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Mutual transformations of rhizospheric arsenic (As) in pollution-prone mangrove sediments affected by root
exudate oxalate were simulated. This study focuses on the effect of oxalate on As release, mobilization, and phase
speciation associated with P and Fe was examined under anoxic conditions in time-dependent changes. Results
showed that oxalate addition significantly facilitated As-Fe-P release from As-contaminated mangrove sedi-
ments. Sediment As formed the adsorptive and the carbonate-binding fractionations, facilitating the re-
adsorption processes. Solution As and As®" correlated with NaOH-P positively but with NaHCOs—P and HCl-P

negatively. Dominant Fe>" (>84 %) from the amorphous Fe regulated suspension changes and then time-
dependent co-precipitation with As and P. Sediment P formed strong complexes with Fe oxides and could be
substituted for As via STEM analysis. Oxalate ligand exchange, competitive adsorption of oxalate, and Fe-reduced
dissolution are confirmed to involve, allowing for an insight As/P/Fe mobilization and fate in mangrove wetland.

1. Introduction

Arsenic (As) is a metalloid characterised by non-degradation, strong
mobility and persistent toxicity, which induce adverse changes in
coastal wetlands (Li et al., 2017a). The bioavailability and toxicity
(As®T > As®* > MMA/DMA) of As vary in global natural environments
(Huang et al., 2012; Mandal and Suzuki, 2002). Sediment collected from
Futian mangroves, Shenzhen, China, has an As content of up to 200 mg
kg~!, which indicates a high risk of As pollution (Li et al., 2017b). In-
dustrial and domestic effluent discharges result in As levels of up to 111
mg kg~! in mangrove sediments in Baja California peninsula, Mexico
(Leal-Acosta et al., 2010). In addition, As enrichment has been observed
in mangrove sediments in Brazil, India and other mangrove ecosystems
(Mandal et al., 2019; Mirlean et al., 2012; Nguyen et al., 2019). The
distribution, migration and speciation of As in wetlands are influenced
by various factors, such as oxidation potential (Eh), pH, mineral oxides,
sulphides, organic matter content, plants, and microorganisms (Jian
et al., 2019; Luo et al., 2020; Mei et al., 2020; Mei et al., 2022). Eh was
found to be a critical factor controlling the dynamics of compounds
(DOC and sulphides) and arsenic species (organic and inorganic) in the
floodplain, freshwater marsh, or coastal soil since oxidation processes
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prevail at high Eh whereas reduction processes dominate at low Eh
(Frohne et al., 2011; LeMonte et al., 2017; Shaheen et al., 2016). In the
redox chemistry of S, metal immobilization can be induced under anoxic
conditions due to the presence of hardly soluble sulphides, but the
release of As may be attributed to dissolution of sulphides under
oxidizing conditions (Frohne et al., 2011; LeMonte et al., 2017; Shaheen
et al., 2016).

The root system is the main pathway to secret exudates and oxygen
to the rhizosphere, but also uptake and translocate As from sediments to
its aerial plant parts. Root—sediment interactions and rhizospheric be-
haviours (e.g. adsorption, fixation, phytoextraction, and secretion) are
accessible perspectives for elucidating As accumulation in plants, which
can be applied for As pollution phytoremediation. Low-molecular-
weight organic acids (LMWOAs) in the rhizosphere secreted by roots
were often associated with exposure to pollutants such as heavy metals
Cd, Cr, and Pb (Chancui et al., 2019; Liu et al., 2007; Lu et al., 2007),
metalloid inorganic/organic As (Gasecka et al., 2021; Magdziak et al.,
2020; Mei et al., 2021), and organic pollutant polycyclic aromatic hy-
drocarbons (Jiang et al., 2017). For instance, citric acid, acetic acid, and
oxalic acid were the maximum released LMWOAs in the plant root
rhizosphere (supplementary Table S1). LMWOAs constitute up to 10 %
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of DOC in rhizospheric soil solution, and the concentration of LMWOAs
range from a micromole (0.1 pmol L_l) to millimole (10 mmol L_l)
(Geng et al., 2020; Jones et al., 2005; Strobel, 2001; Xiang et al., 2020).
In our previous study, the rhizospheric exudation of LMWOAs from
mangrove seedlings was examined to understand As phytoextraction,
removal and detoxification in wetland sediments. Results showed that
the roots of Avicennia marina seedlings secreted the maximum amounts
(56.9 %-82.1 %) of oxalic acid, a LMWOA, in response to inorganic
arsenite (As3+) exposure (Mei et al., 2021). Oxalate consists of two
carboxyl functional groups and is a commonly occurring substance
secreted by plant roots and vegetables, which can effectively inhibit
contaminant sorption to soils by decreasing hydrophobic force, elec-
trostatic attraction, ligand exchange, and cation-bridge effect (Jones
et al., 2003; Xiang et al., 2020). Oxalate was also reported as a valuable
exudate for metal remediation due to its high chelating capacity with
heavy metals (Kim and Baek, 2015). The extraction of As by oxalate
significantly enhanced the release of As from As-loaded ferrihydrite at
the pH range of 4 to 8 (Mohapatra et al., 2005). Therefore, oxalate, with
low toxicity characteristic and a limited effect on sediment microenvi-
ronment, has been used to investigate the significance of effectively
remediating As-contaminated sediments.

