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Abstract

Arsenic (As) contamination of aquatic and soil environments is a global concern, highlighting the importance of As removal via
high-efficiency and low-cost removal technologies. In the present study, novel trimetallic biochar was developed through
pyrolyzing corn straw impregnated with inexpensive metal Fe/Al/Zn (hydr)oxides. The results of SEM, FTIR, and XRD verified
the formation of metal oxyhydroxides on the surface of the modified biochars, and the modification increased the specific surface
area (SSA), total pore volume (TPV), and surface charge of the Fe/Al/Zn (hydr)oxides modified biochar (FAZ-CB). Compared
with the original biochar, higher sorption rates and capacities was observed for the FAZ-CB. The maximum As (V) adsorption
capacities of FAZ-CB reached 82.9 mg g~'. A pot experiment showed that application of FAZ-CB decreased bioavailable As
fractions in the red soil significantly reduced the uptake of As by arugula in edible part and root (42.6 and 56.8%, respectively).
The present study demonstrated the superiority of FAZ-CB in the As(V) immobilization in red soil, suggesting that it is a
promising candidate for practical application for As immobilization. Therefore, FAZ-CB can be used as a promising function-

alized biochar to remediate As contaminated red soil.
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Introduction

Due to its high toxicity and carcinogenicity, arsenic (As) has
been recognized as a group 1 carcinogen by the International
Agency on Research Cancer (International Agency for
Research on Cancer 2004). Previous studies indicated that
chronic exposure to As may affect all of the organs and sys-
tems of the human body (Kabir and Chowdhury 2017). As is
mainly introduced to the environment via anthropogenic
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activities, including mining, fossil fuel combustion, and pes-
ticide usage (Gao et al. 2020). In As-affected areas, the high
concentrations of As in soil or irrigation water may lead to an
elevation in As concentration in cereals, vegetables, or other
crop products, potentially causing harmful effects on human
health (Guan et al. 2020; Liu et al. 2020a). Therefore, the
remediation of the As-polluted waterbody and soil is urgent
and has attracted wide interest within environmental research
and engineering.

Biochar, a carbonaceous material obtained via conversion
of agricultural wastes and by-products, has received increas-
ing attention due to its benefits in agricultural and environ-
mental contexts (Xiang et al. 2019, 2020). A great number of
studies have reported that application of biochar in soil can
potentially increase soil quality, decrease the bioavailability of
organic or inorganic contaminants, and promote plant growth
(Gao et al. 2019). In addition, the complex porous structure,
high specific surface area, and various functional groups make
biochar a widely used material for heavy metal
remediation (Yang et al. 2020). However, due to the predom-
inant negative charge on the surface of the biochars, previous
studies reported that biochar may have low capability of
immobilizing As from soil because the most common species
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of As in porewater existed as anions, i.e., arsenate (H,AsOy
As(V)) and arsenite (H3AsOs, As(IIT)) (Du et al. 2019). Thus,
the modification methodologies of conventional biochar for
enhancement of As immobilization or removal need further
investigation.

To date, diverse techniques and materials have been devel-
oped to produce modified biochar with enhanced sorption
ability to As (Gao et al. 2020). In particular, modification with
metal oxyhydroxides (e.g., iron oxide, manganese oxide, and
aluminum oxide) can strongly increase the sorption efficiency
of biochar. For example, He et al. (2018) found that the y-
Fe,O3-impregnated biochar, fabricated via thermal pyrolysis
of corn straw and FeCls, exhibited excellent As(V) adsorption
efficiency of 6.80 mg g ' compared with 0.017 mg g~ for
unmodified biochar. Using biochar as soil amendments to
decontaminate As bioavailability and the As content in plant
tissues has been reported. For instance, applying Fe amend-
ments (such as iron, zero-valent iron, and iron-(hydr)oxide)
with biochar can regulate As uptake because a reduction in
mobility and bioavailability of As in soil (Lebrun et al. 2019;
Qiao et al. 2018). Modification of biochar with a secondary
metal has been extensively studied to improve its sorption
ability. Wang et al. (2015) found that Fe-Mn bimetal biochar
composites showed better As(V) sorption ability (3.44 mg
g ') than single metal-modified biochar, which may be due
to the presence of the two metal oxides (MnO and Fe,O3) and
the bimetal oxides (MnFe,O,). Similarly, Fe/Mn modified
biochar could reduce As mobility in paddy soil and transfer
to rice (Lin et al. 2019, 2017). Evidence shows that the en-
hanced reactivity and sorption ability can be found in the tri-
metal-based materials (Liu et al. 2019a; Lu et al. 2018; Xu
et al. 2019). For example, Mg,ZnFe4-Asp-LDH showed
good adsorption performances for both arsenate and arsenite
in aqueous solutions, and the maximum adsorption capacity of
As(II) and As(V) reached 94.81 and 57.42 mg gfl, respec-
tively (Lu et al. 2018). In addition, rare earth metal oxides,
e.g., lanthanum and cerium, were introduced into the compos-
ites to further enhance the As sorption capacity of the bimetal
modified biochars because of their superior affinity to As (Liu
etal. 2019a; Wang et al. 2016). However, the high cost of rare
earth metals precludes their large-scale use as sorbents.
Further modification of biochar should consider the metal
oxyhydroxides with low cost and excellent As sorption capac-
ity to achieve practical application.

