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Batch experiments were conducted to study the migration behavior of arsenic (As) and iron (bivalent, trivalent,
and total Fe) of the presence of the low molecular weight organic acids (LMWOAEs) citric acid, malic acid, and
oxalic acid in As-enriched mangrove sediments. The results for supernatant As/Fe species were significant ac-
cording to each LMWOA treatment. Significant non-linear correlations were found among As level, pH, and acid
dose based on our predictive model. The capacity of LMWOAs to mobilize As/Fe species followed the order of

citric acid > malic acid/oxalic acid. The supernatant As correlated positively with the LMWOAs dose and ne-
gatively correlated with the pH. As migration was affected by acid strength, the number of carboxyl groups, the
pH and levels of Fe compounds in the sediments. The results indicate that LMWOAs can potentially attenuate As
contamination from mangrove sediment, allowing for a better understanding of As/Fe behavior in the rhizo-

sphere.

1. Introduction

Root exudates are primarily botanical photosynthetic products
which are actively or passively released into the rhizosphere (Sun et al.,
2012; Agnello et al., 2014; Lu et al., 2017). Many studies have shown
that root exudates accelerate organic pollutant degradation and modify
the bioavailability of metal pollutants in various ways, including as
nutrient sources for rhizosphere microorganisms (Phillips et al., 2012;
Y.Y. Wang et al., 2014), changing rhizosphere pH (Lu et al., 2007; Niu
et al., 2013) or forming dissolved metal-organic complexes with metal
pollutants (Lu et al., 2007; Agnello et al., 2014; Montiel-Rozas et al.,
2016; J. Li et al, 2019). Low molecular weight organic acids
(LMWOAs) play a key role in modifying the bioavailability of metal
pollutants (Sun et al., 2012; Lu et al., 2017). However, few studies have
evaluated the specific mechanisms involving individual LMWOA com-
ponents in rhizoremediation. Several studies have reported an asso-
ciation between LMWOAs, such as tartaric acid (X.C. Li et al., 2019),
succinic acid (Wang and Mulligan, 2013), and oxalic acid (Kim and
Baek, 2019) and the mobility of modified metals, but the functional
mechanism for this remains unclear.

Mangroves act as an important link between terrestrial and marine
ecosystems and are commonly regarded as a potential sink and source
of heavy metal(loid)s due to characteristics such as the high organic
carbon and sulfur content of muddy anaerobic sediments and relatively
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low current speeds (Lin et al., 2018). Arsenic (As) is a metal pollutant
that has previously been detected at high levels in some mangrove se-
diments. The highest As level recorded was up to 320 mg kg ™! in the
surface sediment of the Bothnian Bay, Finland (Leivuori and Niemisto,
1993), while an As level of 199.66 mg kg™' has been reported in
mangrove wetlands by Li et al. (2017). In light of the carcinogenicity
and non-biodegradability of As, its accumulation in mangroves has
received considerable attention.

The biogeochemistry of As accumulation in mangroves is influenced
by many factors such as plant accumulation (Lin et al., 2018), the
amount of oxygen that is released by plant roots (Lin et al., 2018), and
the presence of Fe oxides/hydroxides and sulfur in the sediment (Ma
and Lin, 2012). High NaCl salinity also impedes the adsorption of ar-
senic into sediments as a result of competition from Cl~ ions or a re-
duction in interparticle attraction by Na* (Chakraborty et al., 2012b).
Root exudates are one of the most important factors in controlling the
mobility of As in the rhizosphere of mangrove plants. The effect of
LMWOAs on As mobility has been widely studied. Nworie et al. (2017)
reported that oxalic acid treatment could remove between 10%-30% of
the total As from the soil but found no clear relationship between total
As and total Fe released by the treatment. On the other hand, treatment
with citric, malic, and tartaric acids removed less than 10% of the total
soil As, and a close relationship was observed between the levels of As
and Fe extracted. Lee et al. (2017) found that the concurrent release of
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As and Fe occurred through oxalate extraction. The hyperaccumulator
Pteris vittata has been widely reported to secrete phytic acid to promote
the dissolution of As from As-bearing minerals (Liu et al., 2016; Tu
et al., 2011). However, while Das et al. (2017) did not detect phytic
acid in the root exudates of P. vittata, they did find that the addition of
various levels of As enhanced malic acid, oxalic acid, and succinic acid
secretion by the roots. The different results found by different re-
searches could be due to variations in experimental conditions, such as
soil type, pollutant content, and plant species, among others. Further
studies are needed to clarify the relationship between As mobility and
LMWOA:s.