Iron (Fe) and phosphorus (P) also play important roles in sediment
environments; the adsorption—desorption capacity and co-precipitation
of Fe and P may control As migration and transformation in wetlands.
For instance, the main mineral adsorbents of Fe oxide/hydroxide frac-
tionations (e. g. amorphous and crystalline Fe) in soils exhibit a strong
binding capacity to As (Manning et al., 1998). Amorphous Fe has more
binding reaction sites due to its large surface (compared with crystalline
Fe), which can increase adsorption with As (Bowell, 1994). Moreover, Fe
content and speciation, such as reduced dissolution in sediments, affect
As migration and transformation (Mei et al., 2020). In addition, the
Fe—P coupling mechanism deemed that phosphate release and conver-
sion were largely controlled by reductive dissolution of Fe oxides (Rozan
et al., 2002; Sun et al., 2016). The overlying water of the Jiulong River
Estuary contains excessive dissolved P (0.05-1.5 mg L), which may
induce pollution via P accumulation (Pan et al., 2019). A study on the
effect of P levels on the formation of amorphous Fe minerals demon-
strated that P release is mainly related to amorphous Fe and aluminium
(Al) oxides, and the adsorption of some anions (e. g. PO3-4) inhibits the
Fe oxides/hydroxides generated from amorphous forms to crystalline
forms (Ji et al., 2019). In the rhizosphere, dissolved P associated with
the mineral composition of the Fe oxides on root surfaces forms Fe/Mn
plaque, which determines the phytoextraction and accumulation of
metal(loid)s by mangrove plants (Dai et al., 2017). Fe plaque formation
on the root surfaces of wetland rice (Oryza sativa L.) was also promoted
by low-P conditions, thereby enhancing As transport from the sediment
to the aerial plant parts (Hu et al., 2005). Since P and As have similar
chemical characteristics (belong to the same family in the periodic
table), As could be substituted for deficient P in biogeochemical pro-
cesses (Ghosh et al., 2015). For instance, PO3-4 and AsO3-4 have strong
affinities with the surfaces of Fe minerals, which depend on the com-
plexing ability (mainly through ligand exchange reactions for binding to
surface groups) and particulate attraction or electrostatic interaction
with surface-charged oxides/hydroxides (Stumm, 1992). Elevated levels
of dissolved P (0.2 mg L™ can compete with As for the adsorption sites
on sediment surfaces and accordingly increase As mobilization, leading
to conversion of the adsorbed As to the dissolved As (Jiao et al., 2012;
Pan et al, 2019; Sun et al., 2017). In addition to the competitive
adsorption of phosphate, As® and As®* are generated when P is added
to As-enriched sediments, which can be attributed to colloidal aggre-
gation. Phosphate can promote the release of As by displacing anions,
participating in complexation reactions or occupying oxide adsorption
sites (Esteban et al., 2003). In summary, Fe oxides/hydroxides are key
factors in controlling the release of P and As, and P and Fe jointly affect
the migration and transformation of As at sedimentary interfaces.