In our previous study, the biochars modified with the Fe/Al
(hydr)oxides, which are ubiquitous in aquatic and soil envi-
ronments, were found to show high capacity for phosphorus
adsorption (Peng et al. 2019). Due to the physico-chemical
similarity between As and phosphorus, the Fe/Al
(hydr)oxide modified biochar may be used as an efficient
sorbent for remediating As-polluted soil (Yang et al. 2019).
In addition, zinc (hydr)oxides, with advantages of simple pro-
duction, low cost, and low ecological toxicity, have shown

great adsorption capacity for As (Van Vinh et al. 2015). It
was reported that the presence of zinc (hydr)oxides in the
porous adsorbents, such as LDHs, metal-organic framework,
and biochar (Lu et al. 2018; Baghayeri et al. 2020; Zafar et al.
2017), had increased the adsorption capacity for arsenic. Thus,
the As adsorptive properties of the modified biochar doped
with zinc are worth investigating (Vikrant et al. 2018). In the
present study, the primary aim was to fabricate a zinc doped
trimetallic biochar by making up the defect of pristine biochar
for anion adsorption/immobilization, which can be utilized as
a cost-effective and optimal option for As removal in aqueous
systems and As-contaminated soil remediation. Various solid-
state analysis methods were used to characterize the trimetallic
biochar and the sorption performance for As(V) was investi-
gated in aqueous solution. Furthermore, the speciation frac-
tionation and the accumulation in plant tissues were evaluated
in parallel in the soil amended with the trimetallic biochar. The
hypothesis was that this novel biochar can decrease the avail-
able fraction of As in soil and reduce the tissue accumulation.

Materials
Feedstocks and reagents

Corn stalks (Shangzhuang experimental station, Beijing) were
selected as feedstock for the biochar preparation. The fresh
waste was air-dried before storage, further dried at 105 °C
for 24 h, and sieved through a 2-mm mesh before use.

Sodium arsenate dibasic heptahydrate (Na,HAsO,4 7H,0)
obtained from Sigma Aldrich (Saint Louis, America) was used
to prepare the As(V) stock solution at 200 mg L' and was
diluted with aqueous NaNOs (0.05 mol L™") to prepare fresh
working solution. Other reagents including iron sulfate
(Fe,(S04)3), aluminum sulfate (Al,(SQOy)3), zinc sulfate
heptahydrate (ZnSO,4 7H,0), granular sodium hydroxide
(NaOH), concentrated hydrochloric acid (HCI), and sodium
nitrate (NaNOs) were of analytical grade and purchased from
Shanghai Aladdin Industrial Co., Ltd., China.

Preparation of pristine and modified biochars

The pristine corn stalk biochar (CB) was produced via pyrol-
ysis of corn stalk in a muffle furnace. Briefly, metal cans filled
with dry feedstock powders were heated in a muffle furnace at
10 °C min"" to 600 °C and held for 2 h. The pyrolysis tem-
perature and time were chosen following previous published
studies (Wang et al. 2015; Zhu et al. 2016). The products were
sieved through a 0.15-mm mesh and stored in desiccators
before use.

