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Abstract

Mangroves provide fundamental ecosystem services; however, the growing impact
of human activities has resulted in increased pollution pressure, such as chemical
contaminants. The redox processes are major biogeochemical players in the fate

) ) ) ) of contaminants. We investigate the effects of the redox environment on As(V)
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and Cr(VI) adsorbed on goethite (i.e., Fe(Il)-oxide) over 40 days of incubation in

columns containing mangrove soil subjected to seawater saturation cycles. Our spec-
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troscopic data highlighted a less Fe(IlI)-ordered arrangement on goethite over time;
As(V) is strongly bound to goethite, which delayed until 20 days its remobilization
and reduction to As(IIl). After 40 days, the goethite held ~50% of the initial As, but
it was 15% as As(IIT). On the other hand, Cr(VI) was desorbed almost completely in

less than 10 days, and the residual Cr ions bound to goethite were almost totally con-
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Contract No. W912HZ-20-2-0041 verted to Cr(III). Our study stresses the importance of individual time-dependence
in evaluating chemical speciation changes among potential toxic elements in wet-

land systems, such as mangroves and artificial wetlands designed to water treatment

or soil remediation.

1 | INTRODUCTION

worldwide and making them one of the most endangered
ecosystems (Duke et al., 2007; Goldberg et al., 2020). Most

Mangroves provide a range of key ecosystem services, includ- of the concerns arising from anthropogenic activities that

ing feeding and reproduction habitats for a wide variety of
marine and terrestrial species, coastal physical protection,
and the storage of large amounts of carbon and nutrients
(Alongi, 2018; Barcellos et al., 2019; Costanza et al., 2014;
Giri et al., 2011; Kauffman et al., 2018). Nevertheless, the
growing impact of rapid industrialization, urbanization, and
other human activities (e.g., aquaculture) has increased pol-
lution levels, posing a significant threat to mangrove forests

extensively increased environmental quality deterioration of
estuarine systems by the introduction of contaminants (Ago-
ramoorthy et al., 2008; Barcellos et al., 2019; Gabriel et al.,
2021; Maurya & Kumari, 2021).

The mobility of these contaminants is closely linked to
complex biogeochemical processes, which in mangroves
are mostly related to the complexation by organic matter
(Lacerda et al., 1991; Oztiirk et al., 2021; Tuzen et al., 2009),
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adsorption on Fe and Mn oxyhydroxides, silicate minerals,
and carbonates, and (co)precipitation with sulfides (Andrade
et al., 2012; Pan et al., 2023). Due to the high amounts of
organic matter and waterlogging conditions, redox biogeo-
chemical processes are major drivers of the fate of several
potentially toxic elements (Borch et al., 2010). For instance,
under suboxic or anoxic conditions, Fe(Ill)-oxyhydroxides
can be reduced by biotic and abiotic processes and may
mobilize contaminants previously adsorbed (Barreto, Wani,
etal., 2024; Wu et al., 2019; C. Yu et al., 2021). Furthermore,
arsenic (As), a major threat to human health and flagged as
a priority contaminants in soil and water by the US Envi-
ronmental Protection Agency (USEPA, 1996), can undergo
reduction from arsenate (As(V)) to arsenite (As(IIl)), the
latter characterized by a much higher toxicity (Hughes, 2002;
Jomovaet al., 2011). Contrastingly, chromate (Cr(VI)), which
is also highly toxic to animals and plants, may be reduced
to the nontoxic Cr(IIl) (DesMarias & Costa, 2019), which is
listed as an essential element for the good health and nutrition
of many organisms (Levina & Lay, 2008).