Variations in the LMWOAs secreted by mangrove roots have been
reported under polluted conditions (Lu et al., 2007; W.Y. Wang et al.,
2014; X.C. Li et al., 2019). However, the vital role of LMWOA release in
heavy metal mobilization and the related mechanisms involved in the
mangrove rhizosphere remain unclear. For this reason, our study
mainly focused on the mobilization and migration of As that interact
with LMWOAs in order to explore the response mechanisms in the
water-sediment interface of the rhizosphere.

The composition of LMWOASs secreted by roots varies according to
plant species (Y.Y. Wang et al., 2014). However, citric acid, malic acid,
and oxalic acid are the most common and dominant LMWOAs detected
in mangrove sediments (Lu et al., 2007; Johansson et al., 2008; J. Li
et al., 2019). We hypothesized that LMWOAs may promote the mobi-
lization of As and improve its bioavailability in the mangrove rhizo-
sphere. Citric, malic, and oxalic acids were selected to examine the
effects of LMWOAs on the adsorption of As in an LMWOA solution-
sediment mixture. The objectives of this study were: 1) to determine the
relationship between As and Fe released under varying dosages of or-
ganic acids; and 2) to explore the migration patterns of As in the water-
sediment system of the sedimentary mangrove environment based on
the statistical analysis of influential parameters.

2. Materials and methods
2.1. Sampling and characteristics

Sediment samples were collected from sediment layers within 30 cm
from the surface from a pure Kandelia obovata forest site in the Jiulong
River estuary in Fujian, China (24° 24’ N, 117° 55’ E). After collection,
debris was removed and homogenized for later use. The mangrove se-
diments were added to an arsenite solution (NaAsO,) containing up to
40 mg kg~ ! As in dry weight (no background value) for further ana-
lysis. Fresh sediments were stored in a greenhouse at 25 °C for 30 days
and were mixed and activated every 12 h to reach a homogeneous state
prior to use. The characteristics of the sediments are shown in Table 1.
The general properties of the pretreated sediment were then analyzed
using standard methods described by Bodin et al. (2013) and Yang et al.
(2019).

Table 1
Chemical characteristics of mangrove sediments (n = 3).

Parameter Mean values
Total organic matter (%) 12.56 + 0.74
Moisture content (%) 53.65 *= 0.02
C (%) 1.30

H (%) 1.12

N (%) 0.12

PH (sediment: water=1:2.5) 7.64 = 0.02
Salinity (%o) 16.32 + 0.24
Total As (mg kg™ ") 14.77 + 0.85
Total Fe (g kg™ 1) 4.03 + 0.30
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2.2. Desorption experiments

Citric acid, malic acid, and oxalic acid were selected as typical
LMWOAs to examine the influence of their dose and pH on the deso-
rption and extraction of As in the water-sediment system. All treatments
were carried out in 50 mL polyethylene centrifuge tubes with 20 mL
LMWOA and 0.5 g fresh sediments. Each tube was shaken by a vortex
oscillator for 30 s to blend the mixture. The ratio of sediment to
LMWOA was calculated with the aim of achieving complete desorption
and extraction at equilibrium. The background solution contained
0.01 mol L™ sodium chloride as an electrolyte solution to maintain
ionic equilibrium (Chakraborty et al., 2012b; J.Q. Li et al., 2019) and
three sets of experiments were conducted.

