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Influence of pH and sulfate concentration on
hydrous ferric arsenate transformation behavior
and As(v) mobilization

Xuedi Wang,? Rui Su, ©*2 Miao Xu,? Yuyin Ma,® Yanjiao Gao® and Xu Ma*?

This study investigates the effect of various SO42~ concentrations (0, 50, and 100 mM) on the phase
transformation of hydrous ferric arsenate (HFA) and partitioning behaviors of As(v), Fe(n), and SO4%~
under ambient (25 °C, 15 d) and subsequent elevated temperature (80 °C, 35 d) conditions. The results
revealed that the primary factor controlling the transformation of HFA into crystalline scorodite was the
pH, whereas the SO42~ concentration played a secondary, pH-dependent role. More specifically, at pH 4
and under ambient temperature, SO42~ enhanced the release of As(v) and Fe(i) into the solution. By
contrast, at pH 6 and 8, SO,>~
immobilized As(v), and later dissolved upon heating. SO42~ incorporation into the solid phase occurred

promoted the formation of basic ferric arsenate sulfate, which

across all pH levels and was enhanced at higher concentrations and temperatures. Thus, SO42~
modulates As(v) mobility via structural incorporation and ion competition, with distinct behaviors at
acidic versus circumneutral pH. These findings offer guidance for risk assessment and design of sulfate-
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1. Introduction

Arsenic (As) is a toxic metalloid,"* which often co-exists with
iron (Fe) and sulfur (S) in alkali and precious metal ores in the
form of Fe-As-S bearing minerals such as pyrite and arseno-
pyrite. The abiotic and biotic dissolution and oxidation of such
original minerals can release significant amounts of As(v),
Fe(m), and SO,>~ into natural and anthropogenic environments,
such as acid mine drainage (AMD),** geothermal springs,® and
contaminated soils,”® thereby posing global environmental and
health risks.>***

In aerobic surface environments with abundant Fe(u),
hydrous ferric arsenate (HFA) serves as a critical sink for As(v)
under acidic to circumneutral pH conditions.**"*” HFA primarily
forms through rapid Fe(m)-As(v) co-precipitation or via trans-
formation of adsorbed-As(v) on iron (oxyhydr)oxide surfaces
such as ferrihydrite and goethite.®'® Natural analogues of HFA
compounds have been found in diverse environments,
including sea-floor hydrothermal vents," microbial mats at
geothermal springs,® and in mine-impacted environments,****
underscoring the relevance of HFA in natural and contaminated
settings. Hence, HFA formation is crucial for As scavenging
from aqueous solutions.
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rich, mining-impacted remediation systems.

Owing to its amorphous nature, the pH and presence of co-
existing ions significantly affect the precipitation and dissolu-
tion of HFA."»*'>* Within the pH range of 3-5, HFA exhibits
relatively low solubility, often releasing between 5-50 mg L™ " of
As(v).>*** However, its stability decreases markedly outside this
range—below pH 3, proton-promoted dissolution increases the
release of arsenic, whereas above the pH range of ~5-6, HFA
becomes thermodynamically unstable and tends to transform
into more crystalline iron oxides (such as ferrihydrite, goethite,
or hematite), resulting in the release of previously sequestered
As(v) back into the solution.®'®?**” In addition to pH, the co-
existing sulfate (SO,*>”) can significantly alter the precipitation
and dissolution behavior of HFA, specifically in strongly acidic
systems (pH < 2). This effect may be attributed to the similar
geometries and charges of the HAsO,>~ and SO,>~, which allow
the isomorphic substitution of HAsO,>~ with SO,>” in HFA.
Consequently, this process reduces As(v) precipitation and
promotes HFA dissolution.'®?%2°