Our previous work described the strong stability of
adsorbed As(V) onto ferrihydrite against wide pH varia-
tion (Barreto et al., 2023). On the other hand, Cr(VI) was
extensively released due to remobilization by pH variation
or by competition with 1% artificial seawater concentration
(Barreto, Elzinga, Kubicki, et al., 2024). Nevertheless, the
impact of the active redox environment of mangrove soils on
the in situ reduction of previously adsorbed As(V) and Cr(VI)
onto Fe(Il)-oxides, as well as their possible remobilization,
remains uncertain. In this study, we investigated the effects
of the redox environment on As(V) and Cr(VI) previously
adsorbed onto goethite. This investigation involved the
incubation of samples in columns filled with mangrove
soil subjected to daily cycles of seawater saturation and
draining. We applied both X-ray photoelectron spectroscopy
(XPS) to provide the chemical composition of the mineral
surfaces (Krishna & Philip, 2022) and X-ray absorption near
edge structure spectroscopy (XANES), as a direct method
for determining the speciation of the elements of interest
(Barreto, Elzinga, Rouff, et al., 2024; Fendorf et al., 1997,
Gomes et al., 2022; Sparks, 2003). Such approaches can offer
valuable insights on the mobility of contaminants and their
chemical speciation changes resulting from redox processes
in mangrove soils.

2 | MATERIALS AND METHODS

2.1 | Site description, sample collection, and
characterization

The soil was collected from a mangrove in Southeast Brazil
(19°56'58” S, 40°59'23” W, Piraqué-mirim river estuary,
Espirito Santo State coastline, Brazil). Stainless steel sam-
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Core Ideas

* The redox processes are major biogeochemical
players in wetlands.

* Goethite surface changes to less-ordered structure
in mangrove soils.

¢ Fast Cr(VI) mobilization in mangrove soils, how-
ever, is reduced to Cr(III).

* Slow As(V) release in mangrove soils, however, is
reduced to As(III).

plers 50 cm long and 5 cm in diameter were used to collect a
mangrove soil core. Sampling was carried out in triplicate to
ensure that enough material was collected. The pH (HANNA
instruments; model HI991003) and salinity (handheld refrac-
tometer RHB82, ranging from 0 to 100 parts per thousand
[ppt]) were measured in each borehole, which reached, on
average, 7.1 units and 36 ppt, respectively. The soil sam-
ples (top 10-20 cm) were taken from the core tubes, which
were hermetically sealed in polythene packets, kept under
refrigeration (approximately 4°C), and brought to the labo-
ratory at Escola Superior de Agricultura Luiz de Queiroz
(ESALQ/USP).

At the laboratory, the soil samples were immediately
homogenized in a N, atmosphere glovebox. A subsample
was used for chemical and particle size distribution analy-
ses according to the methodologies used routinely in the lab
(van Raij et al., 2001). The soil contained 23% clay, mainly
composed of kaolinite and gibbsite (data not shown), had a
pH of 7.4 (0.01 M CaCl, at a ratio of 1: 2.5 v/v), and an
organic C content of 42.5 g kg~! (determined by an elemen-
tal LECO CN-2000 analyzer) after carbonate removal. The
concentrations of As and Cr naturally present in the soil were
determined by performing hotplate aqua regia digestion, fol-
lowed by analysis with Inductively coupled plasma optical
emission spectrometry (Chen & Ma, 2001). The measured
concentrations for As and Cr were 50.2 and 39.2 mg kg~ !,
respectively. These concentrations fall within the range of val-
ues previously reported for mangroves in the region (Kumar
et al., 2015; Mirlean et al., 2012).

2.2 | Sorption of As(V) and Cr(VI) onto
goethite

Goethite (a-FeOOH, “Gt”) was purchased from Sigma-
Aldrich. The specific surface area, measured by the BET
method (N, adsorption—desorption isotherms at 77 K), was
19.9 m? g~!. An adsorption isotherm experiment was con-
ducted at pH 5 and with 100 mM NaCl (background solution)
to estimate the maximum adsorption capacity (Qmax) of
As(V) and Cr(VI) on Gt using the Langmuir isotherm model.
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FIGURE 1

(A) A schematic representation of the column of the mangrove-microcosm experiment used for the simulation of redox cycles over

contaminated goethite into mangrove soil. (B) The soil column, showing the initial layer of goethite. (C) The water tank where the columns were

placed. The tank was gently filled everyday with artificial seawater until it reached the top of the columns. After ~14 h, the solution was removed and

the columns were drained. After ~10 h, the tank was refilled for a new cycle of column saturation. The temperature was kept at 22 + 2°C throughout

the incubations and most of the time in the dark to minimize any photochemical reactions.