In Experiment 1 (E1), working solutions of the three LMWOAs
were diluted using ultrapure water (18.2 Q) containing different acid
concentrations (0, 1, 2, 4, 6, and 8 mmol L™1). In Experiment 2 (E2), a
suitable concentration of LMWOAs was selected based on the results of
E1 to adjust the working solutions to different gradient pH levels (2, 3,
4,5, 6, and 7; all LMWOAs = 2 mmol L™ in order to examine the
influence of the same dose of LMWOAs in different pH conditions. In
Experiment 3 (E3), the concentrations of working solutions were the
same as in E1, but their pH levels were maintained at 5 (LMWOAs: 0, 1,
2, 4, 6, and 8 mmol L™%; for all, pH = 5). Sodium hydroxide and hy-
drochloric acid were used to regulate the pH of the LMWOA solutions.
All tubes were incubated in a rotary shaker (Saifu BHWY-200 Shaker) at
200 rpm and 25 °C in the dark for 24 h. Each tube was centrifuged at
8000 rpm for 10 min after incubation. The supernatant was further
passed through a 0.45 pm filter membrane prior to analysis. A triplicate
experiment was conducted to determine variations in As and Fe species
and the pH of the supernatants. Blanks with no additional As were used
as controls. All chemical reagents were of analytical grade.

2.3. Instrumental analysis

The supernatant pH was measured using a pH meter (Leici PHS-2F,
Shanghai, China). Total As concentration was determined using an
atomic fluorescence spectroscopy photometer (AFS-930, Beijing Jitian
Co. Ltd., China). The determination of ferrous iron, Fe (II), and total
iron (Fe) was accomplished using the 1,10-phenanthroline spectro-
photometric method at a wavelength of 510 nm (UV-vis Spectrometer,
Beijing Ruili Co. Ltd., China), as described elsewhere (Sun et al., 2019).
The Fe was reduced to Fe (II) with hydroxylamine hydrochloride
(NH,OH-HCI) and sulfuric acid. The content of trivalent iron, Fe (III),
was calculated by subtracting data for Fe (II) from Fe.

2.4. Desorption kinetics

The Freundlich isotherm was used to represent the adsorption
equilibrium (kinetic reaction) of the liquid onto the surface of a solid
material such as contaminated sediments (or microplastics) in batch
experiments (Tor et al., 2009; Gouda et al., 2019; Wang et al., 2019).
The desorption and migration of heavy metals from solid-phase sedi-
ments to liquid-phase sediments were evaluated using the Freundlich
isotherm equation as a reverse process:

Com = a * CBy, €h)
The form of logarithmic variation (all base 10) is as follows:
logCpm = a * log Cgy + log B (2)

where Cpy (mg kg 1) indicates the concentration of dissolved metal in
the liquid phase, Csy (mg kg™') represents the content of sediment
metal, and o and P are the Freundlich coefficients.

This process is affected by environmental conditions such as the pH
of the sediment and its microenvironment, the content of organic
matter, and the total metal content of the sediment. Based on the above,
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the following semi-empirical equation was proposed to describe the
desorption of heavy metals (Cu, Zn, Cd, Pb, etc.) in contaminated soil
solutions. For more detailed information, see McBride et al. (1997) and
Sauve et al. (2000).

logDM = a + 6*pH+y*log(m)

OM 3

where DM (mg kg~ 1), pH, TM (mg kg~ 1), and OM (g kg~ 1) indicate the
dissolved metal in the liquid phase, the pH of the soil solutions, and the
total metal and organic matter content of the soil samples respectively,
while a, B, and y are constants.

In our batch experiments, we studied the effects of various factors
such as the dosage, pH, and the type of organic acid involved. We used
the following predictive equation to describe the migration of As in the
mangrove sediment mixture and LMWOAs solution:

TAs )

logAs = a +  * pH + y * log| ——
g B+pH+y g(LMWOA

()]

Here, As (mg kg~ ') indicates the As content in the liquid phase, pH
represents the pH value of the solution, TAs (mg kg~ 1) is the total As in
the sediment, and LMWOA (g kg_l) is the concentration of organic
acid. a; 3, and vy are constants.

