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A ternary CaMgFe-LDH was developed for the immobilization of aqueous arsenic from capillary water in
paddy soils, with an outstanding removal performance for aqueous arsenite (As(in). In an As(in) solution,
the ternary LDH achieved a removal capacity for arsenite of approximately 16 mg g~ after 5 h, with

a low equilibrium concentration of As(in) (0.048 mg L™%). The As(i) removal capacity of LDH was studied
with the different Ca/Mg molar ratios in LDH, which demonstrated that ternary LDHs with a higher Ca
content can remove As(il) more effectively and rapidly. Accordingly, the ternary LDH material was used
in the immobilization of total arsenic from a paddy soil system, achieving a removal efficiency for As(in)
of 47% and a total As concentration of 346 ug L™ in capillary water after 40 days. Compared to that of

the binary Mg—Fe LDH, the As removal performance of the ternary LDH was higher, which was attributed
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to the As precipitation with Ca in the first 20 days during the experiment. This, along with the efficient

adsorption of As on the residual Mg—Fe-LDH framework, was responsible for the low concentration of

DOI: 10.1039/c6ra28116h

rsc.li/rsc-advances paddy soils.

1. Introduction

Arsenic in soil poses a severe problem in several countries, such
as China, Vietnam, Bangladesh, Thailand and Pakistan. Arsenic
in paddy soils can be transported via capillary water of soils to
rice, thus posing a high risk to human health."* Thus, a lower
concentration of As in capillary water would lead to a decrease
in the uptake of As by rice plants. For practical applications,
sequestration by adsorption has emerged as a promising tech-
nology to remove aqueous arsenic from soil as it does not yield
by-products.>* As a result, the adsorbents such as zeolites,®
activated alumina,® activated carbon,” anionic clays,® and metal
oxides/hydroxides® have been developed to remediate arsenic-
contaminated soils. Particularly, Fe-containing compounds,
with higher affinity for selected oxyanions, have been widely
used for the removal of contaminants, particularly arsenate
(As(v)).**** However, in paddy fields, the anaerobic medium can
promote the reduction of As(v) to As(m), which is more toxic
than As(v).">"* In such a case, Fe-containing compounds such as
Fe,0; showed a lower adsorption capacity for As(u) than for
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As. Therefore, our study proposes a promising approach to the remediation of arsenic-contaminated

As(v), which led to higher As(m) concentrations in capillary
water, with further accumulation of As(m) in rice. Therefore, the
efficient immobilization of arsenite is challenging.™

The adsorption of anions on layered double hydroxides
(LDHs) has attracted much attention. The general formula for
LDHs is [M>*;_ ,M** (OH),]*"[(A" )un-yH,O]~, where M>" and
M?* represent divalent and trivalent metal cations, respectively,
and x denotes the molar ratio of M*" to total metal, which
ranges from 0.23 to 0.30 for a pure LDH structure.*® A"~ repre-
sents the interlayer anions, which balance the positive charge
on the metal hydroxide layer. As the bonding interactions
between layers and anions are relatively weak, host anions such
as NO* and Cl™~ in LDHs can be readily exchanged with various
guest organic and inorganic anions. Based on this feature,
LDHs have already been proven more efficient for the removal
of various oxyanions, including phosphate, chromate, selenite
and arsenate, than Fe oxides or hydroxides.'**® Since As(u)
shares a similar microstructure with the abovementioned oxy-
anions, LDHs could be potential candidates for As(u)
immobilization.

In addition to anion exchange, the variety of cations con-
tained in the LDH layer also improved the capture of anions. In
our previous study, a Ca-based LDH was used to remove arsenic
from an aqueous solution by precipitation of calcium arse-
nate.'® In another study, Ca was doped into a MgFe-LDH to form
a ternary MgCaFe-LDH for the enhanced removal of pyrophos-
phate (PP) and triphosphate (TPP) in water. The results

This journal is © The Royal Society of Chemistry 2017
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demonstrated that the release of Ca from the LDH matrix was
responsible for the precipitation of anions, while anion
exchange on the resultant Mg-rich LDH framework contributed
to the immobilization of anions.'”*® Since the precipitation of
As(ur) with Ca was also verified in solution,”*** it was suggested
that As(um) may be immobilized more effectively by the Ca/Mg
ternary LDH than by the binary system from both capillary
water and soil. To the best of our knowledge, the application of
ternary LDH systems for As(mr) immobilization from paddy soils
has not been reported.