In waterlogged mine sites, fluctuating pH values and SO,>~
inputs from sulfide oxidation-dissolution can significantly alter
the environmental behavior of HFA.'®***! Previous studies that
examined the effects of SO,>~ under strongly acidic conditions
(pH < 2) reported that SO,>~ inhibits As(v)-Fe(u) precipitation
via Fe(m)-SO,>~ complexation while simultaneously enhancing
HFA solubility by destabilizing the Fe(u)-As(v) bonds.***
However, the impact of the SO, input on the mobility and
transformation of HFA at environmentally relevant pH levels
(pH 4-8) may differ substantially from that observed at pH <
2.263233 In systems experiencing pH fluctuations, such as AMD-
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impacted sites, the interactions between SO,>~ and HFA at pH
4-8 are yet to be explored. Similarly, the effects of this anion on
HFA stability and the associated As(v) mobility under near-
neutral pH conditions are yet to be investigated, thereby
limiting our understanding of As(v) cycling in such settings.
Under these conditions, SO,>~ may either trigger the trans-
formation of HFA to secondary ferrihydrite or stabilize HFA
through ion competition, leading to subsequent As(v) release.
However, current models lack data related to the SO, -driven
behavior of HFA in this pH range, thereby limiting the predic-
tive capability for As(v) mobility in dynamic environments.

Thus, this study systematically examines the mechanisms by
which SO,>~ modulates the HFA transformation and As(v)
mobility across the pH range of 4-8, under ambient and
subsequent elevated-temperature conditions, to elucidate the
dual roles of SO,>~ in As(v) sequestration and remobilization.
The solute SO,>~ concentrations (0, 50, and 100 mM) and pH
values (4, 6, and 8) considered in this study are representative of
those found in AMD, hydrometallurgical tailings, and As-
bearing effluents. The resulting solid-phase transformations
are characterized using X-ray diffractometry (XRD), Raman
spectroscopy, Fourier-transform infrared (FTIR) spectroscopy,
and X-ray photoelectron spectroscopy (XPS). Additionally, the
aqueous As(v) and Fe concentrations are monitored to assess
any changes in solubility.

2. Experimental
2.1 Synthesis of hydrous ferric arsenate (HFA)

HFA was synthesized using a previously reported method.*
Specifically, an As(v) stock solution (200 ml, 0.2 mol L") was
prepared using As,O5 and mixed with an Fe(u) solution (200 ml
0.2 mol L") derived from Fe(NOj3);-9H,0, while maintaining
a molar Fe(m)/As(v) ratio of 1:1. Next, the pH of the mixed
solution was adjusted to 1.8 with HCI or NaOH (0.1 mol L™%) to
form the HFA precipitate. Subsequently, three suspensions were
thus prepared, and their pH was adjusted to 4, 6, or 8, respec-
tively, using HCI or NaOH (0.1 mol L") and maintained for 5
d to stabilize the HFA precipitate.

2.2 Sulfate amendment and transformation experiments

To evaluate the effect of SO,>~ on HFA transformation, SO,>~
was introduced into the pre-stabilized HFA suspensions to
achieve final concentrations of 0, 50, and 100 mM. The
suspensions were continuously stirred and maintained at 25 +
1 °C. Aliquots (5 ml) of the suspensions were then collected at
predetermined time intervals (ie., 0, 1, 3, 5, 7, 10, and 15 d).
After 15 d, the suspensions were transferred to an incubator for
thermal ageing at 80 °C. Additional samples were then collected
on days 16, 17, 20, 23, 25, 30, 35, 40, 45, and 50.

Throughout these experiments, pH was maintained at the
target values (4, 6, and 8, respectively) using dilute NaOH or HCI
solutions, as required. pH was adjusted by micro-titration with
0.01-0.1 mol per L HCI/NaOH (no buffer to avoid competing
anions) and measured at each sampling. The background ionic
strength was set to 10 mM NaNO;. If the drift exceeded £ 0.05
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PH units, pH was re-adjusted; the time course of pH is shown in
Fig. S1. All experiments were performed in triplicate (n = 3), and
data are reported as mean + standard deviation; error bars in
figures denote one standard deviation. All collected samples
were filtered through 0.22 pym membranes. The solid products
were washed with HCI or NaOH solutions adjusted to the cor-
responding pH values, freeze-dried at —50 °C, and stored in
a desiccator.