2.5. Statistical analysis

Data processing and statistical analyses were performed using IBM
SPSS, version 23.0 (SPSS Inc., Chicago, IL, USA). One-way ANOVA and
multiple comparisons (LSD, Duncan's multiple range tests) were per-
formed in order to test for significant differences between the variables.
Spearman's correlation analysis was performed to determine the re-
lationship between the treatments. Graphs were drawn using Origin 9.0
and GraphPad Prism 6 software.

3. Results
3.1. Variations of supernatant As

The concentrations of As in the supernatant in different As and
LMWOA treatments are shown in Fig. 1. Significant increases
(p < 0.01) were observed in all supernatant As concentrations after
the LMWOASs were added compared with the supernatants that received
no LMWOAs. The As content showed a tendency to increase with in-
creasing concentrations of LMWOAs in E1 (Fig. 1a, b, and c). More As
was extracted by LMWOASs from sediments with high As content (As4)
than from those with low As content (Asy) sediment (Table 2).

At the same LMWOA concentration level, the three LMWOAs
showed a capacity to extract As in the following order: citric acid
(p < 0.05) > malic acid > oxalic acid (p > 0.05). The average
concentration of As in the supernatant of citric acid was greater than
those in malic acid and oxalic acid by factors of 1.47 and 2.42 re-
spectively.

For As treatments at the same molar levels, the As concentrations
were in the following order: As40 > As0. For As concentration in the
control group (As0), no significant difference (p > 0.05) was observed
between the low LMWOA dose (0-2 mmol L.~ ') and the high LMWOA
dose (4-8 mmol L™1). However, there was a significant difference
(p < 0.01) in the As40 group between the low (0-2 mmol L™ 1 and the
high (4-8 mmol L™ 1) concentrations (except for oxalic acid, see
Fig. 1c). This indicates that 2 mmol L~! LMWOA was the critical and
optimal concentration to mobilize As and was subsequently applied in
E2 in this study.

The results of E2 showed that, in general, As content decreased as
pH increased (Fig. 1d, e, and f; except for citric acid at pH = 2). Unlike
in E1, the extraction of sediment-borne As by LMWOAs was in the
following order: citric acid > oxalic acid > malic acid (p < 0.01). The
results showed that the supernatant content of As in citric acid was 5.45
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times and 4.09 times those of malic acid and oxalic acid respectively,
indicating that malic acid and oxalic acid were more susceptible to
increasing pH than citric acid.

There was an ascending trend under the same pH for As con-
centration in the supernatant for both citric acid and malic acid (but not
for oxalic acid, see Fig. 1 E3). The capability of LMWOAs to extract As
sediment was in the following order: citric acid > malic acid > oxalic
acid (p < 0.05). The greater the LMWOA concentration, the higher the
amount of As extracted (Fig. 1g). In general, As concentration in the
supernatant increased significantly (p < 0.05) as the dosage of citric
acid increased for both the AsO and As40 groups. As with the malic acid
treatment in E1, there was no significant difference (p > 0.05) be-
tween the high and low LMWOA doses in the As40 group (Fig. 1h).
Moreover, no significant change was observed in the As content ex-
tracted by oxalic acid at the same pH (Fig. 1i).

3.2. Variations of supernatant pH

The initial pH of several LMWOAs before treatment decreased as the
concentrations increased (1, 2, 4, 6, and 8 mmol L™ '). The pH ranges of
malic acid (2.69-3.07) and citric acid (2.53-2.87) were higher than that
of oxalic acid (1.32-1.44). Changes in the supernatant pH in this study
are shown in Fig. 2. A significant increase in pH (p < 0.05) was ob-
served following treatment with mangrove sediments and extraction.
The influence of the addition of As on pH was not significant
(p > 0.05) in the AsO and As40 groups (Table 2).

