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Abstract

There is a need for innovative strategies to decrease the mobility of metal(loids) including arsenic (As) and cadmium (Cd)
in agricultural soils, including rice paddies, so as to minimize dietary exposure to these toxic elements. Iron (Fe)-modified
biochars (FBCs) are used to immobilize As and Cd in soil-water systems, but there is a lack of clarity on optimal methods
for preparing FBCs because there are only limited studies that directly compare BCs impregnated with Fe under different
conditions. There is also a lack of information on the long-term performance of FBCs in flooded soil environments, where
reductive dissolution of Fe (oxy)hydroxide phases loaded onto biochar surfaces may decrease the effectiveness of FBCs.
This study uses material characterization methods including FTIR, SEM-EDX, BET, and adsorption isotherm experiments
to investigate the effects of Fe-impregnation methods (pH, pyrolysis sequence, and sonication) on the morphology and
mineralogy of Fe loaded onto the biochar surface, and to FBC adsorbent properties for arsenate (As(V)), arsenite (As(III)),
and Cd. Acidic impregnation conditions favored the adsorption of As(IIl) onto amorphous Fe phases that were evenly
distributed on the biochar surface, including within the biochar pore structure. The combination of sonication with acidic
Fe-impregnation conditions led to the best adsorption capacities for As(V) and As(III) (4830 and 11,166 pug As g™! biochar,
respectively). Alkaline Fe-impregnation conditions led to the highest Cd adsorption capacity of 3054 ug Cd g™ biochar,
but had poor effectiveness as an As adsorbent. Amending soil with 5% (w/w) of an acid-impregnated and sonicated FBC
was more effective than an alkaline-impregnated FBC or ferrihydrite in decreasing porewater As concentrations. The acid-
impregnated FBC also had greater longevity, decreasing As by 54% and 56% in two flooded phases, probably due to the
greater stability of Fe(III) within the biochar pore structure that may have a direct chemical bond to the biochar surface. This
study demonstrates that FBCs can be designed with selectivity towards different As species or Cd and that they can maintain
their effectiveness under anaerobic soil conditions. This is the first study to systematically test how impregnation conditions
affect the stability of FBCs in soils under multiple drying-rewetting cycles.
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Introduction

The past decade has seen enormous growth in the use
Responsible Editor: Philippe Garrigues of biochar (BC) as a soil amendment to advance a wide
range of agronomic and environmental goals including
greater retention of water and nutrients, improvement
of crop yields, mitigation of greenhouse gas emissions,
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characteristic BC properties including high surface
area, porous structure, and rich functional group density
(Tan et al. 2015, Yu et al. 2019). In order to improve
the selectivity of BC for the adsorption of metal(loid)s
with a range of physical-chemical properties, a number
of BC modification techniques have been implemented
to “tune” BC surface properties for enhanced adsorption
of specific elements (Gong et al. 2022).

There has been a particular focus on BC-modification
techniques to improve the adsorption of arsenic (As).
Arsenic is a non-threshold carcinogen that is widespread
in terrestrial and aquatic environments (Chen et al.
20190b, Li et al. 2019), and there is particular interest in
methods to decrease the bioavailability of As in rice paddy
environments due to high levels of inorganic As uptake by
rice plants and resulting contamination of the food chain
(Zhao et al. 2010). Unmodified or pristine BC is a poor
adsorbent for As, due in part to electrostatic repulsion
between oxyanionic arsenate (As(V)) and the negatively
charged BC surface (Zoroufchi Benis et al. 2020). Many
techniques to improve BC adsorption of As have focused
on impregnating BC surfaces with iron (Fe) to produce
Fe-modified biochars (FBCs). Iron (oxyhydr)oxide minerals
including ferrihydrite, goethite, and hematite have a high
affinity and capacity for As, and the adsorption of As
onto Fe (oxyhydr)oxide mineral surfaces plays a key role
in controlling As mobility in natural soil-water systems
(Dixit & Hering 2003, Giménez et al. 2007, He et al. 2018).
Deposition of Fe (oxyhydr)oxide minerals, with typical
points of zero charge (PZC) between 7.5 and 9.5 (Antelo
et al. 2005, Cornell & Schwertmann 2003), on BC surfaces
can also increase the surface charge which promotes
adsorption of As(V) but may have less of an impact on
adsorption of trivalent arsenite (As(IIl), pKa = 9.2) which
is uncharged in most soil conditions (Dixit & Hering 2003)