Therefore, the objectives of this study were the following: (1)
to prepare and characterize a series of LDHs with different Mg/
Ca ratios; (2) to study the removal of As(ur) by the as-prepared
LDHs based on the isotherm and kinetics curves; and (3) to
establish an efficient process for the removal of As by the as-
synthesized LDH from a simulated paddy field system.

2. Materials & methods

2.1 Synthetic procedures

All chemicals were purchased from Sinopharm Chemical
Reagent Co., Ltd., China. All reagents were of analytical grade
and were used as received without further purification. To
minimize contamination with carbon dioxide, deionized water
was used in the experiments. The corresponding Mg;_,Ca,Fe-
Cl-LDHs samples, where x = 0, 0.3, 1.0, 1.5 and 3.0, were
denoted as LDH,. These were prepared via coprecipitation by
addition of the pre-mixed metal chlorides to a basic solution
under vigorous stirring. For instance, to prepare LDH;, 8.820 g
of CaCl,-2H,0 (0.06 mol) and 6.762 g of FeCl;- 10H,0 (0.02 mol)
were dissolved in 50 mL of water (solution A). Solution B was
prepared by dissolving 6.0 g (0.150 mol) of NaOH in 100 mL of
water. Solution A was added to solution B under vigorous stir-
ring for 4 h and subsequently, the suspension was aged for 18 h
at room temperature in a N, atmosphere. The precipitate was
collected by centrifugation at 2500 rpm for 8 min and washed
twice with 150 mL of deionized water. Sample was desiccated at
60 °C in a vacuum oven. Other LDHs were prepared in the
similar way by varying x according to the designed value.

2.2 Removal of aqueous As(m)

For the adsorption isotherms, a series of As(m) solutions with
concentrations ranging from 1 to 12 mg L™ " at a pH of 7.0 were
prepared by dissolving Naz;AsOj;. Typically, 1000 mL of the As(m)
solution and 0.50 g of LDH, were mixed in a sealed conical flask.
The adsorption was conducted under oscillation in a water bath
at 25 °C and the remaining arsenite(u) concentration in each
solution was determined accordingly within 24 h. The kinetics
for the removal of As(m) by Mg; ,Ca,FeCl-LDHs was investi-
gated by monitoring the As(u) concentration in 1000 mL of
a solution with an initial As(m) concentration of 10 mg L™" to
which 0.50 g of LDH, had been added. At certain intervals, 5 mL
of solution were extracted, and filtered through a 0.22 pm
microporous membrane prior to determining As(i) concentra-
tion. Other metal concentrations were also analyzed.
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2.3 Release of As(m) in a paddy field system and removal by
LDH

Five duplicated samples of 450 g of paddy soil were artificially
contaminated by adding 0.48 mmol of As(u). One of the
duplicates was set as a control group, while LDH,; and LDH,
were added in other four duplicates. Soil samples were aged for
30 days after contamination with As(m) to ensure a better
immobilization of As(ur).

Three circular plastic buckets (1 L, diameter 10 cm) were
weighed, and the soil was added into these buckets. Rhizon
sampler pipes for capillary water were placed into the soil. The
water was gently added to the buckets until the height of surface
water was 3 cm over soil. The buckets were maintained at
a constant temperature (25 °C) and humidity (55% RH). From
the flanks of the buckets, 5 mL of capillary water were sampled
every day via vacuum tubes, and the pH of the water sample was
measured. All samples were acidified with 0.6 mmol of HCI, and
then stored at 4 °C. Then, the concentration of metal ions and
As(ur) was measured. The LDH dosage of 0.2 and 2.0 g was used
at the equilibrium of As(ur) removal.