The supernatant pH in both E1 (range of R% 0.992-0.997) and E2
(range of R% 0.979-0.994) showed a nonlinear -correlation
(p < 0.001). There was no significant difference in supernatant pH
among the three LMWOAs in E1, while pH in E2 and E3 showed the
following trends of oxalic acid > malic acid > citric acid and oxalic
acid > malic acid/citric acid respectively (Table 2). Under the condi-
tion of the same pH (Fig. 2, E3), the supernatant pH in oxalic acid
showed an increasing trend, but the pH in the citric acid supernatant
showed a decreasing trend. The supernatant pH in both citric acid
(R? = 0.635) and oxalic acid (R> = 0.871) showed a linear correlation
with the concentration of LMWOA, but the supernatant pH in malic
acid presented the same pH level (Fig. 2, E3).

3.3. Variations of Fe species

The content of the three Fe species according to the concentration or
pH of LMWOA is illustrated by nonlinear regression fitting curves with
exponential or logarithmic equations, except for Fe (III) in oxalic acid in
E3 (Fig. 3, p < 0.05). As in As extraction, the concentrations of Fe
species increased as the concentration increased in E1 and E3 (Fig. 3).
The multiple comparisons showed significant differences (p < 0.05) in
the contents of Fe (II) and Fe in the supernatant among the LMWOAs
(Table 2). The three LMWOAs showed a capacity to extract both Fe and
Fe (III) in the following order: citric acid > oxalic acid > malic acid,
while the content of Fe (II) in the LMWOA supernatant followed the
order of oxalic acid > citric acid > malic acid (Table 2, E1). The con-
tent of Fe (III) and Fe for citric acid and malic acid were observed to
increased initially, and then reached a plateau at 4-8 mmol L™ * (except
Fe for malic acid), while Fe (II) content increased gradually for the
three acids (Fig. 3, E1). However, no significant difference (p < 0.05)
in Fe species was observed between the As40 group and the AsO group
in any treatments (data not shown).

t-Test results showed that the Fe species content in E2 (after pH
adjustment) was significantly different (p < 0.01) compared with the
dose of 2 mmol L™ ! LMWOASs in E1. Compared with the dose effects in
E1, the contents of Fe species in E3 were higher at pH = 2, but far
lower at pH > 3 than at 2 mmol L™ of each corresponding LMWOA
(Fig. 3, E1, E3). The content of Fe species showed a tendency to de-
crease with pH, indicating that Fe content was negatively correlated
with pH (p < 0.01).
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Fig. 1. As content in the LMWOA supernatants. A, B, C for Experiment 1 (E1): dose effects of the three LMWOAs; D, E, F for Experiment 2 (E2): adjusted the three
LMWOAS of the same concentration (2 mmol L™ 1) to different pH gradients; G, H, I for Experiment 3 (E3): adjusted all three LMWOAs of different concentrations to
the same solution pH = 5. AsO = control group and As40 = As-enriched group. Different letters were indicated significant differences (p < 0.05).

The content of Fe species in the supernatant in E3 is shown in
Fig. 3g, h, and i. The LSD-t-test results show that the Fe species content
was significantly different (p < 0.01) from that in E1. This suggests
that the extraction of Fe species was inhibited after the adjustment of
the pH of LMWOA (E3). A similar trend was observed for As extraction
in E1, although the pH levels of all the solutions were the same.

4. Discussion

Most studies indicate that root exudates such as LMWOAs can po-
tentially be used to reduce heavy metal pollution in the soil through

acidification, complexation, and reduction-dissolution (McBride et al.,
1997; Onireti et al., 2017; J.Q. Li et al., 2019). The capacity of LMWOAs
along with pH and acid dose to mobilize As and Fe in mangrove sedi-
ments has been fully explored in our work. In our study, individual
LMWOAs significantly differed in their capacity to mobilize As and Fe
species, and this finding t has also been noted in previous research (Jia
et al.,, 2016). The highest value of As supernatant among the three
experiments was found for citric acid extraction at 11.36 mg kg~ in
El, 7.69 mg kg~ ! in E2, and 6.76 mg kg~ ! in E3 (Table 2). These
results are consistent with the findings for As and Pb extraction by
organic acids (Onireti et al., 2017). One the one hand, LMWOAs are
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Table 2
Values of the determined indexes in this study. Fe (II)/Fe (IlI)/Fe: g kg~ '; As:
mg kg~ '. Significant differences (p < 0.05) were indicated by different letters.