A number of systematic reviews of Fe-impregnation
approaches to improve BC adsorption of As have been pub-
lished in recent years (Li et al. 2017b, Sun et al. 2022b,
Zhang et al. 2023, Zoroufchi Benis et al. 2020). Key vari-
ables in the Fe-impregnation process that impact the physi-
ochemical and adsorbent properties of FBCs include impreg-
nation pH, the use of pre- or post-pyrolysis impregnation
and/or the use of secondary pyrolysis, and the use of sonica-
tion (Table 1). However, a limitation of the current research
is that the large majority of research typically focuses on a
single type of biochar or biochar modification method per
study. It is therefore difficult to determine optimal methods
for Fe impregnation and make systematic comparisons. For
example, it is common for studies to characterize FBCs pre-
pared under either acidic (He et al. 2018, Hu et al. 2015, Xu
et al. 2020) or alkaline (Alchouron et al. 2020, Braghiroli
et al. 2020, Calugaru et al. 2019, Kim et al. 2019) condi-
tions, but there is a lack of research that directly compares
FBCs prepared under acidic or alkaline conditions, making
it difficult to assess the impact of impregnation pH on FBC
physiochemical properties. The lack of uniformity in BC
production (e.g., feedstock, pyrolysis temperature, and other
examples in Table 1) further limits the ability to compare
FBC properties across multiple studies. In our research, we
maintain consistency by using the same raw materials and
pyrolysis procedure across all experiments. This uniform-
ity allows us to conduct a more controlled and comparative
analysis of biochar performance under various conditions.
Our methodology enables a comprehensive understanding
of how different treatment conditions impact biochar char-
acteristics, setting our study apart in its ability to provide a
systematic and comparative insight into biochar functional-
ity. There has also been relatively little attention to poten-
tial tradeoffs between efforts to enhance the adsorption of
As and effects on the adsorption of cationic elements like

Table 1 Differences in

Reference

. X . Variables Treatment
Fe-modified biochar preparation
metl}ods in se}ected recent pH Acidic
§tud1es, orgamzec.l by Alkaline
impregnation variables tested
Neutral

Pyrolysis sequence

Post-pyrolysis treatment

Pre-pyrolysis treatment

(He et al. 2018, Hu et al. 2015, Xu et al. 2020)

(Alchouron et al. 2020, Braghiroli et al. 2020, Calu-
garu et al. 2019, Kim et al. 2019)

(Huang et al. 2020, Rahman et al. 2022)
(Singh et al. 2020, Zhang et al. 2019)
(Rahman et al. 2022, Zhang et al. 2019)

Double pyrolysis (Khan et al. 2020, Sun et al. 2019)

Iron material FeCl, (Calugaru et al. 2019, He et al. 2018, Singh et al. 2020)
Fe(NO;); (Hu et al. 2015, Khan et al. 2020, Zhu et al. 2020a)
FeSO,-7H,0 (Rahman et al. 2020, Wu et al. 2018)

Pyrolysis temperature < 300 'C (Lata et al. 2019, Xu et al. 2020, Zhu et al. 2020b)
300-500 'C (Braghiroli et al. 2020, Guo et al. 2019)
> 500 C (Khan et al. 2020, Xu et al. 2020)

Other

Ultrasonication

(Fan et al. 2018, Khan et al. 2020, Li et al. 2017a)
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cadmium (Cd). Cd is a common co-contaminant with As in
agricultural soil and is also a major food chain contaminant
(Kubier et al. 2019). Differences in the charge of As(V) and
Cd lead to divergent impacts of adsorbent surface charge
on adsorbent performance and can make it difficult for soil
amendments to immobilize both As and Cd (Abdelrhman
et al. 2022, Hartley et al. 2004, Yin et al. 2017).

