussion
4.1. Effect of phosphate application on soil

The addition of phosphate reduced soil pH from 8.3 to 6.3 (Table 1),
and this pH reduction may have partially increased the amount of Zn in
the solution (Figs. 4 and 5). The Zn™" 2 ions are highly sensitive to changes
in pH, ionic strength, free metal ion concentration, and the presence of com-
peting ions (Sims, 1986). With the increase in acidity, Zn species such as
ZnO may undergo dissolution, thereby increasing the concentration of
“free” Zn in the solution (McBride and Blasiak, 1979).

The bulk Zn K-edge XANES spectrum for the unamended soil indicated
Zn-kerolite (40 % of total Zn) and Zn-montmorillonite (26 %) are major
components, whereas Zn-montmorillonite had a predominant fit in the
spots analyzed by p-XANES. Zinc can form a mononuclear inner-sphere
complex at the edges of montmorillonite layers at low [Si],q at approxi-
mately 70 pM and precipitates epitaxially as kerolite in relevant geochem-
ical systems with concentrations around 500 pM (Schlegel and Manceau,
2006). Zn-kerolite has been identified in many soils and sediments and is
derived from the in-situ weathering of primary minerals (Jacquat et al.,
2008; Kirpichtchikova et al., 2006; Manceau et al., 2000; Panfili et al.,
2005; van Damme et al., 2010).

The prevalence of the Zn-montmorillonite standard in the fit is consis-
tent with the presence of Zn?* adsorbed on this secondary mineral,
which was identified by XRD analysis in our soil sample (Fig. 2). It may
be possible to concentrate this type of clay mineral in open-pit mines or dur-
ing the ore concentration process. Zinc may be incorporated or sorbed on
the octahedral sheet or a hydroxy-Al sheet in the interlayer region in the
phyllosilicates (Scheinost et al., 2002). Schuwirth et al. (2007) investigated
the speciation of Zn in soil layers at a former tailings pond of a Zn/Pb/Ag

(b)

" [Fs
25 [ F4
35 [ 1F3
7 Cr2
CF1
18
. 60
S
= 17 29
N
40 -
5
36
20
30
0 4 ‘
Phosphate Control

Fig. 5. (a) Relative distributions of Zn among the soil fractions. F1: extractable, F2: bound to carbonates, F3: bound to organic matter, F4: bound to (oxyhydr)oxides, and F5:
residual. The column followed the same letter in the same fraction did not differ (¢-test, p < 0.05). (b) Details of Zn pool changes after phosphate addition.
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ore mine in the northern Rhineland-Palatinate, Germany, and observed that
Zn species was predominantly in the form of Zn adsorbed on montmorillon-
ite and Zn-rich phyllosilicates in the most superficial layer (4 to 6 cm).

Zn-ferrihydrite (24 % of total Zn) and gahnite (10 %) were identified as
minor components in the bulk Zn K-edge XANES spectrum. Zn-ferrihydrite
is usually detected with phyllosilicates and frequently occurs as a back-
ground species in soil matrices (Hochella et al., 1999; Manceau et al.,
2002). Similarly, gahnite which is a primary mineral formed mainly in
metamorphic high temperature (Hochella et al., 1999) environments was
identified in soils impacted by the dust of smelting activities (Isaure et al.,
2002; Panfili et al., 2005), and acid mine drainage sites (Hochella et al.,
1999). The partial correlations with Fe, and Si are further evidence of the
presence of Zn associated with phyllosilicates and ferrihydrite that were
identified in the unamended soil.

Similar results were found by Minkina et al. (2018), that verified phases
associated with Fe/Mn phyllosilicates and (oxyhydr)oxides as the main sta-
bilizers of Zn mobility. In addition, Minkina et al. (2018) used extended X-
ray absorption fine structure (EXAFS) to observe that 70 % of the Zn was
linked by single bonds to S, 30 % of the Zn was linked by single bonds to
O and that these bonds occurred under alkaline conditions with a high con-
tent of sulfate ions. Although we did not find bonds to S, it does not exclude
the possibility that part of the sulfate or even other anions formed ionic
pairs or precipitates with Zn.

The P-amended soil was the only one that affected the bulk XANES spec-
trum (Fig. 1). This treatment had a fit with 15 % ZnO, 49 % Zn3(PO,),, and
16 % Zn-LDH. Baker et al. (2012) evaluated the effect of sources of P, reac-
tion times, and distance of the application in the Zn speciation in contami-
nated soil from an abandoned Pb/Zn smelter near Dearing, KS, USA. Baker
et al. (2012) verified the formation of Zn phosphate species and ZnO
(zincite) due to P application in certain treatments. Although our LCF result
for the control did not show the fit with Zn-LDH, it could still be present in
the sample because it is common for Zn-LDH to be identified in soils with
pH near 7 and high concentration of Zn (Jacquat et al., 2008; Manceau
et al., 2000; Voegelin et al., 2011).