The Qmax of As(V) was 2210 mg kg~! and for Cr(VI) was
1560 mg kg~!. The detailed experimental method is described
elsewhere (Barreto et al., 2020).

The saturation of Gt was performed by weighting 10 g
in a 50-mL tube and adding 25 mL of 0.1 M of As(V) (as
Na,HAsO,) to produce Gt-As(V). After 24 h, the solution pH
was adjusted to 5 by the addition of 0.1 M NaOH or 0.1 M
HCI and continued to be mixed via stirring for 3 days. After
that, the tubes were centrifuged, the supernatant discarded,
and the solids washed twice with 40 mL of 70% acetone to
eliminate unbound As(V) held in the interstitial water. The
residual solids were dried at 45°C for 72 h, ground, and thor-
oughly homogenized for further use. The same procedure was
repeated for Gt-Cr(VI) saturation by using 25 mL of 0.1 M of
Cr(V]) (as K,CrO,) for saturation.

2.3 | Column experiment

A column consisting of a 50-mL laboratory tube with an open
bottom to simulate a soil column was used with a plastic net
attached at the column ends (Figure 1). A fine sand was added
(4 g) to ensure free water movement and avoid the loss of soil
particles. The homogenized soil samples were then packaged
up to half of the column length, followed by 1.00 g of As(V)
(or Cr(VD)) sorbed Gt, and finally the columns were fully filled
with mangrove soil. The position of the sorbed Gt placed in
the tube height was recorded. The columns were placed inside
a plastic container (~15 L), which was filled with ~8 L of
artificial seawater solution (ASTM, 2021) to the top of the col-
umn (Figure 1). The daily cycle consisted of ~14 h (overnight)

of saturation and ~10 h of draining to simulate the daily tidal
frequency observed at the Piraqué-mirim estuary. The solu-
tion was collected and reserved for reuse in the new cycle of
saturation. The columns were freely drained until a new cycle
of saturation began. The temperature was kept at 22 + 2°C
throughout the incubations and most of the time in the dark
to minimize any photochemical reactions. This process was
repeated throughout the experiment.

We measured the pH and Eh of the solution and harvested
two columns for each contaminant (i.e., duplicate) after 10,
20, and 40 days of incubation. The soil columns were then
frozen (—20°C), and the Gt was recovered after sawing the col-
umn at the Gt position, minimizing any soil/goethite mixture.
The recovered Gt was transferred to an anaerobic glovebox
(N, > 99.5%) for drying and then ground for further analy-
sis. The sample datasets correspond to the initial saturated Gt
(i.e., initial Gt + As or Gt + Cr) and those after 10, 20, and 40
days of incubation.

2.4 | XPS and XANES analysis

The initial saturated Gt (before incubation) and composite sat-
urated Gt samples (recovered after incubation) were analyzed
by XPS using a K-Alpha X-ray photoelectron spectrometer
(Thermo Fisher Scientific) equipped with a monochromatic
Al Ka (1486.6 V) radiation source and a chamber pressure
lower than 10~8 Pa. High-resolution spectra for Fe, Cr, and As
were acquired using a pass energy of 20 eV and a step size of
0.1 eV. The binding energies were referenced to the C1s peak
at 284.6 eV for calibration. The XPS results correspond to
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an average of 10 independent measurements collected in dif-
ferent regions of each sample. The As 3d region spectra were
deconvoluted using high-resolution spectra after Shirley back-
ground subtraction by nonlinear least-squares curve-fitting.
The As 3d region was analyzed by considering the doublet
due to spin-orbit splitting, with a BE difference of 0.68 eV,
equal FWHM, and an area ratio between 3ds,, and 3d;/, con-
tributions of 3:2, using a mixture of Gaussian and Lorentzian
functions (70/30) (Burton et al., 2010; Nesbitt et al., 1995).
This data processing was done using CasaXPS software.