The modified biochars, including Fe/Al and Fe/Al/Zn
oxyhydroxide impregnated biochars, were synthesized via a
co-precipitation method. The aqueous solutions containing
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0.8 M Fe’*/0.8 M AI** and 0.8 M Fe’*/0.8 M AI**/0.2 M Zn**
were used for preparing Fe/Al corn stalk biochars (FA-CB)
and Fe/Al/Zn corn stalk biochars (FAZ-CB), respectively.
Briefly, 10 mL of 5 mmol L ™" hexadecyl trimethyl ammonium
bromide (HTAB) and 50 mL of the metal solution were trans-
ferred in a 200-mL beaker. It is noteworthy that the HTAB
was used to modify the FA-CB and FAZ-CB to facilitate ion
exchange between the FA-CB/FAZ-CB and As(V) (Atia
2008). A 5-g aliquot of pristine biochar was slowly added into
the solution and the pH was adjusted to 9—-10. The slurry was
then thoroughly mixed by sonication for 20 min. The product
was centrifuged, washed with deionized (DI) water to remove
loosely bound salts until the supernatant was pH-neutral, dried
at 80 °C, sieved through a 0.15-mm mesh, and stored in des-
iccators before use.

Characterization of pristine and modified biochars

The Brunauer—-Emmett—Teller (BET) specific surface areas
and Barrett—Joyner—Halenda (BJH) pore size distribution
were determined through nitrogen adsorption—desorption iso-
therms at 77 K using an automated gas sorption instrument
(ASAP 2460; Micromeritics, Shanghai, China). The electro-
phoretic mobility of biochars was measured using Zetasizer
(Nano ZS90, Malvern, UK) with a fixed scattering angle of
90° and the crystal structure was identified using X-ray dif-
fractometer (XRD) equipped with a CuK« radiation source
(X’Pert-Pro MPD; Panalytical B.V., Almelo, Holland). A
Fourier-transform infrared spectrometer (FTIR, Tensor 27;
Bruker, Karlsruhe, Germany) was used to identify the surface
functional groups. Surface morphology and distribution of
elemental composition were observed using a scanning elec-
tron microscope equipped with energy-dispersive X-ray spec-
troscopy (SEM-EDS, JSM-7610F; JEOL, Tokyo, Japan). The
surface valent states of Fe, Al, Zn, C, and O were analyzed by
X-ray photoelectron spectroscopy (XPS, PHI 5100; ULVCA-
PHI, Kanagawa, Japan).

As(V) adsorption experiments

Adsorption kinetics of As(V) on biochars were examined by
mixing 50 mg of the biochar with 20 mL As(V) solution
(20 mg L") in 50-mL centrifuge tubes. The tubes were then
shaken at 180 rpm on a rotary shaker at 25 °C. At appropriate
time intervals (0.2, 0.5, 1, 2, 4, 6, 12, 24, and 48 h), the tubes
were withdrawn and the mixtures were immediately filtered
through 0.45-pum-pore-size nylon membrane filters. The
As(V) concentrations in the lipid phase were determined by
using inductively coupled plasma optical emission spectrom-
etry (ICP-OES, ICP-7400; Thermo, USA). The concentration
in the solid phase (g, mg g_l) was calculated as follows (Du
et al. 2020a):
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where Cy (mg L") is the initial As(V) concentration, C, (mg
L") is the As(V) concentration measured at time # (min), V (L)
is the volume of solution, and m (g) is the mass of biochars.
The adsorption kinetics were fitted using pseudo-first order
(Eq. 2) and pseudo-second order (Eq. 3) (Zhang et al. 2020b,

c):

g, = q.(1=e ™) (2)
1 1

- = 4t 3

q: kzqez q. ( )

where ¢, (mg g_l) and g, (mg g_l) are the amount of As(V)
adsorbed onto biochars and modified biochars at equilibrium
and at time ¢ (min), respectively, and &, (min ") and k, (g mg_1
min ') are the adsorption rate constants of pseudo-first order
and pseudo-second order, respectively.

The As(V) adsorption isotherms were determined by
mixing 50 mg biochar with 20 mL As(V) solutions of different
concentrations (0, 5, 10, 15, 25, 50, and 80 mg Lfl) in 50-mL
centrifuge tubes. The solution pH was adjusted to 6.5 by
adding 1 M HCI or NaOH. The tubes were then shaken on a
rotary shaker for 24 h at 25 °C to reach equilibrium. The
solution was filtrated through a 0.45-pum-pore-size nylon
membrane filter, and the concentrations in the supernatant
were then determined. The adsorption was calculated by the
same method and further fitted using Langmuir (Eq. 4) and
Freundlich (Eq. 5) models (Li et al. 2015; Du et al. 2020b):

Kiq,C.
_ LYme 4
de 1+ KLC, )
g. = KeCJ" (5)

where C, is the equilibrium concentration of As(V) (mg LY,
¢ 1s the predicted maximum adsorption capacity of As(V)
(mgg "), Ky (Lmg ") and Ky (L mg ") are the Langmuir and
Freundlich constants, respectively, and z indicates adsorption
intensity.