The fit with ZnO is not reasonable because this species is more soluble
than Zn-kerolite and Zn-montmorillonite (Voegelin et al., 2011). However,
it could probably form as a result of the decrease in pH caused by the
amendment (Table 1). As pH decreases, Zn solubility increases (Lindsay,
1979). We did not observe a fit with Zn-kerolite, Zn-montmorillonite, nor
Zn-ferrihydrite in the samples amended with phosphate. The non-fit with
these minerals is either due to the instability of the Zn-kerolite under acidic
conditions (Manceau et al., 2000), the way in which Zn sorption occurs in
montmorillonite (electrostatic) (Lothenbach et al., 1997), or Zn sorption
in highly pH-dependent ferrihydrite (Dzombak and Morel, 1990).

Micro-XRF and p-XANES confirmed the formation of Znz(PO,4), in the P-
amended soil (Fig. 3; Table 2). In the p-XRF image, P is co-localized with Zn,
and the significant partial correlation confirmed this association. Micro-
XANES showed that the Zn-P species was dominant in most of the spots an-
alyzed. In certain spots, we identified scholzite (Zn,Ca-phosphate), which is
a more stable species than Hopeite but requires Ca to be present for such
formation (Nriagu, 1984). We also identified Zn-montmorillonite (7 %)
and Zn-ferrihydrite (4 %) in some p-XANES spots, which indicate that
these species are present in the amended soil but are not sufficiently abun-
dant to be detected by the bulk XANES. The average of the ten p-XANES had
32 % Znz(POy4),, 10 % scholzite, 12 % ZnO, 19 % gahnite, and 27 % Zn-
LDH, the species that had fit had the same identified in the bulk XANES ex-
cept for scholzite.

Nickel, Mn, Pb, and Fe had the highest partial correlation in the P-
amended soil (Table A.2). Iron and Mn oxides have a high affinity for Zn
and represent two reactive surfaces with which Zn may interact in the
soil environment (Voegelin et al., 2002). Karna et al. (2016) found high
positive correlation between Zn and Pb, Fe, and Mn in mine waste mate-
rials. According to Karna et al. (2016), Zn and Pb could be adsorbed and
co-precipitated with Mn and Fe hydr(oxides). Kirpichtchikova et al.
(2006) also reported positive correlation between Zn and Pb with Fe in fer-
ruginous clay particles. However, Kirpichtchikova et al. (2006) found no
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correlation between Zn and Pb with Fe in spots that had low Fe concentra-
tion, suggesting that different regions engendered different Zn and Pb spe-
cies.

The Ni “hot spot” (spot 4 on Zn p-XRF map; Fig. 3a) was co-localized
with the Zn “hot spot”. The u-XANES showed the predominance of Zn-
LDH (100 %) at this spot where Ni and Zn could be precipitated on the min-
eral surface. Nickel can form an Ni-Al layered double hydroxide (Ni-Al-
LDH) which precipitates upon the reaction of Ni with montmorillonite, ka-
olinite, pyrophyllite and gibbsite.

Desorption kinetics and the sequential extraction confirmed the in-
creased Zn plant availability in the P-amended soil samples (Fig. 4). More
Zn was desorbed during the initial time of the desorption, which could be
inferred from increased Zn extracted in the first fractions (F1, F2, and F3)
of the sequential extraction. The first Zn species were probably released
from ZnO, and Zn-phosphate followed by Zn-ferrihydrite and Zn-
phyllosilicates which were identified by p-XANES and bulk XANES.
Kirpichtchikova et al. (2006) performed an EXAFS with linear combination
data either before or after the chemical extraction with EDTA and observed
that Zn-phosphate was entirely and selectively dissolved by EDTA. Accord-
ing to Kirpichtchikova et al. (2006), the lower extraction level measured for
Zn is due to the Zn-phyllosilicate component, which is less soluble than Zn-
phosphate and Zn-ferrihydrite.