Fe (ID) Fe (III) Fe As pH
LMWOAs extraction
El Citric 0.49b 2.56a 3.05a 11.36a 4.29a
Malic 0.21c 1.06b 1.26¢ 5.60b 3.69a
Oxalic 0.86a 1.22b 2.08b 3.65b 4.31a
E2 Citric 0.38a 1.17a 1.56a 7.69a 5.71c
Malic 0.13b 0.27b 0.4c 1.41c 5.94b
Oxalic 0.35a 0.31b 0.66b 1.88b 6.26a
E3 Citric 0.56a 0.79a 1.33a 6.76a 6.65b
Malic 0.08b 0.16b 0.25b 1.45b 6.70b
Oxalic 0.05b 0.16b 0.23b 0.53c 7.49a
As addition
AsO 0.46a 1.54a 2.08a 1.79 4.03a
As40 0.48a 1.65a 2.18a 11.54a 4.18a
AsO 0.22b 0.57a 0.79b 1.16b 5.90b
As40 0.33a 0.59a 0.92a 6.15a 6.09a
AsO 0.21b 0.42a 0.63a 1.3b 6.77b
As40 0.25a 0.36b 0.60a 4.38a 7.13a

associated with changes in As behavior in soil and soil solutions in the
rhizospheric microenvironment (Wang and Mulligan, 2013; Onireti
et al., 2017), and these effects of LMWOAs may be attributable to their
ability to continuously produce conjugated ions (Wang and Mulligan,
2013; Onireti and Lin, 2016). In addition to the ionic effects, the ability
of the tricarboxylic citric acid to extract As was greater than that of

® Citric R?=0.997
®  Malic R?=0.996
A OxalicR?=0.992

pH

0 2 4 6 8
LMWOA (mmol L)
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either of the dicarboxylic acid (malic acid and oxalic acid). The stronger
desorption behavior of citric acid may be related to its number of car-
boxylic substituents and higher acid strength compared with malic acid
and oxalic acid at the same molar concentrations.

4.1. pH dependence of the solution-sediment mixture

The dissociation equilibrium constant (pKa) of organic acids has
been found to have a significant influence on the mobilization of heavy
metals as well (Onireti et al., 2017; Xing et al., 2018). Here, the pH of
the supernatant was significantly negatively correlated with As content
(Fig. 4; except for malic acid and oxalic acid in E3). The strong linear
correlations between As and pH in both E1 and E2 indicate that the
release of sediment As was greatly affected by pH. The acidification
effects of LMWOAs can change the pH of the soil solution (Tu et al.,
2004). However, the higher content of As supernatant observed in citric
acid extraction in this study appeared to be attributable to the strong
complexation that was induced by the LMWOA ligands.

Upon the addition of LMWOAs to the mangrove sediments, pH
variations among the three LMWOASs supernatants were consistent in
both E1 and E2 (Fig. 2). Ageing processes caused LMWOA protons to be
continuously consumed in the mixture, leading to an increase in pH and
drastic changes in the Fe species (Lu et al., 2007; Marschner, 2013). The
mechanism involved may be attributable to the following processes: 1)
the H" -driven dissolution of soil mineral and proton consumption
caused by the cation exchanges in neutralization reactions; 2) differ-
ences in the types and structures of LMWOAs and the different values of

=

Citric R>=0.979
Malic R2 = 0.985
Oxalic R?=0.994

pHWorking solution
2 3 4 ) 6 7

SR

® Citric RZ=0.635
B MalicR2=0.366
A QOxalicR2=0.871

0 2

4 6 8

LMWOA (mmol L)