2.4 Characterization

A portable pH-meter with a glass electrode (Aqua Cond/pH, TPS)
was used to measure the pH. The concentration of heavy metals
in solution was analysed by inductively coupled plasma-atomic
emission spectrometry (ICP-AES, Prodigy, Leeman Co.). After
centrifugation and filtration with a 0.22 um filter, the concen-
tration of As(m) and As(v) was determined by high performance
liquid chromatography-hydride generation-atomic absorption
spectroscopy (HPLC-HG-AAS). These species were separated
with a Hamilton PRP-100. The total concentration of As was
determined by the same method but without using a Hamilton
PRP-100. The powder X-ray diffraction patterns for the solid
sample were recorded on a Dmax/RB diffractometer (Rigaku
Co.)with Cu K, radiation (A = 0.15406 nm) at 40 kV and 100 mA.
Crystalline parameters were calculated by the Scherrer equa-
tion. The Powder Data File (ICDD-JCPDS) was used for the
analysis of the patterns. The C content of the LDHs was deter-
mined by elemental analysis (EA3000, Leeman Co.).

3. Results and discussion

3.1 Characterization of solid samples before and after As(u)
removal

Fig. 1A shows the XRD patterns of the as-synthesized LDHs with
various Ca contents. The XRD pattern of the Mg-based binary
LDH (LDH,) displayed a series of diffraction peaks at 11.14°,
22.44°, 34.32°, 59.34° and 60.90°. The XRD pattern of LDH;
displayed diffraction peaks at 11.31°, 23.14°, 38.39°, 54.12° and
55.90°, which were indexed to the Ca-based binary LDH. In the
XRD of ternary LDH, (x = 0.3, 1.0, 1.5), characteristic peaks of
both Mg-LDH and Ca-LDH were observed as the Ca content
increased in Mg-based LDHs. No impurity was observed in any
of the samples, suggesting that pure LDH was synthesized as
expected. The lattice parameters obtained from the XRD
patterns are listed in Table 1. According to the Bragg's law for
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Fig. 1 (A) XRD patterns of the synthetic LDHs, (B) XRD patterns of the
LDH sample after As(in) removal; (a) LDHg, (b) LDHg 3, (c) LDHy, (d)
LDH; 5 and (e) LDHs.

the crystalline, the d-spacing indicated the formation of
a layered structure, and the intercalation of Ca within the layers
led to a decrease of the interlayer distance. This indicated the
successful establishment of a ternary LDH system. The results
of the elemental analysis are also listed in Table 1. The metal
composition was close to the designed value for most samples.
The ratio of divalent to trivalent metal ranged from 2.26-2.9,
which was within the value for pure LDH, in agreement with the
XRD results. The Ca content in LDH, ; was not as high as ex-
pected, indicating that its structure was closer to that of the
binary Mg-LDH. Interestingly, despite the significant variation
on the determined Mg/Ca molar ratio in LDH; and LDH; ;5
(ranged from 1.23 to 2.63), both samples demonstrated an
identifiable ternary LDH structure. Due to the release of Ca from
the LDHs, it was assumed that both LDH,; and LDH; 5 were able
to remove As(m) by precipitation with the released Ca, as well as
by adsorption on the LDH matrix. Moreover, with the increase
in Ca content, the carbon content in the LDHs increased
slightly, which suggested a higher number of carbonate anions
in the interlayer of ternary LDHs. In addition, the LDH, (x =
0.3-1.5) formula was estimated, which indicated the proportion
of Cl in ternary LDHs was higher than that in the binary Ca-
LDH. Such result suggested a higher anion-exchange ability
for the ternary LDHs.

Fig. 1B shows the XRD diffraction patterns of the LDH
samples after As(u) removal. On the pattern of the resultant
LDH; there were no LDH characteristic peaks, and only those
attributed to CaCO; were observed, which indicated the
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collapse of the LDH structure upon Ca release. On the other
hand, the XRD pattern of LDH, displayed diffraction peaks at
11.31°, 22.48°, 33.79°, 37.63°, 59.02° and 60.36°, which were
indexed to Mg-LDH. This suggested the adsorption of As(ur) on
the binary Mg-LDH. For ternary LDH samples, the diffraction
peaks of Mg-LDH could be observed while no diffraction peaks
of Ca-LDH were observed regardless of Ca content before As(ur)
removal (such as LDH; and LDH, 5). The d-spacing value of LDH
strucutre in XRD patterns of LDH,, LDH, 3, LDH; and LDH, 5
after As(m) adsorption was 0.7925, 0.8010, 0.7928 and
0.7929 nm, respectively, close to that of LDH, before adsorption
of As(m). These results were consistent with our previous work
on phosphate removal by ternary LDHs and suggested that the
Mg-LDH framework in solution was highly stable.'” Accordingly,
As(ur) removal can occur both via adsorption on the LDH
structure and via precipitation with the Ca released from the
ternary LDHSs.