Baker et al. (2012) investigated the potential remediation of Pb and Zn
after the application of fluid phosphoric acid (PA), ammonium
polyphosphate, granular rock phosphate, triple superphosphate, and
monoammonium phosphate. Baker et al. (2012) found that the addition
of PA was not efficient in forming the zinc phosphate species due to the in-
creased solubility of Zn generated by the application of phosphoric acid.
The formation of stable metallic phosphates in the soil is affected by soil
pH, mineral composition, presence of soil organic matter, soil biota, and
other environmental parameters (Debela et al., 2013). Zahedifar (2017) ob-
served that the application of 1.5 % of biochar increased soil pH and Zn as-
sociated with carbonate (F2), but reduced the contents of exchangeable Zn
(F1). For this amendment, however, the rate was a crucial factor in Zn im-
mobilization because the application of a higher rate (3 %) reduced the F2
fraction of Zn.

Wu et al. (2013) verified that the application of 2283 mg kg~ ' of
KzHP04, Ca3(PO4)2, Cas(PO4)3OH, and Ca(H2PO4)2'2H20 was effective in
reducing the exchangeable content of Zn (F1). Wu et al. (2013) concluded
that the phosphate source affected the residual fraction (F5) (K,HPO, re-
duced the Zn content) and that the source altered soil pH and, conse-
quently, the Zn fraction associated with carbonate. The addition of
KoHPO, increased the soil pH by two units (final pH 7.9) and was the treat-
ment that most reduced the exchangeable Zn content (F1). The effective-
ness of the remediation observed by the TCLP test indicated the greatest
stability in the immobilization of Zn through the addition of Cas(PO4)30H.

The success in metal retention by phosphate remediation is also related
to the binding mechanisms and the sorption preference of phosphate in
metals. Cao et al. (2004) observed that the application of phosphate rock
had a greater affinity for sorbing first Pb (78 %), then Cu (25 %), and finally
Zn (4 %). In that same study, Cao et al. (2004) found that, in addition to the
preference for sorption sites, pH sensitivity can be a key factor for the im-
mobilization of Cu and Zn.

Dissolved metals are found in the soil solution as organic complexes, in-
organic complexes, and/or free (un-complexed) metals. The free metal
compartment, in general, is relatively smaller compared to other forms in
solution or pools of metal in the solid phase. The proportion of free Zn
pool can increase considerably in solution as soil pH decreases. Free
metal is considered the most reactive form of metal in soil and is fundamen-
tal to remediation strategies for understanding and predicting its mobility,
toxicity, and bioavailability in soil and water (Mhalla et al., 2021).

4.2. Environmental recommendations

The city of Vazante has one of the major non-sulfide zinc deposits in
the world (Hitzman et al., 2003; Soares Monteiro et al., 2006), with
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hemimorphite (Zn4Si,O,(OH),'H,0) and willemite (Zn,SiO4) having been
previously reported in this region (Virginia et al., 2007). In our experiment,
the P application (46.4 g of NH,H,PO, per kg of soil) increased Zn availabil-
ity due to the formation of species such as ZnO that could be easily released.

Many researchers focused on using P sources to remediate heavy metal
contamination with phosphate, such as the application of KH,PO,4 or H3PO,4
(Andrunik et al., 2020; Austruy et al., 2014; Cao et al., 2013). As the effec-
tiveness of crude phosphate rocks is generally low, researchers have used
other phosphate sources or have modified the phosphate rocks so as to re-
lease more soluble P. In our study, we evaluated the main species of Zn
formed after remediation with phosphate and observed that NH,;H,PO,
played a fundamental role in reducing the pH, which led to the release of
Zn from stable phases at pHs in the alkaline range.

In the pH close to 6.5, the sequential extraction showed that part of the
Zn was associated with carbonated fractions, which was not possible to
prove with the XAS analysis. Therefore, this may indicate that secondary
phases, thermodynamically stable at circumneutral pH, may be acting in
the release of Zn to the environment. So, pH may be a key factor in Zn mo-
bility in the long term. This information is exceptionally important in help-
ing to develop remediation strategies that provide a cost-effective and
sustainable solution. For future studies, we recommend that the long-term
change in pH and availability of Zn after remediation with phosphate be
evaluated, especially when the P source contains ammonium.

5. Conclusions

The application of mono-ammonium phosphate decreased the recalci-
trant forms of Zn and increased the exchangeable and available fractions,
which were accessed by sequential fractionation. This application, how-
ever, was not suitable for remediation of Zn in the soil as it increased the
mobilization of the element in the soil.

The XAS analysis evidenced the reduction in the gahnite and montmo-
rillonite species, suggesting the dissolution of these species was a function
of pH reduction.

The increase in Zn mobility was confirmed by desorption kinetics, indi-
cating an increase in soluble Zn after the application of mono-ammonium
phosphate.
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