Degradable oxalate is a common root-secreted LMWOA and is a
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ubiquitous occurrence in mangrove rhizospheres (Jian et al., 2019;
Jiang et al., 2017; Lu et al., 2007; Mei et al., 2021). As far as we known,
root rhizospheric microenvironment especially root-soil interfaces are
lack of on-site detailed research due to the flooding or submerge of
mangrove root system in the wetland. In this work, the dynamics of the
belowground rhizospheric interfaces of mangroves were simulated
under the influence of oxalate to elucidate As migration behavior and
speciation changes. Fe plays the key role in sedimentary environments,
and oxalate is occurring to affect As release (Kim and Baek, 2015).
Therefore, The effect of oxalate on As release, mobilization and phase
fractionation in interactions with P and Fe in anaerobic wetland sedi-
ments was explored to reveal the underlying mechanisms that may be
involved in rhizospheric processes. This study aims to understand the
potential mechanism of As release extracted by oxalate from As-enriched
mangrove sediments combined with P and Fe to supplement the existing
knowledge on As-remediated metal(loid)-contaminated wetlands.

2. Materials and methods
2.1. Sampling and characteristics

The natural mangrove sediments were obtained from Zhangjiangkou
Mangrove Forestry National Nature Reserve in Fujian Province, China
(24° 24’ N, 117° 55’ E) that is showed in Fig. S1. The total As in the
sediment was 17.38 + 0.72 mg kg~ ! in dry weight (Table $2), which is
very close the Grade I threshold (20 mg kg™!, pH > 7.5) for agricultural
land of Environmental Quality Standards for Soils, China
(GB15618-2008). The sediments were prepared and stored in accor-
dance with the previous procedure for later use (Mei et al., 2020). To
sum up, the sediments were mixed and homogenised with extra inor-
ganic trivalent arsenite solution (NaAsO) up to 0 mg kg™ ' As (AsO;
control group), 40 mg kg~! As (As40, Double background value and
close to threshold of non-agricultural land) and 60 mg kg™! As (As60,
Triple background value and close to threshold of industrial land) in dry
weight, not including background value. The characteristics of the
natural sediment background values are shown in the Table S2. The
national criteria reference material (CRM) of stream sediment
(GBW07318, China) was checked for procedural accuracy.

2.2. Sediment elemental speciation and release

The mechanisms of oxalate-enhanced As release from mangrove As-
enriched sediment were explored by a series of batch experiments in an
anoxic Ny-blowing box. To investigate the effect of effective
exchangeable ligands and competitive adsorption on As speciation in
mangrove sediments, the three gradient concentrations of oxalate so-
lution (0, 3 and 5 mmol L}, soil solutions are commonly in the range
0.1-10 mmol L") were added into the As-enriched sediment (As0, As40,
and As60). To observe the influence of oxalate reaction time on As
release into the aqueous phase, the sediment-oxalate mixtures were
incubated with a fixed oxalate concentration (3 mmol L™Y) for the
different reaction times of 6 h, 2 d, and 8 d. The batch experiment in
triplicate was conducted at 25 °C in a 50-mL polyethylene centrifuge
tube containing 30-mL suspension of oxalate solution (Ny-blowing for
30 min) and 1-gram of sediment. The centrifuge tube was oscillated via
a vortex (MX-S, Scilogex, USA) and incubated for 24 h in a shaker at
25 °C and a rate of 200 rpm (Saifu BHWY-200 Shaker, China). After
incubation, the supernatant was filtered (0.45-pm, Membrana Germany)
immediately after centrifugation at the rate of 8000 rpm for 10 min. The
sediments in the tube were collected and stored at —20 °C for subsequent
analysis.

2.3. Reaction time-dependent isotherm dynamics

The estimation of the dynamic equilibrium was investigated for
comprehending adsorption isotherm on As release and variations in
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solution. A dose of 3 mmol L™ ! was applied into the As40 enriched
sediments to observe temporal responses based on the results of the
previous experiment. The reactor tubes were incubated in the rotary
shaker at 200 rpm and 25 °C in the dark for6 hand 12h and 1, 2, 4, 7
and 14 days. The centrifuged supernatant (8000 rpm for 10 min) was
further passed through a 0.45-pm filter before analysis. Triplicated
samples were collected to determine As/P/Fe fractionations variations
in the sediment and supernatant as well as the pH.