The objective of this study is to determine methods for
FBC preparation that optimize adsorbent performance for
As, while considering potential tradeoffs with adsorption of
cationic contaminants like Cd. This requires a well-controlled
and systematic evaluation of Fe impregnation variables (e.g.,
pH, pyrolysis sequence, and use of sonication) with the same
BC feedstock and pyrolysis temperature, an analysis that is
currently lacking in the literature. We evaluate how different
preparation methods affect the Fe phase and morphology on
the BC surface and also investigate how FBC preparation
methods impact the longevity of FBCs in flooded paddy
soils, where the reductive dissolution of Fe (oxy)hydroxides
may alter BC surface properties and decrease its long-term
effectiveness in immobilizing As (Sun et al. 2022a, Yang et al.
2022). We aim to link the properties of these biochars with
their performance in soil environments, particularly under
the stress of multiple flooding and drying cycles. This work
fills a gap in the literature on the direct comparison of FBCs
prepared with a range of impregnation conditions.

Materials and methods
Biochar preparation

BC was prepared by pyrolyzing ash (genus Fraxinus) wood-
chips in a muffle furnace at 600 °C. Further details on the
pyrolysis conditions are in SI. After pyrolysis, most of the
BC was ground into a 500-710-pm particle size, with an
unground portion set aside. Table 2 summarizes eleven

impregnation methods that were designed to assess the
impact of various iron modification processes on the physi-
ochemical properties of FBCs. The first set of FBCs aimed
to determine the effect of Fe concentration by soaking BC
in a Fe(III) solution, prepared from Fe(NO;);-9H,0, at con-
centrations of 0.1, 0.5, 1, and 2M (resulting in FBC1-0.1,
FBC1-0.5, FBC1-1, and FBC1-2, respectively) at pH ~ 0-1.

The second set of FBCs evaluated the effect of pH by
comparing FBC1-1 (acidic), FBC2 (neutral), and FBC3
(alkaline). FBC2 and FBC3 were prepared with 1 M Fe
at neutral (pH 7) and alkaline (pH 10) conditions (Kim
et al. 2019), respectively, by adjusting pH with NaOH pel-
lets. The impact of pH was assessed because Fe (oxyhydr)
oxide mineralogy is influenced by the synthesis pH, and Fe
impregnation methods have been reported in the literature
at a wide range of pH (Calugaru et al. 2019, Hu et al. 2015,
Huang et al. 2020).

The third set of FBCs was designed to compare the effect
of pyrolysis sequence (i.e., impregnation with Fe before or
after pyrolysis) on the Fe content and mineralogy of iron
oxides on the biochar surface (Baig et al. 2014, Zhang
et al. 2019). To control the effect of BC particle size in the
FBC modification processes, both FBC4 and FBCS used
unground woodchip/biochar chips, respectively, and they
were soaked in the 1 M acidic Fe impregnation solution.
Then, they were subsequently ground to match the particle
size of the others.

The fourth set of FBCs was prepared to explore the effects
of ultrasonication and additional pyrolysis on the properties
of FBCs. FBC6 was prepared using the same approach as
FBCI1-1, with the addition of ultrasonication during the
impregnation phase to assess its effects on increasing the
iron content and surface area of FBCs (Khan et al. 2020).
Finally, a second pyrolysis was applied to the FBC6 to obtain
FBC7, aimed at studying the effect of a second pyrolysis
on iron phase transformation and impacts on As and Cd
adsorption capacity (Xu et al. 2021).

Table 2 Summary of biochar preparation methods, surface area, and Fe content of produced Fe-modified biochars. The ranges of the amorphous