2.3 Elemental analysis

The solid samples were digested using a 6 mol per L HCI
solution to determine the concentrations of Fe(m), As(v), and
S0,>” in the solid phases. The concentrations of As(v) within
the solution was determined utilizing an atomic fluorescence
spectrometer (AFS, Haiguang, China), and the concentrations of
Fe(m) was determined utilizing flame atomic absorption spec-
troscopy (FAAS, Varian, USA). The limits of detection for the AFS
and FAAS methods were approximately 0.01 pg L™" and 10 pg
L™, respectively. The concentration of SO,>~ was determined by
ion chromatography (IC, Metrohm 881, Switzerland) with
a detection limit of 10 pg L™ and relative uncertainty of +5%.3*

2.4 Solid characterization

Solid-phase mineralogical and structural analyses were per-
formed via powder XRD, FTIR, Raman, and XPS. Detailed
instrumental parameters and data processing methods are
given in the SI.

3. Results and discussion
3.1 Aqueous phase dynamics of SO,>~, As(v), and Fe(m)

To assess the effects of the SO,>~ concentration on HFA trans-
formation, temporal changes in aqueous SO,>~ concentrations
were initially monitored over a 50 d period. Specifically, this
experiment comprised an initial 15 d reaction at ambient
temperature (25 °C), followed by a 35 d thermal aging phase at
80 °C. As shown in Fig. 1 and Table S1, the concentration of
SO,>” remains relatively stable during the ambient phase,
regardless of the pH (4, 6, or 8) or the initial SO,>~ concentra-
tion (0, 50, or 100 mM), thereby indicating minimal early
incorporation of this anion into the solid phase. This observa-
tion suggests that ambient temperature has negligible effect on
the redistribution of SO,>~ between solid and liquid phases. By
contrast, at the elevated temperature, significant reductions in
aqueous SO, concentrations occur in all experimental
systems. The extent of this decline is inversely correlated with
the pH, but it is positively correlated with the initial SO,>~
concentration. These results demonstrate that elevated
temperatures significantly promote the incorporation of SO4*~
into solid phases, likely via enhanced mineral recrystallisation
and structural substitution.”® However, increasing the initial
S0, concentration beyond 100 mM has minimal effect on the
extent of concentration reduction, suggesting that the incor-
poration capacity of the transformation products is saturated.
This observation can be attributed to the initial SO,>~ levels
substantially exceeding the incorporation capacity of the solid

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Temporal changes in the aqueous SO42~
concentrations of SO42*

phases. Overall, the results indicate that acidic conditions
facilitate the incorporation process, possibly through the
destabilization of HFA and ternary complex formation involving
S0,>", Fe(m), and As(v).>®

To elucidate the impact of SO, on HFA stability and As(v)
mobility, the aqueous concentrations of As(v) and Fe(m) were
monitored simultaneously. The results shown in Fig. 2 reveal
a marked pH-dependent behavior. Specifically, at pH 4, an
increase in the SO,>~ concentration significantly promotes As(v)
release under both temperature conditions, whereas Fe(ur)
concentrations remain largely unchanged. This suggests that
SO4>~ facilitates As(v) mobilization via partial dissolution or

(a) 0 mM sof (c) 50 mM SO%

Time (d)

0 5 10 1520 25 30 35 40 45 50

concentration during HFA transformation. These changes were investigated using various
((@) 50 mM and (b) 100 mM) at pH 4, 6, and 8.