The influence of initial pH on adsorption capacity of pris-
tine and modified biochars was investigated in 20 mg L™
As(V) solutions with different pH values (4-9).

FZA-CB applied in actual As-contaminated soil: pot
incubation study

Red soil (pH 5.3) was collected from an agricultural field site
in Wuzhou, Guangxi Province, China. This soil is considered
contaminated with a total As concentration of 63.3 mg kg .
The sample was air-dried, sieved through a 2-mm nylon sieve,
and mixed homogenously before use. A leafy vegetable, aru-
gula (Eruca sativa Mill.) was selected as the test species.
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Briefly, arugula seeds were germinated in a 25 °C thermostat
incubator (Yiheng MGC-300H, Shanghai). Two days later,
six arugula seeds with uniform size were transferred to each
pot filled with 1 kg of the treated soil. The 28-day incubation
experiment comprising four treatments was designed as fol-
lows: (1) control, without biochar; (2) pristine corn stalk bio-
char (CB); (3) Fe/Al/Zn modified biochar (FAZ-CB). The CB
treatment was conducted with application of 0.1 wt.% CB and
denoted as CB, whereas the FAZ-CB treatments were con-
ducted with application of 0.1 and 1 wt.% FAZ-CB and de-
noted as FAZ-CB-0.1 and FAZ-CB-1, respectively. Three
replicates were used for each treatment. (CO(NH,),) (0.15 g
N kg ! soil), (NH,4),HPO, (0.18 g P kg™' soil) and K,SO,
(0.12 mg K kg soil) were applied as fertilizer and thoroughly
mixed. Plant growth experiments were carried out in an incu-
bator (10 h light, 25 °C, and 65% humidity). The pots were
placed randomly and their positions were changed weekly.
The plants were routinely irrigated with deionized water to
maintain soil water content at 60% of water holding capacity.
After a 28-day growing period, arugula was harvested and
separated into root and edible parts. The plants were washed,
dried at 70 °C for 72 h, and ground for further analysis. The
soil sample was air-dried, ground, and passed through a 100-
mesh sieve before subsequent analysis.

Speciation fractionation of soil As was performed
using the sequential extraction procedures suggested by
Wenzel et al. (2001). Briefly, 1 g of dried soil was
weighed in 50-mL centrifugation tubes and 20 mL of
extractant reagents was added into 50-mL centrifuge tubes
sequentially (Table S4). The mixtures were shaken in a
rotary shaker at 160 rpm and then the suspensions were
centrifuged at 3000 rpm for 15 min. Afterwards, all the
supernatants were collected and passed through a
0.22-pm filter and determined for the As concentrations.
For the analysis of As concentrations in the edible parts
and roots of the plants, approximately 1 g of plant sample
was weighed and pre-digested in a mixture of concentrat-
ed HNO;-HCI (1:3, v/v) at room temperature overnight
and then digested in a MARS microwave digestion system
(CEM Corporation, Matthews, NC, USA). Concentrations
of As in the extracted or digested solutions were measured
by inductively coupled plasma optical emission spectrom-
etry (ICP-OES, iCAP 7600; Thermo Scientific, USA).

Statistical analysis

All measurements were carried out in triplicates and results
were presented as mean + SD. Data were statistically analyzed
using the SPSS 17.0 software package (SPSS, Chicago, IL).
Statistical differences between different groups were evaluat-
ed by one-way ANOVA followed by the least significant dif-
ference. Differences were considered statistically significant
atp <0.05.

Results and discussion
Characterization of pristine and modified biochars

The physical properties of the biochars, including specific
surface area (SSA), total pore volume (TPV), and total micro-
pore volume (TPV yicr0), are listed in Table 1. The values of
SSA, TPV, and TPV ;.0 in FA-CB and FAZ-CB were sig-
nificantly higher than those in CB. Specifically, the SSA of
FA-CB and FAZ-CB was enlarged by ~ 1.5 times of CB,
which was probably because the loaded Fe/Al and Fe/Al/Zn
(hydr)oxides on the biochar surface supplied larger TPV and
TPV icro- Hence, the impregnation of porous metal oxides on
the biochar surface could provide more sorption sites for As
removal. Further, the Zeta potential of modified biochars at
pH 7.0 increased from — 37.1 to 7.84 mV due to positive
surface charge of the Fe/Al/Zn (hydr)oxides, which can elim-
inate the biochars’ inherent alkalinity and enhance their ad-
sorption capacity for As through the increased electrostatic
interaction (Gao et al. 2020).