Fe and total Fe were indicated in brackets

Biochar Feedstock Fe solution Impregnation pH Other treatment  Surface area Total Fe content Amorphous Fe
concentration  sequence (m?/g) (mg/g) content (mg/g)
FBC1-0.1 Ground biochar 0.1M Post-pyrolysis 1.34 13.48 4.63 (4.31-4.96) 2.67 (2.51-2.83)
FBC1-0.5 Ground biochar 0.5M Post-pyrolysis 0.62 3.40 21.88 (20.99-22.77)  17.75 (17.49-18.02)
FBC1-1 Ground biochar IM Post-pyrolysis ~0 432 28.20 (28.08-28.31)  23.65 (23.37-23.93)
FBC1-2 Ground biochar 2M Post-pyrolysis ~0 3.73 51.82 (51.07-52.58) 51.22(50.99-51.45)
FBC2 Ground biochar 1M Post-pyrolysis 7 137.81 9.78 (9.48-10.09) 9.48 (9.22-9.74)
FBC3 Ground biochar 1M Post-pyrolysis 10 75.60 30 (29.76-30.24) 18.75 (18.57-18.92)
FBC4 Unground woodchip 1M Pre-pyrolysis ~0 256.82 5.17 (4.89-5.46) 5.05 (5.00-5.09)
FBCS Unground biochar 1M Post-pyrolysis ~0 5.22 24.97 (24.40-25.65)  26.66 (25.59-27.74)
FBC6 Ground biochar IM Post-pyrolysis ~0 Sonication 11.22 95.62 (89.42-101.82) 70.32 (68.71-71.93)
FBC7 Ground biochar M Double pyrolysis  ~0 Sonication 369.77 98.39 (98.34-98.44)  25.55 (25.06-26.03)
Pristine biochar ~ Unground woodchip N/A N/A N/A 507.56 0.05 (0.01-0.08) 0.02 (0.01-0.02)
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Biochar characterization

The concentration of amorphous and total iron concentrations
of FBCs were determined using acid ammonium oxalate
extraction (Seyfferth et al. 2014) and extraction with 6M HCl
and 6M HNO; in duplicate, respectively. The crystalline Fe
content was calculated as the difference between total and
amorphous Fe. The specific surface area was measured
using BET analysis (Quantachrome Autosorb iQ Analyzer,
Boynton Beach, FL), and the Fe mineral phases were
identified using XRD (Bruker D8 Advance ECO powder
diffractometer). The surface bonding environment was
characterized by collecting Fourier-transform infrared (FTIR)
spectra with a Bruker Vertex 70 spectrometer equipped with a
Pike GladiATR accessory (Bruker Optics Inc., Billerica, MA,
USA,; Pike Technologies, Madison, WI, USA). FTIR spectra
were collected before and after a pH adjustment to pH 7,
focusing on the range of 1800-200 cm™' due to its relevance
for biochar and Fe (oxy)hydroxides. The morphology and
elemental distribution of FBCs were analyzed by scanning
electron microscopy (SEM, Zeiss Gemini 500 Scanning
Electron Microscope) and energy dispersive spectroscopy
(EDS).

Adsorption isotherms

Duplicate adsorption isotherm experiments were conducted
in 15-mL centrifuge tubes at room temperature (22 °C).
As(V) and As (III) solutions were prepared with initial As
concentrations of 750, 3000, 9000, 12,000, 24,000, 48,000,
75,000, and 112,500 ug As L' in a matrix consisting of 5
mM KNO; and 10 mM NaHCO;. For Cd adsorption experi-
ments, solutions were prepared in a matrix of 5 mM KNO;
and 5 mM MOPS (to avoid CdCO; precipitation) with initial
cadmium concentrations of 100, 1000, 4500, 9000, 13,500,
18,000, 25,000, and 35,000 pg Cd L. The pH was adjusted
to 7.0 + 0.1 for all experiments. To conduct the adsorption
experiments, 20 mg of BC was added to 10 mL solution of
As(V), As(III), or Cd(II), and mixing on a rotary shaker
for 48 h. The solution was then filtered through 0.22-pm
PES filters and analyzed using ICP-MS. As(III) adsorption
experiments were performed in an anaerobic chamber (Coy
Laboratories, 96% N,/4% H,, < 10 ppm O,).

In order to study the maximum adsorption capacity and
adsorption affinity, adsorption isotherm results were fit
with both Langmuir (Eq. 1) and Freundlich (Eq. 2) models
(Sparks 2003) using the following equations:

_ QmaxKadSCe
= T3K,C, M
N
q. = KF{Ce} (2)
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where g, and C, represent the adsorbed concentration (ug
adsorbate g! adsorbent) and adsorbate concentration at
equilibrium (ug adsorbate L!), respectively. The Lang-
muir isotherm is controlled by two constants. K, (L g™
is the affinity of the adsorbent for adsorbate Q, .. (ug ') is
the maximum adsorption capacity. The Freundlich model
is defined by K (ug g") (L ug™")Y, an indicator of the
adsorbent affinity for sorbates, and N, a unitless parameter
describing how the binding strength changes with the change
of adsorption density.