Fig. 2. The variation of pH in the LMWOASs supernatants in the As-enriched group of this study (no significant difference was found in the pH between the As40 group

and the AsO group, data of AsO group not shown).
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Fig. 3. The content of Fe species supernatant in the As-enriched group; A, B, C for E1; D, E, F for E2; G, H, I for E3. Fe (II) = black circle; Fe (III) = red square; total
Fe = blue triangle. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

pKa (acid dissociation constant) of citric acid (3.13, 4.76, 6.40), malic
acid (3.46, 5.11), and oxalic acid (1.23, 4.19); and 3) the physico-
chemical properties of the sediments such as the content of Fe/Al mi-
nerals (Onireti et al., 2017).

4.2. Cooperation with Fe species and its influences

The substantial Fe content (4.03 + 0.30 g kg™, Table 1) present in
mangrove sediments (Fe oxide, Fe hydroxide, and Fe minerals, etc.) is
closely related to the behavior of As, including in the neutralization
reactions of the (co-)precipitation of secondary Fe/Mn/Al oxyhydr-
oxides (Vitkova et al., 2015). There was a positive correlation between
the As and Fe species in the supernatant (Fig. 5, except for oxalic acid in
E3). Values of R? (Pearson correlation) for Fe and As ranged from
0.770-0.973; Fe (II) vs. As: 0.515-0.931 and Fe (III) vs. As:
0.700-0.987 (Fig. 5i is not included, p > 0.05). It may suggest that
LMWOAs extracted As and Fe species from the sediments through the
dissolution of Fe compounds (Lu et al., 2007). Fe complexes play an

essential role as adsorbents in soil adsorption, such as when dissolved
soil-borne Fe binds arsenate and heavy metals (Onireti et al., 2017).
This mechanism may involve two pathways: 1) the interaction of As
with exchangeable Fe to form As-Fe compounds directly; and 2) the
coupling adsorption and co-precipitation of Fe compounds (oxide/hy-
droxide, amorphous Fe, etc.) with sediment-borne As (Onireti et al.,
2017).

Amorphous Fe and poorly-crystallized Fe have a strong affinity for
heavy metal(loid)s (Tu et al., 2004). As has been demonstrated as-
sociate with amorphous and poorly-crystalline Fe and Al hydrous
oxides (Wu et al., 2016). For instance, Pb and As in the soil extracted by
organic acids were significantly affected by Fe content (Feng et al.,
2013). Our results also showed higher pHs weaken Fe species extraction
(Fig. 3, E2). These processes were also closely associated with Fe
compounds, such as in the chemical co-precipitation between As (III)
and FeS at pH = 5, while surface adsorption replaced it at pH > 6
(Onireti and Lin, 2016).

The amounts of Fe species and As in the supernatant extracted by
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Fig. 4. The plots of the supernatant pH vs. As in the As-enriched group.

oxalic acid at the same pH value of 5 were extremely low (Fig. 5i),
indicating that insoluble Fe oxalates and oxalate surface complexes
were probably formed when the oxalate concentration was insufficient
(Vitkova et al., 2015). In comparison to E1, in E3 the solubility of Fe
oxalate decreased as pH increased (Fig. 3c, i). The low concentration of
oxalic acid meant that Fe-oxalate co-precipitates formed, while soluble
Fe oxalate was generated at higher concentrations (Tu et al., 2004;
Onireti and Lin, 2016). This may be due to the direct generation of HO-
induced by dissolved ferric ion (Wang et al., 2013). The marked drop in
As supernatant in malic acid and oxalic acid in E2 indicates that the
concentration of 2 mmol L™! was too low to effectively extract sedi-
ment As or mobilize Fe species (Fig. 3e, f). The dissolution of Fe oxides
could be facilitated by the formation of soluble Fe-ligand complexes
when abundant concentrations of LMWOAs are present (Onireti et al.,
2017). However, unstable chelates of carboxyl groups and heavy metals
affect the adsorption of sediments (Panias et al., 1996), due to factors
such as space size and the number of carboxyl (-COOH) and phenolic
(-OH) functional groups. The formation of soluble complexes affects the
bioavailability of heavy metals and alters their toxicity in the rhizo-
sphere (Jones, 1998).