2.4. Phosphate competitive adsorption and solid phase characterization

Subsamples (~1 g) of the high As-loaded sediments (60 mg kg™
were weighed, freeze-dried (—50 °C), ground, and sieved (2-mm) for
observing the competitive adsorption of phosphate on As release. Spe-
cifically, based on the elemental P fractionation in mangrove sediment
(total in 250-300 mg kg 1), different gradient concentrations of phos-
phate solution (0, 10, 25, 40, 50, 60, 80, and 100 mg Lt KH3POy4, pH =
6.85 CPBS), and four phosphate concentrations (PO, P25, P50, and
P100) with the setting pH level (3, 5, 7, 9 and 11) were added to the As-
enriched sediments under the anoxic conditions. The separation of the
solid and liquid phases was conducted after incubation and centrifuga-
tion, and supernatant As variations was determined using the method
mentioned before. The energy spectrum and element composition of
freeze-dried sediments were analyzed to present the newly formed
elemental distribution.

The adsorption capacity of As-enriched sediments to P was assessed
using two isothermal adsorption models of Freundlich and Langmuir
(Adamson and WJJOTES, 1960). Langmuir nonlinear model is mono-
layer adsorption with the maximum adsorption surface (Weber and
Chakravorti, 1974),which for illustrating the monolayer adsorption
process as described in the following Equations (Wu et al., 2020):

0. = O x e )

Furthermore, Freundlich model is used for non-uniform adsorption
sites, where existing exchangeable multilayer adsorption-desorption
processes.

0. =KpxC" )

1
logQ, = ;logCe + logKr 3)

The content of adsorption when the solution-sediment reached
adsorption equilibrium.

V(Cy — C,)
, = A0~ Ce) 4
0 I @
The adsorption efficiency (7 %) of the sediment against P.
n= M « 100% (5)
Go

Where Qo (mg kg™ 1) is the maximum saturated adsorption capacity of P
in theory; and Q, is the equilibrium absorption capacity; Kr is the P
adsorption coefficient; C, is the P concentration in the solution at
equilibrium condition (mg L™1); K represents the binding energy ,

when K}, > 1 indicates that the adsorption capacity is pretty strong; The
index 1 is the measure constant of sorption intensity, and 1 < 1 indicates
that sorption capacity is only slightly suppressed at lower equilibrium
concentration (Hasany et al., 2002).

2.5. Analysis

The analysis of total organic matter of sediments was applied with
weight combustion subtraction (460 °C for 6 h) method in a muffle
furnace. The C, H, and N was analyzed with an element analyser
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(Elementar Analyse Systeme GmbH, Hanau, Germany). The extracted
procedures of As, P, and Fe fractionation in sediments were listed in
Table S3. The sequential extraction procedures, including five phases of
As fractionations: @ adsorbed As; @carbonate-binding As; ® amor-
phous Fe-binding As; @ crystalline Fe-binding As; and ® residual As
were fully described in the previous studies (Luo et al., 2020; Xu et al.,
2016). The analysis of As fractionations in the filtrate after extraction of
was performed on atomic fluorescence spectrometry (AFS-930, Beijing
Jitian Co. Ltd., China). A sequential available P fractionation was
divided into four fractions as the following (i) NaHCO3 extractable P
(NaHCOs3-P), (ii) NaOH extractable P (NaOH-P), and (iii) HCI extract-
able P (HCI-P) (Hedley et al., 1982; Linquist et al., 2011), the rest was
regarded as the residual part (Residual-P). The detection of P in the
filtrate is by using ammonium molybdate UV-vis spectrophotometry
(Beijing Ruili Co. Ltd., China). The amorphous Fe (reactive and poorly
crystalline Fe) and crystalline Fe in the solid phase were extracted by
ammonium oxalate buffer (0.2 mol L1 NHy-oxalate/oxalic acid, pH
3.25, 20 h) and DCB solution (sodium dithionite 50 g L 1in 0.2 mol L1
sodium citrate/0.35 mol L™! acetic acid, pH 4.8 Buffer; 2 h) in the dark,
respectively (Burton et al., 2007; Jian et al., 2017; Kostka and Iii, 1994).
The extractable Fe was measured using atomic absorption spectroscopy
(AAS vario 6, Thermo Fisher).