The surface morphology of pristine and modified biochars
were studied by SEM (Fig. 1). Due to their inherent nature, the
surface of pristine biochars was rough and porous. A flaky
irregular polygonal structure with inhomogeneous distributed
pores and sharp corners was found in CB, which may be due
to the higher contents of lignin and cellulose in plant feed-
stock. The obtained image of FA-CB and FAZ-CB showed
that the sorbent surface consisted of numerous aggregations of
small particles, probably representing the presence of metal
oxides. The EDS analyses also confirmed that the biochar
surface was successfully loaded with Fe, Al, and Zn
(Table S1).

The XRD patterns of various biochars (Fig. S4) are similar
to the usual XRD pattern of pure silicon oxide (SiO,). The
corresponding diffraction peaks can be indexed by a JCPDS
X-ray powder diffraction file No. 99-0088. Further, the
strength of SiO, in CB was the highest, which was related to
the strong absorption capacity of plants to Si, so that the raw
material contains a higher silicon element (Paye et al. 2018;
Peng et al. 2019). In addition, Fig. S4 indicated that the sur-
face of FAZ-CB was amorphous, which was advantageous as
it had good adsorption capacity for hematite and goethite
(Antelo et al. 2015).

The modification of surface functional groups on the
biochars was evaluated by FTIR analysis (Fig. 2). For the
modified biochars, the broad adsorption bands observed at
around 3430 cm™' were ascribed to the stretching vibra-
tions of —OH and —NH,, whereas the band at about 1640
cm ' was associated with O—H bending vibration, imply-
ing the presence of coordinated water molecules. The
band at 1100 cm™' corresponded to the C—C=0 stretching
vibration modes (Tang et al. 2015). The characteristic
peaks of metal-oxygen bonds (M—O and M-O-M, where
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Table 1 Surface area, average

pore size, pore volume, and Zeta Product  *Spgr Tf)ltal pore volume (cm® Tf)ltal micropore volume (cm®  °Zeta potential pH
potential of various biochars (m?2 &) g) (mV)
gh
CB 137 0.080 0.058 -37.1 10.3
FA-CB 183 0.219 0.072 —6.09 7.15
FAZ-CB 200 0.247 0.081 7.84 7.34

@ Surface area was calculated with Brunauer-Emmett-Teller (BET) method

® Zeta potential was detected under pH 7

M = Fe, Al, or Zn) in the ranges of 730-476 cm”! sug-
gested the presence of metal oxyhydroxides on the surface
of modified biochars (Maji et al. 2018), showing higher
intensity in FAZ-CB than CB and FA-CB. These metal—
oxygen bonds and oxygen-containing functional groups
on biochar surface may play an important role in As re-
moval as the positive adsorption sites. It is noteworthy
that the intensity of the peaks (M—O and —OH) in FAZ-
CB was higher than that of FA-CB which implied the

Fig. 1 SEM images of CB (a),

FA-CB (c), and FAZ-CB (e); a
EDS analyses of CB (b), FA-CB

(d), and FAZ-CB (f)

@ Springer

more abundant functional groups existed in FAZ-CB
(Liu et al. 2020b).

The chemical compositions of modified biochars were
further studied via XPS spectra (Fig. 3). Fe 2p spectra of
modified biochars can be separated into three peaks at
710.49-710.99, 717.23-718.70, and 724.30-724.58 eV,
assigning to FeOOH and/or FeO, «-Fe,03, and Fe;0,,
respectively (Gong et al. 2013; Kang et al. 2017; Tan
et al. 1990; Wang et al. 2017). The peak at 73.43—
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Fig. 2 FTIR spectra of CB, FA-CB, and FAZ-CB

T 1
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73.97 corresponds to Al element, which may be related
to the formation of the more stable alumina (Al,O3) frac-
tion (Dieguez-Alonso et al. 2019). The O 1s region (Fig.
S5) could be separated into three peaks, suggesting the
presence of oxygen-containing functional groups (e.g.,
O=C and O-C=0), M-O/M-0O-H, and M-O-C (where
M = Fe, Al, and Zn), respectively (Deng and Ting 2005;
Wan et al. 2018), which demonstrated the interaction
between metal oxyhydroxide particles and porous carbon.

Effects of pH on As(V) adsorption

To evaluate the effects of pH on As(V) adsorption, the expe-
rience of As(V) adsorption by FAZ-CB was investigated with
the pH ranging from 3.0 to 9.0 (Fig. S3). The As(V) removal
was maintained stable in the acidic and neutral range between
pH = 4 and 7, but it was significantly decreased when the
initial pH was increased to 8.0 and 9.0, indicating that FAZ-
CB was more efficient in the range of the acidic to near-neutral
pH for As(V) adsorption.