Soil microcosm experiments

Two types of soils were used in microcosm experiments
to test the effectiveness of FBCs as soil adsorbents over
multiple drying-rewetting cycles. A rice paddy soil
(hereafter, paddy soil) from the mid-South U.S. rice
production region was collected in Stuttgart, Arkansas
(Maguffin et al. 2020, Zhang & Reid 2022). A sewage
sludge-contaminated soil (hereafter, orchard soil) was
collected from the Cornell Apple Orchards in Ithaca, NY
(Richards et al. 1998, Udovic & McBride 2012). Both
soils were air-dried and sieved through a 2-mm sieves. A
total elemental analysis of the soils was performed using a
modified version of EPA method 3051-6010. The organic
matter content of both soil samples was measured via loss
on ignition (LOI) (Heiri et al. 2001).

The soil microcosm experiments were conducted by
adding 200 g soil and 2g air-dried and coarsely ground
leaves as an organic matter source, with 10 different
treatments conducted in triplicate. FBC3 and FBC6 were
chosen to be applied in soil experiments due to their high
Cd and As adsorption capacity, respectively, as well as their
differing Fe mineralogy. The 10 treatments were as follows:
(1) unamended orchard soil, (2) orchard soil with 1% (w/w)
FBC3, (3) orchard soil with 5% (w/w) FBC3, (4) orchard soil
with 1% (w/w) FBC6, (5) orchard soil with 5% (w/w) FBC6,
(6) orchard soil with synthetic ferrihydrite, (7) unamended
paddy soil, (8) paddy soil with 1% (w/w) FBC®6, (9) paddy
soil with 5% (w/w) FBC6, and (10) paddy soil with synthetic
ferrihydrite. The ferrihydrite experiments were intended
to compare the effectiveness and longevity of FBC to an
amorphous Fe (oxy)hydroxide mineral. Ferrihydrite was
synthesized following the procedure described in Smith
et al. (2012) and the mineralogy was confirmed by XRD
(Figure S1). Then, 0.95g ferrihydrite was applied to the
soils to have an equivalent Fe concentration as the 5%
(w/w) FBC6. Microcosms were staged in an environmental
chamber at 26 ‘C with 60% humidity and were flooded with
a media containing 0.5 mM NaCl and 1 mM NaHCO;,
adjusted to pH 7. A constant water level of 2-3 cm above the
soil surface was maintained. Microcosms were maintained
under flooded conditions for 5 weeks before being dried for
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2 weeks via evaporation. A second 6-week flood period was
then conducted to examine how the FBC performed over 2
consecutive flood periods. Porewater samples were collected
weekly using a Rhizon porewater sampler. Additional FBC3
or FBC6 were placed in mesh bags and buried in the orchard
soil and were then retrieved at three different time points to
characterize the effects of the soil aging process on FBC
surface properties.

Elemental concentrations (As, Cd, Fe, and Mn) of
porewater were measured via ICP-MS (Agilent 7800). Major
cation and anion concentrations were measured using ion
chromatography (Dionex ICS-2100). Soil pH was measured
by inserting the pH probe (Orion 9107WMMD) into the
surficial soil. DOC and DIC were measured at the beginning
and the end of the flooded period with a TOC-L Total
Organic Carbon Analyzer (Shimadzu). S(-II) concentration
was measured using the Cline method (Cline 1969).