For aqueous phase, the pH of the supernatant and sediment (sedi-
ment: water = 1: 2.5) was measured using a pH meter (Leici PHS-2F,
Shanghai, China). The concentration of Fe?* in the supernatant was
measured using 1,10-phenanthroline spectrophotometry at 510 nm via a
UV-vis spectrophotometer (Beijing Ruili Co. Ltd., China). The Fe in the
filtrate (including the extracted amorphous and crystalline Fe) was
reduced to Fe?" with hydroxylamine hydrochloride (NH,OH-HCI) and
sulphuric acid. The Fe>* was calculated by subtracting the Fe?* from the
total Fe. The amounts of inorganic As>* and As®* in the supernatant was
separated and detected using HPLC-HG-AFS (Tanta technologies, Gunt,
Germany) as our previous described method (Mei et al., 2022). The ul-
trastructure image and element composition characteristics of freeze-
dried sediments after incubation were evaluated via STEM-EDAX (FEI
Quanta 650 FEG, America). We used the standard addition method for
the assessment of inorganic arsenic due to the lack of criteria reference
materials. The supernatants were filtered (0.45 pm) and stored at —20 °C
after centrifugation (8000 rpm for 5 min) until analysis. Recovery levels
(85 %-115 %) were acceptable for all the elements determined. All
chemical reagents applied in the present study were of chromatographic
grade.

3. Results and discussion
3.1. Enhanced sediment elemental fractionation and release

The fractionations of certain elements extracted using the common
root exudate oxalate from As-contaminated sediments were estimated
with the addition of various concentrations of oxalate. The fractions of
As, P and Fe from the sediments are summarised in Fig. 1. At the fixed
level of 3 mmol L™! oxalate, the greater the As content of the sediment,
the better the detection of the adsorbed As (As,q) and the residual As
(As;es). The maximum concentration of carbonate- and Mn-binding As
(Ascap) formed in the As60 treatment (Fig. 1A). Less sediment As frac-
tions were found along with the increment oxalate due to As mobiliza-
tion to the upper solution phase. The fractions of all three P
fractionations increased with the As level but decreased with the oxalate
concentration (Fig. 1C and D). There was no significant difference (p >
0.05) between the As-enriched treatment groups for both amorphous
and crystalline Fe (Fig. 1E). Crystalline Fe increased with the oxalate
concentration, whereas amorphous Fe showed the opposite tendency
(Fig. 1F). Similar trends of the As fractions (Ascy and Asaym,) were
measured (Fig. 1A and B), demonstrating the reductive dissolution of As
associated with Fe oxides (Kim and Baek, 2015). As can be remobilised
and released into porewater from the reductive dissolution of Fe—Mn



oxides and/or reduction of the adsorbed As®" to As®* under anoxic
conditions, with weaker affinity levels for minerals (Bose and Sharma,
2002).

The variations in the solution were estimated after oxalate interacted
with the sediments for different reaction durations. The dissolved As, P
and Fe fractionations/species (total Fe, Fe?t and Fe®") in the aqueous
supernatant during the three incubation periods are presented in Fig. 2.
The results on the oxalate-extractable As showed a gradually increasing
trend along with As level and oxalate concentration. The solution As
reached the maximum concentration at 6 h (0.44 mg L1 and then
decreased at 2 and 8 days under the same level of As contamination or
oxalate addition. Similar results were observed for the solution P, which
exhibited the highest value of 0.20 mg L™! but showed an obvious drop
0f 0.01-0.04 mg L ™! at 2 days (Fig. 2B). The solution pH in all treatments
clearly decreased along with the oxalate concentration but slightly
increased with the incubation time. The presence of As-enriched con-
tents had a limited influence on the pH change (Fig. 2C).