anion substitution reactions without substantially altering the
solubility of Fe(m) under acidic conditions.?**” By contrast,
under circumneutral conditions (pH 6 and 8), SO, addition
results in progressive declines in both As(v) and Fe(ur) concen-
trations in the solution. These findings imply that SO*~
promotes the co-precipitation or stabilization of As(v) and Fe(u)
in solid phases, potentially through the formation of basic ferric
arsenate sulfate (BFAS) minerals or iron oxyhydroxysulfates,
such as schwertmannite.?®** These observations demonstrate
that the addition of SO,>~ exerts a pronounced pH-dependent
influence on As(v) mobility. Specifically, although an
enhanced As(v) release is observed under acidic conditions,
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Fig.2 Temporal changes in the concentrations of aqueous Fe(il) and As(v) during HFA transformation at SO 42
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As(v) solubility is suppressed under circumneutral pH condi-
tions because of a greater degree of As(v) retention in the
secondary Fe-bearing phases. These divergent behaviors
underscore the importance of pH as a key variable in controlling
the sulfate-mediated transformations of As(v)-bearing solids. At
25 °C, limited aqueous SO, reduction and pH-dependent Fe/
As(v) partitioning are observed. By contrast, the temperature
increase to 80 °C enhances the recrystallization-driven uptake
and release—As(v) is sequestered at pH 4 during scorodite
nucleation but rebounds at pH 6-8 owing to the thermal
instability of the BFAS/schwertmannite-like phase.

3.2 XRD analysis

To track the mineralogical evolution of the current system
during aging, the XRD patterns recorded for the sulfate-treated
HFA (S-HFA) specimens were analyzed after 15 d at 25 °C and
after subsequent aging at 80 °C (up to day 50) (Fig. 3). After 15
d at 25 °C, all samples exhibit two broad diffraction features
centered at 26 values of 29.63° and 58.70°, which are charac-
teristic of amorphous phases. Minor peak shifts are observed
across the examined pH range, which are attributed to incipient
ferrihydrite formation, as evidenced by the slight diffraction
shifts.* Notably, the presence of exogenous SO,>~ (up to 100
mM) does not alter the amorphous natures of the solids under
any of the investigated pH conditions, indicating that neither
ambient aging nor SO,>  addition can solely induce any
significant phase transformation during the initial 15 d. This
result is consistent with the relatively stable aqueous Fe(ur) and
As(v) concentrations and minimal pH variations observed
during these experiments.

By contrast, thermal treatment (80 °C, up to day 50) induces
pronounced mineralogical changes, particularly at pH 4
(Fig. 3b). The formation of crystalline scorodite (FeAsO,-2H,0,
PDF #37-0468) is observed in all systems at pH 4, regardless of
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Fig. 3 XRD spectra recorded upon the addition of different concen-
trations of SO42~ to the HFA system on days 15 (a) and 50 (b) under
different pH conditions.
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the initial SO,>~ concentration. This transformation is corrob-
orated by a sharp decline in the aqueous As(v) concentrations
and the observation that the solid-phase Fe(m)/As(v) molar
ratios approach unity (Table S2), which are consistent with the
scorodite stoichiometry.**** At pH 6 and 8, no distinct crystal-
line phases emerge under thermal conditions; only subtle peak
shifts toward higher angles are detected, suggesting partial
structural  reorganization without complete mineral
crystallization.

Overall, these findings indicate that elevated temperatures
are a critical driver of scorodite crystallization under acidic
conditions. However, at circumneutral pH values, prolonged
heating and high sulfate concentrations fail to induce long-
range structural ordering in the HFA-derived solids, likely
because of the formation of metastable intermediate phases,
such as ferrihydrite or BFAS.

3.3 FTIR spectroscopy

FTIR spectroscopy was used to track the structural evolution of
the solid phases during HFA transformation in response to
sulfate addition, wherein the spectra were collected at selected
time points over a 50 d experimental period (Fig. 4). In the
S0,> -free system (Fig. 4a—c), significant structural changes are
observed only at pH 4 under thermal treatment conditions. The
emergence of distinct absorption bands at 813 em™" (v; As-O
stretching vibration) and at 2959 and 3515 cm ' (v; H-O
stretching vibrations of the water molecules) confirms the
formation of scorodite."®**** In addition, the peak observed at
869 ¢cm '—commonly attributed to surface-bound arsenate
species on ferrihydrite—exhibits a red-shift from 877 cm™,
along with a narrowing full width at half maximum compared
with the broader v, As-O band observed for HFA (832 cm™');
this further supports the transformation to a more ordered
scorodite structure.”® At circumneutral and mildly alkaline pH
values (i.e., 6 and 8, respectively), no diagnostic vibrational
changes are observed, indicating that HFA remains largely
amorphous under these conditions at both ambient and
elevated temperatures.