3.2 Performance of ternary LDHs for the removal of aqueous
As(m)

Fig. 2 shows the kinetics and isotherm curves for the removal of
aqueous As(m) by LDHs with different contents of Ca. As shown
in Fig. 24, the kinetics of As(ur) removal by LDH, over 24 h
involved a relatively sharper increase in the amount removed
within the first 10 h, followed by a gentle increase thereafter.
The maximum removal capacity was approximately 15 mg g™,
indicating that 75% of As(u) was removed. In comparison,
LDHs containing Ca exhibited a higher removal capacity for
As(ur). A rapid increase in the amount of As(m) removed was
observed for LDH, (x = 0.3, 1, 1.5) in the first 2-7 h, with
a constant removal capacity of 15 mg g~ ' at equilibrium. Thus,
a higher content of Ca in the LDHs appeared to favour a rapid
equilibrium. For instance, LDH, ;s reached equilibrium for
As(ur) removal after 2 h, while LDH, ; reached equilibrium after
7 h. Table 2 lists the results obtained after fitting the kinetics
data to a Laguerre first-order equation and simplified Elovich
equation, which indicated that the removal kinetics was in
better accordance with a Laguerre first-order equation. It also
suggested that the removal of As(m) could be described by
a chemical reaction equation. Moreover, the reaction rate
constant (K;) increased as the estimated removal capacity (g.) at
equilibrium increased. LDH, 5 exhibited the maximum removal
capacity, of 15.6 mg g, which was higher than that of LDH,,.

Table 1 Lattice parameters and chemical composition of Mgs_,Ca,FeCl-LDH

Measured compositionb

Samples Carbon content (%) d-Spacing” (nm) Mg/Ca M (1r)/Fe () Estimated LDH formula“

LDH, 3.03 0.763 — 2.87 Cay gFeCly 5,(CO3).24-4.9H,0

LDH, 5 2.26 0.773 1.23 2.60 Mg, 4Cay ,FeCly 70(CO3)o.15-3.2H,0
LDH, 0.99 0.781 2.63 2.83 Mg, 0Cag sFeCly 56(C03)o.065 - 2.8H,0
LDH, 5 0.63 0.795 20.7 2.26 Mg;.,Cap 1FeCly 05(C03)0.037 - 2.1H,0
LDH, 0.37 0.804 — 2.90 Mg, oFeCly.05(CO3)o.024- 2H,0

“ d-Spacing was calculated by the equation d-spacing = (doos + 2doos)/2. © M represents a divalent metal, either Mg, Ca or both. © Compositions were

determined by the stoichiometric number of Fe.
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Fig. 2 Study of the removal of As(i) by LDHSs: (a) removal kinetics for
a As(i) concentration of 10 mg L™* and (b) adsorption isotherms for
As(i) concentrations ranging from 1-12 mg L™%

Table 2 Parameters of kinetic modeling of As(in) removal by Mgsz_,-
CayFeCl-LDH for Co =10 mg L~ (Co denotes the initial concentration
of As(in))

First order Lagergren

equation g, = q.(1 — Simplified Elovich equation

exp(—Kit)) g =A+BInt
Samples K; qe R’ A B R
LDH, 0.0054  14.5140 0.9484 —1.4165 2.0779  0.8299
LDH, 3 0.0143  15.2834  0.9582 0.3474  2.2160  0.9087
LDH; 0.0454  15.2380  0.8793 4.4352  1.7709  0.8900
LDH, 5 0.0616  15.6000  0.8858 5.5665 1.6711 0.8194

Thus, the improvement in the As(m) removal capacity by the
incorporation of Ca suggested that the As(u) removal capacity of
MgFe-LDH could be enhanced by adding Ca to the LDH struc-
ture. This was in agreement with the results obtained for the
adsorption of phosphate on MgCaFe-LDH on a previous work."”