4.3. Other possible influential factors

Apart from the mechanisms mentioned above, LMWOA acidification
is another major factor affecting the rhizosphere. LMWOAs can acidify
and decrease the pH of the rhizosphere through nutrient uptake and
coupling protons near roots as a result of ion imbalances (Mench et al.,
2010). This study found a significant negative correlation between pH
and As (p < 0.001). However, no significant difference (p > 0.05) in

supernatant pH was observed among the three LMWOAs in E1, al-
though there were differences in the As and Fe species (Table 2). These
results indicate that the pH effects of LMWOAs themselves may not be
the most important factor in regulating the mobilization and migration
of As and heavy metals. Another noteworthy finding is that the number
of carboxyl groups and protons on the organic ligand increased the
surface area of the binding sites in contact with the sediments and led to
the migration of As and Fe into the solution. Total organic matter
(12.56 * 0.74%, in this study) in the sediments plays a vital role in
controlling As bioavailability (Chakraborty et al., 2012a).

A positive correlation between the supernatant As content and the
pH of malic acid and oxalic acid was found in E3, whereas the opposite
was found for citric acid (p < 0.05, Fig. 4, E3). These results were
consistent with the correlation between supernatant pH and LMWOA
concentration (Fig. 2, E3). This means that the acid-neutralizing ca-
pacity of both malic and oxalic acids was attenuated at the given pH
(=5) and the protons introduced by the LMWOAs were mostly con-
sumed by the sediments. The reductive and non-reductive dissolution of
Fe is crucial to the release of As (Han et al., 2011). Plus, the dissolved
organic matter contained in mangrove sediments can also interact with
Fe/Al colloids, and their binding influence may indirectly increase the
mobilization of metals in a soil solution (Onireti et al., 2017).

4.4. Predictive desorption model

Details of the mechanisms involved in the relationship between pH,
As, and LMWOAs are as yet unknown. However, as shown in Fig. 6,
from the semi-empirical kinetic reaction model (Eq. (4)) proposed in
this study, it was found that E1 (R* ranging from 0.88 to 0.92) and E3
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triangle; Fe =

(R? ranging from 0.64 to 0.95) both displayed good correlations
(p < 0.001) using multiple regression analysis. The poor relationship
in E2 (range of R? 0.08-0.43) may be attributable to the same and low
concentration of LMWOAs. No statistical significance was observed for
citric acid extraction in E2, and malic acid (R? = 0.4301, p = 0.006)
and oxalic acid (R = 0.2904, p = 0.03) both showed obvious effects
affected with the same concentration of LMWOAs (Fig. 6, E2), in-
dicating that the desorption of As was tightly connected with all three
regulatory factors of pH value along with the type and concentration of
the LMWOAs.

5. Conclusion

The results of this study indicate that the bioavailability of As and
Fe species significantly increased (p < 0.001) with the addition of root
exudates. The As levels in supernatants extracted by the three LMWOAs
at the same concentration were in the following order: citric acid >
malic acid/oxalic acid. At the same pH, As extraction exhibited the

red square. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

trend: citric acid > malic acid > oxalic acid. The As supernatant con-
centration was significantly positively correlated with LMWOA con-
centration and negatively correlated with supernatant pH. The mobi-
lization and migration of As were closely related to the dissolution of Fe
species. The results suggest that the promotion by LMWOAs of the re-
lease of As sediment may occur via the dissolution of Fe compounds.
Increasing the pH boosted the capacity of the dissolved Fe compounds
to co-precipitate with As and be transferred from the LMWOA solution
to the solid phase. These results suggest that the use of organic acids as
activating and chelating agents for heavy metals such as As deserves
more attention in the remediation and treatment of heavy metal pol-
lution in mangrove wetlands.
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