Results and discussion

Effect of impregnation media pH on Fe-loading
and morphology

FBCI1-1, FBC2, and FBC3 were produced to provide a
comparison of the effect of impregnation under acidic,
neutral, and alkaline conditions on FBC physiochemical
properties. The total surface area, along with the total
and amorphous Fe content of these FBCs, is summarized
in Table 2. FBCI1-1, synthesized under acidic conditions,
had the smallest surface area of 4.32 ng’l, while FBC2,
prepared under the neutral condition, had the largest surface
area of 137.81 m?g’!, and the FBC3 had a surface area of
75.6 m*g’!. FBC3 had a slightly higher total Fe content of 30
mg g'! than FBC1-1, which had a total Fe content of 28.2 mg
g!. However, FBC1-1 had more amorphous Fe (23.65 mg
g ) compared to FBC3 (18.75 mg g!). FBC2 had the lowest
total Fe content of 9.78 mg g”' and amorphous iron content
of 9.48 mg g'!. XRD data (Figure S1) indicate that the Fe
phases in FBC1-1 and FBC3 were primarily ferrihydrite and
goethite, respectively. The XRD pattern for FBC2 did not
show any clear iron oxide peak, consistent with the high
amorphous iron fraction of the low overall iron content.
ATR-FTIR spectra (Fig. 1) indicates that characteristic
ferrihydrite peaks at ~ 1338 and ~ 705 cm™ were found in
FBCI1-1, and characteristic goethite peaks at 894/792 and
635/388/259 cm™! were found in both FBC1-1 and FBC3
(Blanch et al. 2008, Cornell & Schwertmann 2003). Weak
Ferrihydrite peaks were also found in FBC2.

SEM-EDS imaging showed that impregnation pH had
a major impact on the morphology of Fe on the BC sur-
face and the distribution of Fe within the BC pore structure.
FBC3, which was prepared at pH 10, was characterized by

large Fe aggregates on the BC surface (Fig. 2B). Nucleation
and precipitation of iron oxides occur faster in neutral and
alkaline conditions compared to acidic conditions, likely
decreasing the diffusion of Fe into the BC pore structure,
and contributing to the higher surface area in FBC3. Another
factor that could have contributed to the higher surface area,
distinct from pH effects on Fe solubility, is the effect of alka-
line treatment on removing impurities from and/or opening
nanopore structures (Ji et al. 2010, Jin et al. 2014, Regmi
et al. 2012). Under pH 10, Fe(OH),” was the dominant
Fe(III) species in the solution, and its solubility is higher
than Fe(OH); but lower than Fe’* (Furcas et al. 2022, Jolivet
et al. 2004). As a result, FBC3 had uneven Fe distribution
on its surface due to the low solubility of Fe(OH),” at pH 10
and only limited diffusion into the pore structure. In contrast,
the acidic impregnation conditions of FBC1-1 led to greater
Fe solubility and a more even distribution of Fe on the BC
surface as well as the pore structure.

The adsorption performance of FBC1-1, FBC2, and
FBC3 for As(V) and As(III) is shown in Fig. 3, and model
parameters for both Langmuir and Freundlich isotherm
models are summarized in Table S2. Adsorption capacity
(gmax) for both As(V) and As(III) decreased in the order
FBCI1-1 (acidic impregnation) > FBC3 (alkaline impreg-
nation) > FBC2 (neutral impregnation). FBC2 had particu-
larly poor adsorbent properties, with a g,,,, for As(V) less
than 500 pg As g'! BC. As(IIl) sorption isotherm experi-
ments were not conducted for FBC2 due to its low As(V)
adsorption capacity. This rank order of ¢g,,,, across the
FBCs prepared at different pH was more closely related
to the amorphous Fe content than total Fe content and
was not related to the surface area. FBC3 prepared under
alkaline conditions had the highest Cd adsorption capac-
ity, with a g, for Cd(II) at 3053 pg g’!. Fanet al. (2018)
indicated that the amorphous Fe on biochar was associated
with substantial amount of As through sequential extrac-
tion experiments. Acidic impregnation conditions were
shown to produce a greater total Fe content and a greater
amorphous fraction compared to neutral and alkaline con-
ditions (Fig. S2), consistent with FTIR analysis showing
that highly amorphous ferrihydrite was the dominant Fe
phase in FBC1-1. This comparison of impregnation pH
indicates that acidic impregnation conditions produce FBC
with better adsorbent properties compared to neutral or
alkaline conditions due to pH effects on Fe loading to the
BC surface and the amorphous fraction of the Fe.