The As(m) removal capacity of LDH, (0.3 < x < 1.5) was eval-
uated for various initial concentrations of As(i) ([As(u1)]ini), and
compared to that of LDH,. As shown in Fig. 2B, the equilibrium
concentration of As(m) after its removal ([As(u)]s,) on all
samples was higher for higher [As(wm)]iy. For instance, for
LDH, 5, the [As(m)]s, increased from 0.089 mg L™ to 3.56 mg
L~ " as [As(u1)]s, increased from 1 mg L™ " to 12 mg L. Likewise,
the [As(m)]g,, for LDH, at the highest [As(m)];n; was 5.62 mg L™,
with a [As(m)]g, of 0.065 mg L™" at a [As(m1)]in; of 1 mg L', The
same trend was observed for LDH, ;. It should be noted that the
[As(m)]gn, for a high [As(m)];,; depended on the Ca content in the

This journal is © The Royal Society of Chemistry 2017
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LDHs. As a result, the maximum removal capacity for As(ui)
decreased from 17.2 mg g~ ' to 13.1 mg g ' as the x value
decreased from 1.5 to 0. Therefore, it was concluded that the
ternary LDHs with x = 1.0 and 1.5 displayed excellent removal
performances, especially for As(u) contamination at relatively
high concentrations.

On the other hand, the immobilization of As(m) at low
concentrations from soil capillary water is also of much interest.
As discussed above, for a [As(in)]in; of 1 mg L™, the [As(u)]gy, for
LDH, was lower than for LDH, ;. This suggested that the
adsorption on the LDH led to the improvement of As(ui)
immobilization at low As(m) concentrations. Interestingly, the
[As(m)]g, for LDH, ; and LDH; o was 0.027 and 0.048 mg L7,
respectively, lower than that for LDH,. This indicated that
a small portion of Ca in LDH (x = 0.3 and 1.0) was probably
responsible for As(m) immobilization at low [As(i)];n;. Conse-
quently, controlling Ca content in the LDH appears to be key for
As(u1) immobilization. For further investigation of the As(m)
removal process, LDH, , was selected as a model sample due to
its relatively high performance in the removal of As(ur) among
all the LDH, (0.3 < x < 1.5).

3.3 LDH composition after removal

As expected, the leaching of Mg or Ca correspondingly changed
the final pH when LDHs were used for anion removal.’®** In
terms of the solubility of the individual hydroxides, Ca(OH),
(Ksp = 5.02 x 10~ °) is much more soluble than Mg(OH), (Ksp =
5.61 x 10~ '?), and Fe(OH); is almost insoluble at pH = 8-11
(Ksp = 2.79 x 107°°).%* In the LDHs, the solubility of LDH was
dependent on the dissolution of corresponding hydroxides in
solution. Therefore, most Ca was dissolved in the solution,
increasing water pH. In contrast, only a small fraction of Mg
dissolved, lowering pH." In addition, the leaching of divalent
metals (Mg and Ca) leaves a Fe-rich network with a higher
surface area,” which clearly improves the adsorption capacity
for oxyanions.

In order to gain insight on the effect of composition in LDH,,
the concentration of Ca and Mg, and the pH during As(u)
removal were determined, and results are shown in Fig. 3. Mg>*
was determined for LDH,, LDH, 3, LDH; and LDH, 5 (Fig. 3c).
Mg concentration remained relatively constant at 5.4-6.2 mg
L' and 2.7-3.5 mg L' for LDH,; and LDH,, respectively,
despite the fact that the amount of As(m) removed was
increasing. This indicated that theoretically, a 6% and 4% of Mg
had dissolved after As(m) removal for LDH,; and LDH,,
respectively. In contrast, no Mg in solution was detected for
either LDH; or LDH; 5, which suggested that LDHs with a lower
amount of Mg had a more stable structure. Fig. 3a shows the
profile for the leaching of Ca during As(u) removal, which was
similar to that of Mg. A lower amount of Ca within the ternary
LDH clearly led to a lower equilibrium concentration of Ca. The
value of dissolved Ca for LDH;s;, LDH; and LDH,; was
approximately 60, 40 and 5 mg L™, suggesting that 93%, 95%
and 82% of Ca had leached out, respectively. Visual MINTEQ
was used to study the possibility of precipitation, and the results
showed that no Ca or Mg hydroxides would precipitate in