It was suggested that pH can affect the biochar surface
charges by protonation and deprotonation of hydroxyl (-
OH) group. Among the four As(V) forms (H3AsOy,
H,AsO4 , HAsO,> ", and AsO4> "), HyAsO, , and HAsO,>~
were the dominant species at pH 4.0—7.0 and 7.0-9.0, respec-
tively (Wang et al. 2015). When the pH values increased,
deprotonation of —OH tended to create a negative charge on
biochar surface and repel H,AsO4 and HAsO4>", thus de-
creasing As(V) adsorption. In addition, solution pH may
change the surface species of mineral elements, and thus im-
pact on the surface changes of the sorbents. For example, the
increasing pH may reduce the surface positive charges of FA-
CB and FAZ-CB.

Adsorption performance of biochars

Adsorption kinetics were adopted to evaluate biochar’s adop-
tion performance and mechanisms for As(V). The adsorption
increased with contact time initially and reached apparent equi-
librium at 24 h for pristine biochars. In comparison, the time for
all modified biochars reaching equilibrium was less than 8 h,
indicating that modification by Fe/Al or Fe/Al/Zn can signifi-
cantly enhance the As(V) adsorption of biochars. As shown in
Fig. S1, sharp and rapid initial sorption was obtained, which
may be due to the abundance of binding sites and As(V) in the
aqueous medium. In this stage, the adsorption of As(V) may be
through external surface adsorption or rapid boundary layer
diffusion. Subsequently, a much slower phase of the adsorption
was observed, which may be ascribed to a peculiar and irre-
trievable chemisorption or associated to the formation of inner
layer complexes (Mohan et al. 2014; Liu et al. 2019b).

The results of fitting relative parameters of pseudo-first-
order and pseudo-second-order models are summarized in
Table 2. Previous studies indicated that the rate-limiting steps
of pseudo-first-order models and pseudo-second-order models
were physical adsorption and chemisorption (e.g., electron
exchange), respectively. Both models offered well coeffi-
cients (R? > 0.983) which indicated that As(V) was retained
with multiple possible mechanisms. Furthermore, the sorption
rates for FAZ-CB were 13.4 and 6.09 h™, respectively, for
first-order and second-order models, which were obviously
higher than the values of FA-CB (12.0 and 4.54 h™') and
CB (0.189 and 0.113 h™"), which may be attributed to the
modification in physicochemical properties.

The fitted parameters of the adsorption-isotherm results are
listed in Table 2. The experimental data were fitted well with
both Langmuir and Freundlich models (R* > 0.91). In partic-
ular, the fitted results were better for the Langmuir model,
with the values of R* ranging 0.962-0.976. The good fit of
our experimental data by the Langmuir and Freundlich models
indicated that the binding of As(V) was closely linked to both
monolayer and multilayer adsorption. The highest adsorption
capacity was found for FAZ-CB (82.9 mg g "), which was 4.0
and 8.4 times greater than those of FA-CB and CB, respec-
tively. It should be noted that the As(V) adsorption capacity of
FAZ-CB outcompeted most of the adsorbents for As removal
reported in previous studies (Table S3). Combined with the
aforementioned results of adsorption kinetics, FAZ-CB was
found to be the best As(V) adsorption material with highest
adsorption rate and greatest adsorption capacity, which may
be attributed to the relatively large surface area, high Zeta
potential, and great pore volume. In addition, in comparison
with other modified biochars in previous studies, the As(V)
adsorption capacity of FAZ-CB was also better (Table 2),
suggesting that FAZ-CB can be potentially used as the high-
performance adsorbent for As(V) adsorption. Compared with
the Fe/Al (hydr)oxides, the As(V) adsorption capacity was
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Fig. 3 The XPS spectrum of Fe 2p, Al 2p, and As 3d of modified biochars before and after As(V) adsorption

superior due to the advantages of the Fe—Al-Zn structural
interactions in the mixed Fe/Al/Zn hydroxides. The increased
adsorption of As(V) on Fe/Al/Zn-binding sites was attributed
to the larger SSA with less condensed and less crystalline
lattice of the FAZ-CB. The Zeta potential of FAZ-CB (7.84)
was higher than that of the Fe/Al (hydr)oxides (— 6.09), indi-
cating that the Zn addition in Fe—Al system favored the in-
crease of the positive charge on the surface of the FA-CB. The
greater intensity of hydroxyl groups on the FAZ-CB also con-
tributed to the enhanced coordination with As(V).