While there has been extensive previous research on
FBCs, as summarized in Table 1 (Alchouron et al. 2020,
He et al. 2018, Hu et al. 2015, Huang et al. 2020, Kim
et al. 2019), there is limited information on how different
impregnation pH with the same feedstock impacts adsor-
bent properties. Calugaru et al. (2019) prepared FBCs at
pH 8.5 and 12 and determined that the FBC prepared at pH
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Fig. 1 FTIR spectra of pristine
biochar and FBCs. Solid lines
show spectra of FBCs used

in experiments, while dotted
lines show spectra of FBCs
after adjustment to pH 7. The
peak positions of precipi-

tated Fe (oxy)hydroxides (Gt,
goethite; Fh, ferrihydrite; and
Mt, magnetite) are denoted

on FBC spectra based on pure
laboratory-synthesized minerals
(reference FTIR spectra shown
in Figure S5). The peak indi-
cated by asterisks is unidentified
while closely associated with
the post-pyrolysis acidic iron
impregnation biochar

Absorbance (a.u.)

Pristine
biochar

FBC 1-0.5

.

FBC6 ...

Fh

Fh
|

Fh | Fh+Gt
\

1800

1600

12 performed better in As(V) adsorption due to the differ-
ent PZC. However, they did not compare FBCs prepared
under acidic conditions. Here, we show BC impregnation
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under acidic conditions led to better arsenic adsorption.
The formation of amorphous Fe and crystalline Fe can be
controlled by various factors (e.g., pH, reaction time, and
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Fig.2 SEM-EDS imaging of select FBCs. A SEM image of FBC6,
showing uptake of Fe into the BC pore structure. The inset shows
EDS mapping of the FBC surface and shows the uniform distribu-
tion of Fe on the BC surface. B The SEM image of FBC3. Arrows
indicate large mineral aggregates on the BC surface, which were not
identified on the surface of FBC6. The inset shows EDS mapping of
FBC3 and shows large Fe aggregates which were not identified on
FBC6. C SEM-EDS image of As adsorption on FBC1-1 retrieved

temperature). Generally, amorphous Fe oxides are more
likely to form under acidic to neutral pH with a rapid
hydrolysis (Cornell & Schwertmann 2003). Baltpurvins
et al. (1996) indicated that at higher pH, the transforma-
tion from freshly precipitated iron(III) oxides sludges to
more crystalline Fe species (e.g., goethite) will be faster.

Effects of impregnation media Fe concentration
and sonication on Fe loading and morphology

A range of Fe concentrations in the acidic impregnation
solution were tested to evaluate the impact on surface Fe
loading. An increase in the Fe(III) concentration from 0.1
to 0.5 M, 1 M, and 2 M (FBC1-0.1, FBC1-0.5, FBCI-1,
and FBC 1-2) led to an increase in total iron content from
4.63 to 51.82 mg g”'. The amorphous Fe content increased
from ~ 60% in the FBC1-0.1 sample to nearly 100% in
the FBC1-2 sample. The increase in both total and amor-
phous Fe correspondingly led to an enhanced adsorption of
As(V) (Fig. S3). The surface area decreased as Fe loading
increased, which is consistent with SEM imaging show-
ing that Fe impregnation under acidic conditions led to the
uptake of Fe into the pore structure and blocking of pore
throats (Fig. 2).

Sonication during the Fe impregnation was effec-
tive at creating a large increase in the total iron content,
amorphous iron content, and surface area. This is shown

from sorption isotherm experiment, showing the co-location of As
with Fe. D SEM-EDS image of Cd adsorption on FBCI-1. E SEM
image of FBC6 at the end of the second flood phase in the soil micro-
cosm experiments. Arrows show similar morphology of Fe taken up
in the pore structure. F The SEM image of FBC3 at the end of the
first flood phase, showing persistence of Fe aggregates on the BC sur-
face under anaerobic incubation conditions