The concentrations of Fe?", Fe>* and Fe in response to oxalate in the
filtrates are shown in Fig. 2. All the Fe fractionations were significantly
(p < 0.01) enhanced by the addition of oxalate in comparison with the
control group. In the absence of oxalate, the average efficiencies of
extracting Fe?", Fe3" and total Fe using ultrapure water were <16.6 %,
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5.87 % and 6.58 %, respectively. Oxalate (CZO%_) is a mild reducing
agent (E° = —0.18) but a strong chelating agent; it can form strong
complexes with Fe?' and Fe3" (Kim and Baek, 2015). Carboxyl group
(CgO?() could replace two OH™ on the iron hydroxide surface and
electron transferred from czoi- to Fe3t, resulting in mineral structure
collapse to release Fe?" and As into the solution (Onireti and Lin, 2016).
Reductive Fe?" was also found to be a major species of the 2 mmol L™
oxalate treatment in our previous study (Mei et al., 2021). In the present
work, the higher oxalate concentrations (3 and 5 mmol L) were
associated with greater release of Fe3* (84.6 %-91.1 %) and total Fe
(74.9-135.3 mg L) into the aqueous phase. Soluble Fe®' oxalates [Fe
(C204)2] ~ and oxalate complexes were probably formed under a sulffi-
cient amount of oxalate (Onireti and Lin, 2016). Humboldtine (Fe
(C204)-2H,0), an Fe oxalate phase, has also been observed when 10
mmol L1 oxalate was added to dithionite (Kim and Baek, 2015).

3.2. Dynamics of elemental release and reduction

The solution As decreased from its peak value of 122 pg L™* (6 h) to
about 6 pg L~ (12 d) as the reaction time increased (F ig. 3A). The Fe
content for oxalate application significantly increased in the first stage
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Fig. 2. The variations in the supernatant of oxalate extracts for concentrations treatment (0, 3, and 5 mmol L) and reaction time incubation treatment (6 h, 2 d, and
8 d) for the As-enriched sediments (0, 40, and 60 mg kg’l). A. the total As concentration in the solution; B. the total P in the solution; C. variations of the solution pH;
D. the ferrous iron (Fe*") in the solution; E. the ferric iron (Fe*") in the solution; and F. the total iron (Fe) in the solution; All parameters were calculated as the
concentrations in oxalate extracts (mg L’l), Mean + SE, n = 3. Ultrapure water extraction was used as the control check. Different letters in each same reaction time

treatment indicate significant differences at the level of p < 0.05.

(6 h), reached its maximum value at 2 days and then gradually
decreased, whereas the solution P content remained stable at 13-25 pg
L. Organic acid root exudates can enhance metal(loid) mobility that
combined with Fe—Mn oxides, which act as stabilising agents in sedi-
ments under pH loss and metal complex formation (Vitkova et al., 2015).
Furthermore, the increasing pH trend (3.99-5.07) may have been due to
the formation of solid hydroxides and proton consumption via mineral
dissolution (Mei et al., 2021; Wang and Wang, 2017).

The amorphous and crystalline Fe contents in the solid phase
declined during incubation at 4 days compared with the first two stages
(6 h and 12 h). The amorphous Fe extraction from the As-enriched

sediments showed a similar ascending trend with the sediment P as
the reaction time increased from 4 days, indicating an Fe-meditated
precipitation of the Fe oxalate phase. However, there was a slight
decrease in the extraction of crystalline Fe, and it was highly correlated
with the sediment As. A similar study reported that approximately 40 %
As is associated with crystalline Fe oxides, whereas no >20 % As is
bound to amorphous Fe oxides (Kim and Baek, 2015).

Further analysis of the sediment speciation of As after incubation
revealed that As,es (60.6 %-88.8 %) and As,q (7.3 %-23 %) accounted
for the two largest parts of the total As (Fig. 4). The significant ascending
trend (p < 0.01) of As,q in response to the reaction time suggested that
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the readsorption processes of As migrated from the aqueous phase to the
solid phase. Similar trends emerged in the results for Asc,p (0.99-1.23
mg kg1, Asamo (0.14-0.21 mg kg™ ') and Ascry (0.96-1.36 mg kg™ ),
which were positively correlated with the total solution As (Fig. 5).
However, Asyq (6.45-10.4 mg kg’l) and the three above mentioned As
fractionations all reached the maximum plateau at 2-8 days (not sig-
nificant, Fig. 4A), indicating that the sediment may have exceeded its
maximum adsorption capacity could be due to pH changes and co-
precipitaion (amorphous Fe). The release of As was mainly attributed
to the reductive dissolution of amorphous Fe; then the decreased read-
sorption As could be co-precipitated with the newly formed crystalline
Fe minerals (Luo et al., 2020). Meanwhile, the adsorption of As can be
strongly impacted by S cycling in reduced soils and Fe is also expected to
precipitate as sulphides (Frohne et al., 2011; LeMonte et al., 2017). In
this case, reductive dissolution of As-bearing iron compounds induced
by oxalate had been reported to facilitate mobilizing As, involved proton
attack on As containing iron compounds and organic ligand complexa-
tion (Onireti and Lin, 2016). The P fractionation detected versus the