After XPS data analysis, we observed that the Cr 2p signal
was unsuitable for further analysis of oxidation states. Thus,
we applied XANES spectroscopy to analyze the Cr-saturated
sample. The same composite sample was pressed into a pel-
let, glued to Kapton tape, and sealed with Ultralene. The Cr
X-ray absorption spectra were recorded on the ID21 (Salomé
et al., 2013) beamline at the European Synchrotron Radiation
Facility (ESRF). The monochromator was calibrated using Cr
metal (Cr®) foil. Spectra were collected in fluorescence mode
at the Cr K-edge (i.e., E;, assigned as 5898 eV) and at room
temperature using a Si Drift Diode detector (SGX 100 mm?
SiriusSD silicon drift diode). XANES data were acquired with
a dwell time of 0.1 s and a step size of 5 eV from —100 to
+120 eV relative to the edge (E;). Total 10 scans were col-
lected for each sample to improve the signal:noise ratio. The
scans obtained for each sample were checked for energy cali-
bration, averaged, the background subtracted, and normalized
using the Athena program, an interface to IFEFFIT (Newville,
2001; Ravel & Newville, 2005).

3 | RESULTS AND DISCUSSION

During the experiment, there was a slight decrease in pH from
7.4 to 7 (Figure 2A), close to the value observed in the field.
Additionally, the Eh initially was close to 0, decreasing to
—78 mV after 10 days, then increasing to ~+120 eV after 20
and 40 days. These results support an anoxic/suboxic envi-
ronment in our system (i.e., low oxygen availability) over the
incubation time. The total concentration of As and Cr mea-
sured by XPS at the surface of Gt showed a different behavior
over the incubation period (Figure 2A).

During the first 20 days, the As concentration remained
stable, close to 80% of the initial concentration on the Gt sur-
face. This initial decrease may have been due to (1) the pH
increase from 5, which the Gt-saturation process was carried;
to 7.5, which is the initial pH conditions of the experiment
(Figure 2A); and (2) the competition with other anions (e.g.,
sulfate) and organic acids on the Gt adsorption sites (Barreto
et al., 2020). Additionally, as Gt was in contact with sea-
water solution, other ions, such as Na, Cl, S, and Ca, likely
sorbed onto the Gt surface, diluting the As signal from the
Gt surface. However, after 40 days, only ~55% of the ini-
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tial As concentration remained on the Gt surface (Figure 2A),
indicating that desorption increased with time, concomitant
to Fe(Ill) structural changes on the Gt surface. On the other
hand, Cr was almost totally released after 10 days, reaching
values close to the detection limit (0.1% atomic percentage)
after 40 days (Figure 2A). These results support previous stud-
ies that highlighted the strong binding of As to Fe-minerals,
while Cr appears to have a lower affinity compared to As
being desorbed by the high concentration of sulfate present in
the artificial seawater (Barreto, Elzinga, Kubicki, et al., 2024).

The high-resolution XPS spectra of the Fe 2p region
showed strong peak lines at ~725.1 eV for 2p,, and
~T711.3 eV for 2p;,, regardless of incubation time
(Figure 2B). These values and the difference between
these lines equal 13.8 eV, confirming Fe3* presence in the Gt
surface structure (Grosvenor et al., 2004). However, a slight
spectral shoulder at the higher binding energy surface peak
for 2p,,, and 2ps,, appeared after 40 days in both Gt samples
with As or Cr (Figure 2B, red arrows).