To further investigate the mechanism of As(V) adsorption
on biochars, the shifts in XPS spectra were examined after
sorption experiments. Two separate peaks of post-sorption
FA-CB and FAZ-CB biochars were identified in the As3d
region, with binding energies of 45.3 and 44.4 eV, respective-
ly. Previous studies have suggested that 3d binding energy
was 45.5 eV for As(V) and 44.2 eV for As(Il). Therefore,
the results of As3d binding energy on the surface of modified
biochars may indicate that the As(V) in the initial solution was
partly converted into As(IIl) during the sorption process. Hu
etal. (2015) also reported the reduction of As(V) to As(1Il) on
the surface of iron impregnated biochar. The binding energy
of 710-711 eV (FeOOH and/or FeO) of 2p indicates that both
Fe?* and Fe** should exist (Li et al. 2011; Zhang et al. 2020a).
The binding energy of Fe increased by 0-0.2 eV, suggesting
the sorption of As(V) onto FA-CB and FAZ-CB may occur
through the combination between the Fe and ligand and the
oxidation of Fe** to Fe®* during the sorption process, which
was coupled to the reduction of As(V) to As(IIl) (Hu et al.
2015). Furthermore, ~ 6.92% increase of Fe** in the form of
Fe,O5 (energy position 71.8 V) was noted on post-adsorption
FAZ-CB, which may be also due to the reduction of As(V)
during the adsorption (Table S2). A slight positive shift of
Al2p spectra was observed after As(V) adsorption, which
may be correlated with the interactions between As(V) and
Al oxyhydroxides (Lu et al. 2015), including the formation
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of Al-As and As—O—Al bonds. Given that numerous studies
have reported that metal oxyhydroxides and pristine biochars
exhibit a certain adsorption capacity, the removal of As(V) in
the present study may be mainly through physical adsorption,
electrostatic adsorption, and ion exchange (Fig. 4).

The application of FAZ-CB to actual As-contaminated
soil

Recently, biochars were applied in soil-water environments
for remediation of heavy metal-polluted land (Leksungnoen
etal. 2019; O’Connor et al. 2018; Yao et al. 2019; Zama et al.
2018). It is crucial to test functionalized biochar in field envi-
ronmental conditions, especially in soil environment.
Biochar’s liming effect can lead to the rise in soil pH, which
can greatly reduce the mobility and bioavailability of some
cationic heavy metals (e.g., Cd**, Zn®*, Pb*"), but increase
the bioavailability of the anionic metalloids (e.g., arsenate or
arsenite) mainly by increasing the net negative charge of var-
iably charged soil constituents (Qiao et al. 2018). As the FAZ-
CB shows most superior performance in As(V) adsorption
within a wide pH range (4-7), the FAZ-CB was selected for
remediation of the As-contaminated soil. In terms of the ap-
plication dosage, our previous pot experiment result showed
that application of 0.1 and 1% biochar is cost-effective and
efficient in As-polluted soil remediation (Tang et al. 2020).
Data on As distribution in different parts of arugula (i.e., ed-
ible part and root) are shown in Fig. 5. Compared with the CK, in
the CB amendment, the As concentration in the edible parts and
roots (2.38 and 48.7 mg kg ', respectively) was significantly
increased. The concentration of As was much higher in the roots
than that in the edible parts. A higher accumulation of As in the
roots was associated with a low translocation toward the upper
parts, as observed in previous studies (Beesley et al. 2014;
Puckett et al. 2012). Conversely, after the application of the same
amount of FAZ-CB (FAZ-CB-0.1), the As concentrations in the
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Table 2 Parameters of kinetic models and isotherm models for As(V)
Kinetic models Adsorbent Pseudo-first order Pseudo-second order
—.(gke' ) k™ 'S qe (kg ) k™ R
CB 1.36 0.189 0.988 1.68 0.113 0.983
FA-CB 6.95 12.0 0.998 7.04 4.54 0.999
FAZ-CB 6.71 134 0.997 6.88 6.09 0.998
Isotherm models Adsorbent Langmuir Freundlich
I K R? Ky n R?
(mgg ) (<107 Lmg ) (mgg ) Lmg "
CB 9.92 3.85 0.976 0.97 1.03 0913
FA-CB 20.6 2.35 0.974 1.08 0.93 0.956
FAZ-CB 82.9 0.40 0.962 0.53 191 0.968