Notably, the presence of sulfate markedly alters the FTIR
spectral profiles, particularly under acidic and high-
temperature conditions (Fig. 4d and e). Although scorodite
eventually forms at pH 4 under all conditions, sulfate delays its
crystallization.

More specifically, scorodite-specific bands appear by day 25
in the sulfate-free system; however, they are only clearly detec-
ted after days 30 and 40 in the 50 and 100 mM SO,>~ systems,
respectively. This delay is consistent with the slower declines in
the aqueous As(v) concentrations and a lag in the pH recovery,
indicating that sulfate interferes with the crystallization path-
ways, likely via anion competition or structural incorporation.
At circumneutral and mildly alkaline pH values (6 and 8), the
FTIR spectra show no clear evidence of scorodite formation
(Fig. 4-i), in agreement with the XRD results. Instead, the early-
stage samples (day 15) exhibit prominent sulfate bands at
approximately 1136 cm™' (v; S-O) and 622 cm ' (v, S-O),
consistent with the formation of BFAS-like phases.*

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 FTIR spectra recorded upon the addition of different concentrations of $S042~ (a)—(c) 0 mM, (d), (f) and (h) 50 mM, and (e), (g) and (i) 100
mM to the HFA system at different pH conditions and over different stabilization times.

Additionally, the appearance of a peak at approximately
1053 cm™ " suggests the partial structural integration of sulfate
into the HFA or BFAS matrices.*” However, upon heating, these
sulfate-related features weaken (pH 8) or disappear (pH 6),
implying that the BFAS phases are metastable and prone to
dissolution or transformation under thermal stress.

© 2025 The Author(s). Published by the Royal Society of Chemistry

Importantly, the persistence of elevated aqueous As(v) concen-
trations at pH 6-8 may inhibit further crystallization and
stabilize the ferrihydrite-like intermediates.

Overall, these FTIR data underscore the role of sulfate as
both a structural impurity and a kinetic inhibitor in arsenate
mineral evolution, wherein it clearly exerts strong pH- and
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temperature-dependent effects on the HFA transformation
pathways.

3.4 Raman spectroscopy

Raman spectroscopy was employed to elucidate the structural
evolution of SO4> -treated HFA solids collected on days 15 and
30 (Fig. 5). The spectra of all samples exhibit the characteristic
vibrational features of amorphous iron arsenates, including the
symmetric stretching mode (v;) of AsO,*>" at approximately
817 cm™ !, asymmetric stretching mode (v;) at approximately
876 cm™ ', and bending vibration (v,) of Fe~OH at approximately
470 cm . These bands corroborate the presence of amorphous
ferric arsenate species, consistent with the FTIR results.

Upon increasing the pH under ambient conditions, system-
atic shifts are observed in the Raman bands. Specifically, both
the v; and v; As-O vibrations exhibit red shifts (i.e., toward
lower wavenumbers), whereas the v, Fe-OH band shows a cor-
responding blue shift. These spectral changes likely reflect
progressive alterations in the Fe/As(v) ratios and local bonding
environments within the solid matrix, possibly due to minor
structural rearrangements or early-stage phase separation.