reaction time increased from 6 h to 12 days. The NaHCO3-P and HCI-P
concentrations at 6 h gradually increased from 21.8 to 53.2 mg kg ! and
from 62.6 to 96.9 mg kg, respectively; whereas that of the major
NaOH-P decreased from 148.5 to 105.2 mg kg~'. The correlation
analysis revealed that the solution As was significantly positively
correlated with NaOH-P (R? = 0.88) but negatively correlated with both
NaHCO3-P (R? = —0.72) and HCI-P (R? = —0.95, Fig. 5).

3.3. As kinetics affected by phosphate and pH

The release of sediment As is highly associated with the P behavior
from labile fractions due to their similarity in chemical properties, such
as competitive adsorption (Im et al., 2015). The dissimilar extraction
efficiencies of released As and inorganic As species (As>" and As®*) were
observed against the added phosphate concentration and pH (Fig. 6).
The proportion of As>* to the solution As reduced from 22 % to 1.6 %
with the increment of added phosphate concentration, maintaining
significantly low concentrations of 2.19-5.59 pg L™, Meanwhile, the
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total As and As®* in the solution gradually increased with the phosphate
concentration, revealing that PO3—4 ions outcompeted the extracted As
present as AsO3-4 for adsorption sites on the Fe oxides (Im et al., 2015;
Jain and Loeppert, 2000). Similarly, the Fe concentration in oxalate
solution exhibited an increasing trend and then decreased at the addi-
tion of 60 mg L™! phosphate (Fig. S2). PO3-4 and AsO3-4 ions can
compete for the adsorption sites on the surfaces of Fe—Mn oxides/hy-
droxides, especially amorphous Fe oxides, forming insoluble compounds
with Fe and Al in sediments (Biswas et al., 2018). The total As was highly
correlated with P (R? = 0.72) and Fe (R = 0.65, Fig. S3), indicating the
fate of As is closely related to the redox cycling of Fe and P. As®*
occupied a major fraction (48.7 %-91.3 %) of the solution, which may
partially be due to the As®* release from the sediments. In addition, the
co-existence of Fe*-Fe?™ can promote the oxidation of As®*
(Amstaetter et al., 2010). For instance, the Fe>* oxyhydroxides coating a
pyrite surface probably led to As®' oxidation in a past study (Zhang
et al., 2017), thus maintaining low Ast concentrations (Fig. 6A). The
chemical characteristics of Fe plaque adsorbed to the root surface,
analyzed via X-ray absorption near-edge structure, show that As and Fe
form binuclear ligand complexes, and Fe oxides/hydroxides have a
higher affinity for As®" than As®* (Elkhatib et al., 1984; La Force et al.,
2000; Manceau et al., 1996; Mohan and Charles, 2007).

The variations of the phosphate concentrations on the As released
from mangrove sediments were explored in the presence of PO3-4under
various pH-modulated conditions (pH 3, 5, 7, 9 and 11), as shown in
Fig. 6B. In the absence of phosphate, As was hardly mobilised from the
sediments, regardless of pH change. The efficiency of As extraction was
significantly enhanced by the concentration of added phosphate and the
increased pH levels. The more the As released from the sediment pool,
the higher the occurrence of PO3-4 or the higher the value of the pH

except pH 11, where the maximum value of As was observed for P50
addition. These results may indicate that more absorbed PO3-4 and
AsO3-4were released form solid phase under alkaline conditions (pH 9
and 11); meanwhile, PO3-4 could probably replace more AsO3-4 and
other oxides released into the liquid phase (Im et al., 2015). The
increased supply of H' at the lower pH also facilitated the adsorption of
As by Fe oxides/hydroxides and reduced the mobility of As (Jain et al.,
1999).