edible parts and roots decreased significantly. The As concentra-
tions in FAZ-CB-0.1 was 1.42 mg kg ™' for edible parts and
25.9 mg kg 'for roots, respectively. The As levels in roots were
significantly decreased in FAZ-CB treatments, while the As in
the edible parts showed no statistical significance with the con-
trol. The aforementioned phenomenon can be ascribed to the
widespread plant self-protection (Wang et al. 2019; Liu et al.
2019c¢). Comparing the treatments provides evidence on efficacy
of FAZ-CB for As immobilization and accumulation in plant,
which can be contributed to the fact that the addition of FAZ-CB
can reduce available As concentrations in red soil. It was reported

Electrostatic attraction _. - =
-

/7

that (NH4),SO4-As and NH4H,PO,4-As suggested the bioavail-
able As in the soil, while Oxalate-As represented the less bio-
available As (Baumann and Fisher 2011). The contents of
(NH4),SO4-As and NH4H,PO,4-As were significantly and posi-
tively correlated with As in plants (Qiao et al. 2018). In com-
parison with the CK, Oxalate-As and Oxalate + ascorbic
acid-As for FAZ-CB showed an increasing trend, but
there was no significant change for CB (Table 3).
Conversely, Oxalate-As showed a significant increasing
trend for FAZ-CB-0.1 and FAZ-CB-1 (0.27 and 0.52 mg
kg !, respectively). The finding that the bioavailable As
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Fig. 4 Conceptual illustration of As(V) sorption processes on FAZ-CB
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Table 3

The As fractionation in diverse treatments amended with or without biochar after 28 days’ incubation

Treatment Concentration (mg kg ")
(NH4)>SO4-As NH,H,PO,- Oxalate-As Oxalate + ascorbic acid-As HNO; +,0,-As
As
CK 0.043 +0.002a 1.26 £0.07a 1.26 £0.07¢c 1.88+0.37b 57.5+33a
CB 0.043 £ 0.002a 1.27 +£0.04a 1.31 £0.09¢c 1.90 + 0.04b 53.7+54a
FAZ-CB-0.1 0.040 £ 0.001a 1.18 £ 0.02b 1.53 +£0.05b 2.64 £ 0.06a 56.8 +2.7a
FAZ-CB-1 0.036 + 0.002b 1.07 £0.03¢ 1.78 £0.11a 2.70+0.11a 61.2+1.8a

Significant differences are indicated by different letters (P < 0.05)

was much lower in FAZ-CB-1 than that in CK indicated
the FAZ-CB could substantially promote the transforma-
tion from bioavailable As into the immobilized fractions
(HNO3 + H,0,-As). In the current study, CB was found
to have no significant effect on the change of As form in
soil. Some researchers (Beesley et al. 2013; Hartley et al.
2009) even observed that the bioavailability of As in-
creased after applying biochar to As-contaminated soil.
The reason may be that the effect of biochars for anionic
adsorption is closely linked to alkaline pH. Application of
biochar was found to increase soil pH, which can greatly
enhance the mobility and bioavailability of As by
influencing As speciation, dissociation of hydroxyl
groups from the surface of the adsorbent, and the disso-
lution of metal oxides, hydroxides, and carbonates
(Houben and Sonnet 2015). Given that As adsorption
was mainly influenced by the positive surface charge of
the adsorbent (Yang et al. 2010) under strongly acidic
conditions, Fe/Al/Zn oxides in FAZ-CB may play a sig-
nificant role in reducing bioavailable As in soil.

Conclusions

In the present study, tri-metal oxyhydroxide modified bio-
chars were successfully synthesized using low-cost metals
and agricultural wastes. The results indicated that Fe/Al/Zn
oxyhydroxides significantly increased the specific surface
areas, total pore volumes, and Zeta potential values of pristine
biochars. The highest maximum adsorption capacity
(82.89 mg g ') was found for Fe/Al/Mn oxyhydroxide mod-
ified corn stalk biochar. High pH values in aqueous solution
decreased the adsorption of As(V) by Fe/Al/Zn oxyhydroxide
modified biochars. In addition, physical adsorption, electro-
static interaction, and inner-sphere complexation may be the
main potential mechanisms of As(V) removal. The applica-
tion of 1% Fe/Al/Zn modified biochars can reduce the As
bioavailability in soil and the As uptake by arugula. Long-
term effects of the engineered biochars on the soil physical
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and chemical properties, microecology, and crop yield will be
tested to facilitate their future scale-up applications.
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