Prolonged aging at 25 °C induces minimal phase trans-
formations, as evidenced by the persistent broad, featureless
bands characteristic of amorphous structures (Fig. 5a and b). By
contrast, the addition of exogenous SO,>”, particularly under
circumneutral conditions (pH 6 and 8), triggers the generation
of a distinct Raman band at approximately 980 cm ™. This band
corresponds to the »; symmetric stretching mode of the SO,*~
component in schwertmannite, a poorly crystalline Fe(ui) oxy-
hydroxysulfate. These observations indicate that SO,>~

(a) 15 d, 25 °C
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incorporation promotes schwertmannite-like phase formation
under ambient temperature, consistent with the FTIR data.
Under the 80 °C condition, a pH-dependent divergence in the
transformation behavior is observed. At pH 4, all samples exhibit
spectral signatures consistent with the formation of crystalline
scorodite, regardless of the S0,%” concentration.*” This trans-
formation is characterized by the sharpening and intensification
of the As-O vibrational bands, indicating the presence of long-
range structural ordering. By contrast, at pH 6, Raman features
associated with schwertmannite (i.e., at 980 cm™") disappear
upon heating, suggesting its thermal instability and subsequent
dissolution or transformation. Interestingly, at pH 8, the
980 cm ™' band persists, implying that schwertmannite exhibits
greater stability under more mildly alkaline conditions.
Collectively, the Raman spectroscopy results reveal
a complex interplay among the pH, SO,>~ concentration, and
temperature, which govern the structural evolution of HFA-
derived solids. These findings support the proposed mecha-
nism, wherein SO,>~ not only modifies the phase composition
through secondary mineral formation (e.g., schwertmannite)
but also influences the transformation kinetics and thermody-
namic pathways under environmentally relevant conditions.

3.5 XPS analysis of the As(v) and Fe binding environments

XPS was conducted on the SO,> -treated HFA solids collected
on day 50 to elucidate the chemical environments of As(v) and
Fe across varying pH conditions (Fig. 6). Specifically, the high-
resolution spectra of the As 3ds, and Fe 2p;, components
were deconvoluted to distinguish the binding modes under
high sulfate loading conditions (100 mM) at pH 4, 6, and 8.
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Fig. 5 Raman spectra recorded upon the addition of different concentrations of SO42~ to the HFA system on days (a) 15 and (b) 50 under

different pH conditions.
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Fig. 6 XPS spectra collected for day 50, 80 °C, and after the addition of 100 mM SO42~ to the HFA under different pH conditions.((a and b) pH 4,

(c and d) pH 6, and (e and f) pH 8).

The As 3ds, spectra recorded across all pH levels reveal
consistent features centered at approximately 44.5-45.0 eV,
attributable to As(v) species. Peak fitting resolves two primary
components: one corresponding to Fe-AsO complexes (indicative
of inner-sphere arsenate binding to ferric iron in scorodite or
HFA) and the second associated with protonated arsenate species
(e.g., HAsO,>~, H,As0, ), suggesting the presence of hydrogen-
bonded or surface-adsorbed As(v). The co-existence of these
species implies a mixed arsenate coordination environment,
which reflects the structural heterogeneity of the solid phase.

The Fe 2pj, spectra exhibit multiple splitting patterns
characteristic of Fe(m), with binding energies centered at
approximately 711.0-712.5 eV. Peak deconvolution identifies
contributions from Fe-O (ferric hydroxides or ferrihydrite-like
structures), Fe-As (scorodite or ferric arsenate frameworks),
and Fe-SO bonds, which are indicative of sulfate incorporation
into iron-bearing phases. The presence of Fe-SO suggests the
formation of iron sulfate complexes or mixed iron arsenate—
sulfate phases, such as BFAS.*®

Importantly, these binding assignments align with the FTIR
and Raman data (Fig. 4 and 5), confirming sulfate incorporation
and structural reorganization within the solid matrix. The
simultaneous detection of Fe-SO and As-FeO bonding environ-
ments across the pH conditions substantiates the hypothesis
that sulfate modulates As(v) retention through ionic substitution,
as well as promoting the stabilization of mixed-phase assem-
blages. Collectively, the XPS results provide direct molecular-
scale evidence of pH- and sulfate-dependent coordination
changes for both Fe and As(v), providing mechanistic insights
into the competitive and cooperative interactions governing
solid-phase As(v) sequestration in mining-affected systems.