RSC Adv., 2017, 7, 20320-20326 | 20323
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Fig.3 Concentration of aqueous Ca (a and b) and Mg (c and d), and pH
changes (e and f) during removal of As(in); the initial As(i) concentra-
tion in (a), (c) and (e) was 10 mg L%, and the dosage of LDH was 0.5 g
Lt in each sample.

solution (the dominant species for Ca was Ca®’, and another
species was Ca(OH)"; the same applied to Mg). The detailed
species distribution is shown in Table S2.7 As equilibrium of Ca
for LDH; was reached rapidly with a high removal amount of
As(m) (Fig. S11), the leaching of Ca in LDH,; 5 and LDH, could
lead to a higher As(u) removal within a short time. Since the
removal of As(mr) via anion exchange was a comparatively slower
process (Fig. 2), the simultaneous removal of As by precipita-
tion, which was well exhibited on LDH,, and its practical
application was further investigated in the next section.

As a result of metal release, the pH in LDH, ; was approxi-
mately 10, and pH was close to 11 for both LDH; and LDHj s.
Furthermore, no evident pH changes were observed within
awide range of As(ur) concentrations (Fig. 3f). It seemed that pH
was only determined by the composition of LDH, as indeed
a higher pH was observed for those ternary LDHs with a higher
Ca content. The low leaching amount of Mg from LDH; and
LDH, ; ensured the stability of the Mg-Fe LDH framework after
leaching of Ca, which favoured the adsorption of As(m) on these
two LDHs.

Accordingly, the removal of As(m) was described by the
following equations:

Mg,CaFe(OH)sCl — Mg,Fe(OH)(Cl + Ca®" + OH™ (1)

Ca®* + 2H,As0;~ — Ca(H»As03), (2)
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Mnge(OH)()Cl + HASO37 - Mnge(OH)()(HA503) + CI™ (3)

When LDH was added to the solutions, the majority of Mg
was retained in the LDH, supporting the framework. On the
other hand, Ca was leached, forming an alkaline media (eqn
(1)), in which Ca(H,AsOs3), precipitated (eqn (2)), indicating the
removal of As(ur) by precipitation. Meanwhile, a number of
H,AsO;~ entered the interlayer space of the LDH, and were
restrained by the LDH structure (eqn (3)), which represented an
additional amount of removed As(ui). Moreover, arsenate and

CO,>” also reacted with Ca®*, as shown in eqn (4) and (5),
respectively.

Ca®" + HAsO,>~ — CaHAsO, (4)

Ca’ + CO5>™ — CaCO; (5)

In summary, these ternary LDHs, with a novel composition,
present an excellent stability and significant removal capacity at
the same time.

3.4 Removal of released As(m) in a simulated paddy field
system

Although anion exchange also contributes to As(ur) removal, the
binding of As(m) to the LDH layers was driven by electrostatic
forces, which may be compromised when exposed to a substrate
with a complex composition, such as a paddy field. If this
interaction was weakened, As(m) may be released into water
again.