We believe that the decrease in coordination number of
Fe3* ions (i.e., from 6 to 5 or 4; Wilke et al., 2001) and the
presence of a new immediate neighbor with lower electroneg-
ativity (e.g., SOM-Fe(Ill) complexes (Bhattacharyya et al.,
2022) and/or Fe,(SO,)s-precipitated), might decrease the
electron density around the ferric ions, consequently demand-
ing more energy to emit a photoelectron peak (Descostes
et al., 2000; Fan et al., 2014; Yamashita & Hayes, 2008). The
observed change from high- to low-crystallinity of Fe(III) is a
common occurrence during Fe(IIT) reduction in the presence
of organic matter and low oxygen availability (Abdala et al.,
2020; Queiroz et al., 2022; Roden & Zachara, 1996).

The deconvolution of high-resolution XPS spectra of the
As 3d region indicated that As(V) remained as the dominant
species after 10 days of incubation. However, 2% of As(III)
was observed after 20 days, then its contribution achieved
15% after 40 days of incubation (Figure 3A). The increase
in As(Ill) (Figure 3A) was concomitant with a decrease in
the concentration of total As on the Gt surface (Figure 2A)
and with changes in Fe(Ill) arrangement on the Gt surface
(Figure 2B).

The affinity of As(V) and As(IIl) on Fe-oxides depends
on the solution pH and composition (Manning et al., 1998).
At a pH of 7-8, as observed in our experiment, Dixit and
Hering (2003) found that As(III) showed similar or greater
adsorption than As(V) on Gt. These authors concluded that
As(V) reduction would not increase its mobility, yet the As
mobility is closely related to the reductive dissolution of
the iron oxyhydroxide, which is supported by other studies
(Masscheleyn et al.,, 1991). For instance, the calculated
hydrated ion size of the As(III) species at pH 6.0 was 4.22
A and thus smaller than As(V) (5.90 A) (Zheng et al.,
2023), which should favor As(IIl) adsorption over As(V).
We postulate that As(III) competed with adsorbed As(V) for
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triangles), arsenic (As, purple line and inverted triangles), the pH (blue dots), and Eh (mV, red dots) measured at the beginning and over time. (B)
High-resolution XPS spectra of the Fe 2p region of initial Gt (black line), Gt with As(V) (purple lines), and Gt with Cr(VI) (green lines) at initial
(i.e., Gt sorbed with As(V) or Cr(VI)) and after 10, 20, and 40 days of incubation. The spectra were normalized to improve clarity. The Fe2p,,, and
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adsorption sites on the Gt surface, releasing As(V) to the
solution. This may explain the relative As(IIl) increase along
with a decrease in As(V) and total As concentrations.

The extensive Cr release in our experiment produced a low
Cr signal in the high-resolution XPS spectra of the Cr 2p
region (data not shown), which prevented spectra deconvolu-
tion. However, XANES spectroscopy provided suitable data
on Cr speciation (Figure 3B). The initial Cr on the Gt sur-
face after saturation with dichromate solution was Cr(VI) as
expected; however, the residual not adsorbed Cr on Gt after
10, 20, and 40 days was predominately Cr(III) (Figure 3B).
The change in Cr oxidation state (i.e., from Cr(VI) to Cr(III),
or vice versa) depends on pH (Eary & Rai, 1988), redox
potential (Borch et al., 2010; Fruchter et al., 2000), and micro-
bial activity (Shen & Wang, 1993). All these processes and
their variations are expected to occur under the dynamic
geochemical conditions observed in mangrove soils.