© 2025 The Author(s). Published by the Royal Society of Chemistry

3.6 Sulfate-mediated transformation mechanisms of HFA

The transformation behavior of HFA in sulfate-rich environ-
ments is governed by a complex interplay among ionic compe-
tition, structural substitution, and mineral solubility, with the
pH and temperature acting as primary modulators. The strong
chemical similarity between sulfate (SO,>”) and arsenate
(HAsO,>"), particularly in terms of the charge, size, and Fe(m)
affinity, allows sulfate to influence the HFA stability through
three key pathways: (i) structural incorporation via isomorphic
substitution with arsenate; (ii) Fe(m) complexation that
promotes partial HFA dissolution; (iii) inhibition of recrystalli-
sation by disrupting lattice reordering during phase transitions.

Under circumneutral to mildly alkaline conditions (pH 6-8),
HFA undergoes incongruent dissolution into ferrihydrite,
a metastable Fe(ur) oxyhydroxide. In this system, the co-existing
sulfate facilitates the subsequent formation of BFAS or
schwertmannite-like phases through ternary co-precipitation
with Fe(m) and As(v). Although these intermediate phases
serve as transient sinks for As(v), they are thermally unstable.
Upon heating, the BFAS phases dissolve, releasing arsenate
back into the solution or transforming into less-crystalline Fe
phases. Therefore, the long-term immobilization capacities of
BFAS phases are limited under fluctuating geochemical condi-
tions. Both BFAS and schwertmannite are metastable and
susceptible to dissolution or transformation in response to
thermal or redox/pH fluctuations, which constrains their ability
to retain As(v) over extended periods. By contrast, scorodite is
well-crystalline and exhibits low solubility under acidic condi-
tions. Although SO, initially inhibits its nucleation, it is
ultimately excluded from the crystalline structure, resulting in
the formation of a stable terminal sink for As.
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Conversely, under acidic and thermally elevated conditions
(e.g., pH 4, 80 °C), HFA transformation is dominated by
recrystallisation into scorodite. Although sulfate incorporation
initially inhibits nucleation and retards the transformation
kinetics, crystalline scorodite forms over time. This trans-
formation is facilitated by a progressive increase in the super-
saturation of dissolved Fe(m) and As(v), which promotes
scorodite precipitation. However, the structurally incorporated
sulfate is ultimately excluded during scorodite crystallization
because of its incompatibility with the scorodite lattice, which
increases the energy barrier for mineral ordering and reduces
the overall crystallization rate.

3.7 Mechanisms of As(v) and Fe redistribution

Sulfate addition triggers a significant redistribution of As(v) and
Fe(m) between the aqueous and solid phases, which is governed
by a combination of ligand exchange, dissolution-reprecipita-
tion, and phase transformation mechanisms. At a low pH,
sulfate enhances the mobilization of As(v) via two processes,
namely competitive substitution for As(v) within the HFA
structure, leading to As(v) release, and Fe(m)-SO,>~ complexa-
tion at the HFA surface (eqn (1)), which promotes Fe dissolution
and destabilizes the solid phase.

Fe’'-HAsO,> + SO,>~ — Fe**-S0,°~ + HAsO,>~ (1)

By contrast, at pH 6 and 8, the addition of SO,>~ immobilizes
both As(v) and Fe(um) by promoting the formation of mixed-
phase BFAS minerals (eqn (2)). However, these phases are
sensitive to thermal destabilization, as described above.
Notably, the high As(v) concentrations observed in heated
mildly alkaline systems suggest that the breakdown of BFAS
phases releases previously immobilized As(v) while simulta-
neously hindering further transformation to more stable pha-
ses, such as scorodite. These results emphasize the metastable
nature of BFAS and limited robustness of sulfate-driven
immobilization under non-isothermal conditions.