The adsorption-desorption dynamics of the P in the phospha-
te-sediment mixtures were assessed by considering isotherm-predicted
models of Freundlich's and Langmuir's equations. Results showed that
the adsorption efficiency (7 = 94.5 %-99 %) of P gradually decreased
along with the increase of added phosphate concentration (Fig. 6C). A
possible reason is that the surface area of the As-enriched sediment had
more adsorption sites at lower P, but high P of similar chemical prop-
erties could result in the desorption of retained As thus exhibiting a
higher adsorption efficiency (Datta and Sarkar, 2005). The P adsorption
efficiency of the sediment was gradually reduced with the increase of P
concentration, suggesting that P occupied more adsorption sites, leading
to As release (Im et al., 2015). The correlation coefficient values (R?) of
both the Freundlich (R2 = 0.93) and Langmuir models (R2 = 0.99) were
highly close to unity, indicating that the P adsorption process by As-
enriched sediments could be interpreted by both models. The average
Qo fitted to the Langmuir model was 1825.8 + 91.6 mg kg™, and the
value of K; (0.12 £+ 0.02) was far <1. Hence, the adsorption binding
energy of the As-enriched sediments to P was weak, and it could easily
redesorb from the solid phase surface. According to the Freundlich
isothermal adsorption model, R? = 0.93, and the averages of Kr and n
were 352.7 and 0.44, respectively. The n value (1/n > 1) indicated that
the strong competitive adsorption of P tended to cause As release, which
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was attributed to the presence of added adsorption sites in the sediment.
The Langmuir model could better predict the adsorption process, which
meant that specific adsorption occurred through a monolayer mecha-
nism. The adsorption efficiency was related to the adsorption sites, and
the adsorption process mainly depended on the initial P concentration
(Liu and Shen, 2008).

3.4. Sediment ultrastructure and characteristics

The STEM high-resolution image of the freeze-dried sediment sam-
ples revealed the surface feature and ultrastructure after the extraction
of phosphate addition. The energy spectrum and elemental composition
of the mapping data of the freeze-dried As-enriched sediments, obtained
via energy-dispersive X-ray analysis, are shown in Fig. 7. Phosphate and
arsenate both exhibited a high affinity for mineral surfaces and had a
strong adsorption capacity to metal oxides/hydroxides, especially Fe
and Al. The elemental distributions of As, P and Fe showed that they
combined with each other on the sediment surface. Thus, Fe was a major
part of the elemental composition, and the distribution of P was similar
to that of As. This also revealed that As and P have the same adsorption
sites on the surface of the Fe oxides/hydroxides, demonstrating the ex-
istence of competitive adsorption between As and P on the sediment
surface. The proportions of P, O and Fe in the sediment significantly

increased after P addition (Fig. 7), while that of As did not significantly
change, which may be due to the low available content (ppm grade) in
the sediments. The affinity of PO3-4and AsO3-4for Fe oxide/hydroxide
depended on their complexing capacity through ligand exchange re-
actions and on their interaction (attraction or electrostatic rejection)
with the charge (hydroxyl).

4. Conclusions

Using the combination of phosphate and oxalate, we determined
oxalate-mediated As release in time-dependent changes of the total As
and selected forms of inorganic As®*, As® in the solution, and
sequentially extracted As speciation fractions in the solid phase associ-
ated with Fe (amorphous) and P fractions (NaHCO3-P and HCI-P) under
anoxic conditions. High As release was observed in the As-enriched
sediments at a wide range of oxalate concentrations, reaction times,
added phosphate concentration and pH conditions in a series of incu-
bation experiments. According to observations, the mechanisms
involved in the oxalate-promoted release of As were oxalate ligand ex-
change, the competitive adsorption of oxalate and P and Fe-reduced
dissolution/co-precipitation. The findings on the oxalate-enhanced
release of As and speciation transformation between dissolved and
solid phases supplement the knowledge on As-remediated contaminated
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mangrove wetlands. Our results outlined concerns on the potential risk
of mobilization of arsenic in the mangrove rhizospheric sediments.
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