The leaching of As(ir) was monitored during a 40 day period,
and results are shown in Fig. 4. LDH, and LDH, were selected to
evaluate their removal capacity in a simulated paddy field
system. A control group without LDH, denoted as cg, was also
monitored. For the cg, the concentration of As(ur) and As(v) in
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Fig.4 Dissolution characteristic of As(i) and As(v) in the control group
(cg) and in samples with different types and dosages of Mgz_,Ca,FeCl-
LDH: concentration of As(v) in (a) surface water and (b) capillary water;
concentration of As(in) in (c) surface water and (d) capillary water.
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capillary water increased during the first 28 days, and then
reached a stable concentration of about 1200 ug L™ " and 250 pg
L', respectively (Fig. 4B and D). As shown in Fig. 4B and D,
when 2.0 g of LDH were added, the increase in As(m) concen-
tration was clearly less pronounced. Thus, the equilibrium
As(m) concentration on adding LDH, and LDH, was 693.2 and
635.6 g L' respectively, indicating that 45.2% and 47.0% of
As(m) had been removed correspondingly. This result demon-
strated that the removal of As(m) on the ternary LDH was more
efficient than that on the binary LDH without Ca. It also showed
that, in the first 10 days, LDH, could maintain the concentra-
tion of As(m) and As(v) at 160.88 pg L' and 39.44 ug L},
respectively, which were 50% lower than those with LDH,. It
indicated that LDH; had a better ability to limit the release of
As(ur) and As(v) within the short term. Furthermore, it was
found that a dosage of 0.2 g of LDH failed to prevent the release
of both As(u) and As(v) into capillary water, while a dosage of
2.0 g was able to reduce the concentration of As(m) and As(v) to
693.2 pg L™" and 133 pg L™ ", respectively. On the other hand,
the concentration of As(m) in surface water for both samples
was approximately zero (Fig. 4C), as it was probably oxidized by
microorganisms and Mn(u) released from the soil**?* (the
content of Mn(un) was 0.05%, Table S1t). This led to the
concentration of As(v) in surface water escalating to around 40
ug L' in the first 15 days (Fig. 4D). In the case of 2 g of LDH;,
As(v) could be precipitated by released Ca from LDH and also
being adsorbed by the LDH frame.

Mg and Ca concentrations in surface water and capillary
water were monitored when 2.0 g of LDH were added to the soil
samples, and results are shown in Fig. 5 (the composition of soil
is shown in Table S17). The initial Mg concentration was as low
as to be negligible in both surface and capillary water in soil
system (Fig. 5a and b). When the LDH was added, the Mg
concentration in both surface water was increased, which was
attributed to the Mg leaching from LDH. The similar situation
was observed in the capillary water. The equilibrium concen-
tration of Mg in surface water and capillary water were
approximately 30 and 120 mg L™, respectively, suggesting that
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Fig.5 Mg concentration in (a) surface water and (b) capillary water; Ca
concentration in (c) surface water and (d) capillary water.
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the majority of Mg was still retained within the LDH matrix.
Meanwhile, the Ca concentration in surface water increased
during the first 10 days and remained constant thereafter, at
about 100 mg L™, irrespective of whether LDH was added or
not (Fig. 5¢). However, the Ca concentration in capillary water
when adding LDH, and LDH, was clearly lower than in the cg
(Fig. 5d), indicating the participation of Ca in As(m) removal.
However, the removal amount of As(m) was not as high as the
theoretical value in the hypothesis that all As(u) was precipi-
tated with Ca in capillary water. This was attributed to the
consuming of Ca in the precipitation of As(v) as the decrease in
the total concentration of As. Furthermore, as shown in Fig. 6,
for the control sample, the concentration of total As was 1295 pg
L~" after remediation for 20 days and increased to 1521 pg L™"
after 40 days. By contrast, both LDH, and LDH; inhibited the
release of As such that a total As concentration of 526 and 346
ug L™" was found after 20 days, respectively. Thus, at lower As
concentrations, LDH; showed a better performance for As
immobilization than LDH,. However, after 40 days, an increase
in the As concentration was also observed for the soil samples
treated with LDH addition. The lower concentration of As in
capillary water in the cg indicated the immobilization by LDH.
In addition, a relatively low increase in pH was observed when
LDH was added to the soil (Fig. S21). Therefore, it was
concluded that the ternary LDH could be a promising material
for As immobilization from paddy soils.

4. Conclusions

A ternary LDH with enhanced removal capacity for As(m) has
been successfully applied in a paddy field system. This envi-
ronmentally friendly material has demonstrated an outstanding
chemical stability within aqueous systems owing to the Mg-
dominant matrix, and an efficient removal via precipitation
with Ca®" ions released from the LDH matrix and interlayer
anion exchange. The efficiency of the synthesized LDHs in
paddy field remediation was also verified, and approximately
a 47% of As(m) was removed, with a low concentration of total
As of 346 pg L' in capillary water. Additionally, total As was
immobilized more efficiently on ternary LDHs than on the
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binary Mg-Fe LDH, indicating that the ternary MgCaFe LDH is
a promising material for remediation of As(m)-polluted sites.
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