The extensive and fast Cr release observed by XPS
(Figure 2A) suggests high remobilization and availability of
Cr under mangrove soil conditions. However, Lacerda et al.
(1991) pointed out that less than 10% of total Cr is solu-
ble in 0.1 M HCI in mangrove soils and attributed this Cr
immobilization to refractory Cr-organic compounds. These
Cr compounds were identified in recent studies, which sug-
gests that some bacterial strains drove the production of
soluble Cr(IIl) after Cr(VI) reduction (Dogan et al., 2011;
Puzon et al., 2005). Our XANES data confirmed the Cr(VI)
reduction and Cr(III) formation (Figure 3B). Thus, we believe
that the Cr released from Gt was likely due to Cr(VI) reduction
and posterior soluble organo-Cr(II) mobilization.

The residual Cr(III) observed on Gt might undergo
adsorption, surface precipitation, or coprecipitation processes
(Charlet & Manceau, 1992). In all cases, the pH around 6.5—
7.5 observed in mangrove conditions favored the adsorption
of Cr(IIT) hydrolyzed species (e.g., Cr(OH)>*, Cr,(OH),**,
or Crg(OH,)%") (Bradl, 2004). Also taking into account
the variations on the Gt surface shown in the Fe-XPS data
(Figure 2B), some Cr(III) ions might move to inner crystals of
Fe-mineral, as Cr(III) may coprecipitate with Fe(III) (Charlet
& Manceau, 1992; Pratt et al., 1997).

4 | CONCLUSIONS AND
ENVIRONMENTAL IMPLICATIONS

The deposition and accumulation of contaminants in coastal
wetlands is a widespread environmental issue. As(V) and
Cr(VI) are major toxic elements to plants, animals, and
humans and are thus detrimental to the coastal ecosystem’s
environmental health. However, the complex and dynamic
biogeochemistry processes operating in these areas make pre-
dictions on the individual fate of these contaminants. In this
study, we employed a microcosm incubation approach to
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simulate the tidal cycles, providing a way to track how man-
grove soil biogeochemistry could change As(V) and Cr(VI)
adsorbed on goethite, a natural contaminant scavenger.

Our spectroscopic data highlighted that As(V), Cr(VI),
and the Fe(IIl)-mineral surface are dynamic over incuba-
tion time. Specifically, the XPS data suggest a slightly less
Fe(II)-ordered arrangement on the goethite surface; As(V) is
strongly bound to goethite, which delayed its remobilization
and reduction to As(III). On the other hand, Cr(VI) was des-
orbed rapidly, and the residual Cr ions bound to goethite as
Cr(III). Overall, we concluded that Cr (VI) mobilization in
mangrove soils and sediments can be significant and fast (i.e.,
in a few days). On the other hand, the slow decrease in total
As concentrations over time is followed by the emergence and
accumulation of As(III), which is more toxic than As(V).

Collectively, our results enhance our knowledge of the
processes controlling the retention and remobilization of As
and Cr compounds by Fe-oxides under varying redox con-
ditions typical of mangrove soils. Also, our study stresses
the importance of individual time-dependence in evaluating
chemical speciation changes. These results discussed here
have direct applications to artificial wetlands designed for
water treatment or soil remediation (Shutes, 2001), because
targeting Cr(VI) seems an efficient alternative since it fast
reduction to less toxic species Cr(Ill) (Jiang et al., 2021).
On the other hand, designed for As(V) treatment should have
some precaution related to long-term As(III) formation, and
likely remobilization, or even released to the environment as
volatile As compounds (Lizama et al., 2011; Rahman et al.,
2011). Thus, a specific approach (i.e., substrate, plant, and
draining—flooding cycles) should be applied to design the arti-
ficial wetland depending on the element (or compound) to be
remediated (G. Yu et al., 2022).

Our microcosm method applied here could be useful to
explore the behavior of other redox-active elements (e.g., U
and Sb) in wetlands, and an innovative experimental approach
for future studies related to seawater intrusion and waterlog
due to sea level rise. Complementary long-term field and
laboratory-based studies are required to observe the behavior
of contaminants and the primary sorbents, such as Fe-bearing
minerals, to improve predictions of the fate of contami-
nants in mangroves, as well as in other redox-active wetland
ecosystems.
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