Fe** + (1 — x)AsO,*~ + xSO,.>~ + xOH™ —
Fe(AsO4)1-(SO4)(OH), (2

Thermal dissolution of HFA supports these observations.
More specifically, as outlined in eqn (3), heating initiates HFA
breakdown, releasing H,AsO, , Fe(m), and protons, which
lower the system pH. The subsequent addition of NaOH to
maintain the pH enhances ferrihydrite formation, whereas
As(v)-induced Fe(m) dissolution (eqn (4)) and reprecipitation
create favorable conditions for scorodite nucleation. None-
theless, the presence of sulfate suppresses this crystallization
process through impurity exclusion and lattice disruption
because it competes with As(v) for Fe(ur) coordination during
recrystallisation.

FeAsO,- xH,O(HFA) + 3H,0 —
FC(OH)3 + HzASO47 + (X — 3)H20 + H+ (3)

Fe(OH); — Fe’* + 30H (4)
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3.8 Environmental implications

These findings highlight the importance of considering both
pH and temperature fluctuation when predicting the fate of
As(v) in sulfate-rich environments. The behavior of SO,>~ differs
substantially under acidic vs. circumneutral conditions, signif-
icantly influencing the mobility of As(v) in mining-affected
environments. In acidic tailings or AMD systems, SO4>~
promotes As(v) release and delays its transformation into stable
phases, thereby increasing the As(v) bioavailability. On the
contrary, in neutralized or passively treated systems, SO,*~
enhances short-term As(v) retention through BFAS formation;
however, this retention is susceptible to breakdown during
warming or drying-rewetting cycles. Consequently, remediation
strategies should, therefore, prioritize pH control and consider
SO,>~ levels to minimize re-mobilization. This work enables
more accurate prediction of As(v) behavior in sulfate-laden
environments and supports the development of tailored stabi-
lization approaches for long-term mitigation. From a manage-
ment perspective, SO,>~ concentration near the U.S. EPA's
Secondary Maximum Contaminant Level (SMCL 250 mg L)
and those commonly found in AMD settings highlight the need
to co-manage pH, temperature, and sulfate fluxes when
choosing between short-term BFAS-based retention and the
promotion of scorodite as a durable sink. This work enables
more accurate prediction of As(v) behavior in sulfate-laden
environments and supports the development of tailored stabi-
lization strategies for long-term mitigation.

Nevertheless, this study faced several challenges inherent to
investigating amorphous-to-crystalline phase transformations.
The primary limitation was the definitive identification of the
initial HFA and its transient intermediates. Although we
employed a combination of techniques (XRD, FTIR, Raman,
and XPS) to infer chemical composition and morphological
changes, the precise molecular structure of these amorphous
phases remains uncertain. Additionally, the experimental
conditions, though designed to simulate accelerated aging, may
not fully represent longer-term natural processes. The use of
elevated temperature (80 °C) to induce transformation over a 35
d period assumes analogous pathways to slower ambient
processes, which may not capture all potential intermediate
phases or kinetics.

4. Conclusions

This study investigated the transformation behavior of amor-
phous HFA mediated by sulfate anions (S0,>) under surface-
generated oxidation conditions to elucidate the geochemical
cycling of As(v), Fe, and S in sulfate-rich systems. It was revealed
that although SO,>~ promoted As(v)/Fe release from solids at
PH 4, it inhibited the release at pH 6 and 8. Additionally, SO4>~
incorporated into solids across all pH conditions, with elevated
temperatures and high SO,>” concentrations enhancing its
structural incorporation. More specifically, while SO,>~ was
incorporated into HFA/scorodite at pH 4, it generated BFAS at
pH 6 and 8. Furthermore, at pH 4 and heating to 80 °C, HFA was
fully transformed to crystalline scorodite despite the SO,> -

© 2025 The Author(s). Published by the Royal Society of Chemistry
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induced inhabitation of crystallization. By contrast, the BFAS
formed at 25 °C and pH 6 and 8 dissolved upon heating. These
findings demonstrate that SO,>” critically regulates the
mobility of As(v) through pH-dependent mechanisms. Thus,
acidic conditions facilitate dissolution-complexation path-
ways(i.e., SO,> -Fe(m)/As(v)-Fe(m) complexation and anion
substitution), whereas neutral to mildly alkaline conditions
promote immobilization via BFAS formation.
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