by a comparison of FBC6 and FBC1-1, where FBC6 was
prepared in the same way as FBC1-1 with the addition of
sonication during the impregnation process. These changes
could be due to the enhanced uptake of Fe into the pore
structure during sonication, or the removal of impurities
produced during the pyrolysis process and trapped in nano-
pore structures (Luo et al. 2019, Sajjadi et al. 2019). The
adsorption capacity of FBC6 for As(V) and As(III) showed
a significant increase compared with FBC1-1, with a roughly
2.5-fold increase to 4830 pg g! for As(V) and a 3-fold rise
to 11,166 pg g for As(II). Additionally, FBC6 demon-
strated an adsorption capacity of 2564 pg g™ for Cd(II). In
comparison, Hu et al. (2015) reported an As(V) maximum
adsorption capacity of 2.16 mg/g using hickory chips-based
FBC, pyrolyzed with Fe(NO;);-9H,0 at 600 °C for 2 h. Fur-
thermore, Kim et al. (2019) reported a maximum As(I1I)
capacity of 13.5 mg/g using a giant Miscanthus-based FBC.
Chen et al. (2019a) investigated the Cd adsorption capacities
of various biochars, finding that woodchip biochar had a
maximum capacity of 3.08 mg/g and iron-loaded woodchip
biochar 22.6 mg/g.

Effects of Fe impregnation-pyrolysis sequence on Fe
loading and morphology

Prior studies of FBC preparation have involved
Fe-impregnation of the biomass feedstock prior to
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Fig.3 A As(V) adsorption isotherms and model fits with Langmuir
and Freundlich models. For clarity, model fits are not shown for
BCs with low As(V) adsorption capacity (< 500 ug As/g biochar).
B As(IIl) adsorption isotherms and model fits with Langmuir and

pyrolysis as well as Fe-impregnation of already-pyrolyzed
biomass (Table 1), and there is a lack of clarity on the
effects of pyrolysis sequence on FBC properties (Khan
et al. 2020, Rahman et al. 2022, Singh et al. 2020, Sun
et al. 2019, Zhang et al. 2019). Here, we tested the
effects of both pre- (FBC4) and post-pyrolysis (FBCS)
impregnation. While the surface area of FBC4 (256.82
m?g’") was much larger than the surface area of FBC5
(5.22 m?g™!), other properties of FBC5 made it a more
favorable adsorbent. FBCS5 had a greater total and
amorphous Fe content of 24.97 mg g™ (24.40-25.65 mg
gl and 26.66 mg g™ (25.59-27.74 mg g!), respectively.
The larger mean value of amorphous iron content than
total iron content was considered as measurement error.
FBC4 had much lower total and amorphous iron content
of 5.17 mg g'! and 5.05 mg g!, respectively. XRD
(Figure S1) and FTIR (Fig. 1) showed the presence of
both ferrihydrite and goethite Fe phases on the surfaces
of both FBC4 and FBC5. FBC5 had a Q,,,,, of 2634, 3985,
and 1987 pg g'! for As(V), As(IlI), and Cd, respectively.
FBC4 had poor adsorption capacities for As(V) and
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Cd(II), which were both lower than 500 pg g'. An
As(IIT) adsorption isotherm was not conducted for FBC4
due to the poor performance with As(V) adsorption. The
comparison between FBC4 and FBCS5 indicates that the
post-pyrolysis impregnation led to a better adsorbent for
arsenic adsorption, which is differed from some prior
studies. For example, Zhang et al. (2019) employed
rice straw as feedstock and explored the effect of both
pre- and post-pyrolysis impregnations. They found that
impregnation of unpyrolyzed biomass (pre-pyrolysis
impregnation) resulted in higher iron loading in FBCs and
enhanced As adsorption. These different findings may be
attributable to the use of different feedstocks.

A second pyrolysis step was applied to FBC6 to create
FBC7 and assess the effect of a pyrolysis-impregnation-
pyrolysis sequence. This led to a greater surface area
and similar total Fe content, but a large decrease in the
amorphous Fe content. FTIR indicated that the second
pyrolysis step led to a transformation of the Fe phase
from ferrihydrite to magnetite and goethite. The Q,,,, for
both As(V) and Cd(II) decreased sharply as a result of a
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second pyrolysis to 644 pg g™ and 520 pg g”!, respectively.
The adsorption of As(III) was not conducted for FBC7
due to its poor As(V) adsorption performance. Previous
studies have shown that a second pyrolysis step leads to
the transformation of amorphous to crystalline Fe, and
at a temperature of 800 C can produce zero-valent iron
(ZVI) (Xu et al. 2021). Here, our second pyrolysis step
of 600 °C transformed about half of amorphous iron to
crystalline iron as goethite and magnetite, without the
observation of ZVI. As a result, the As and Cd adsorption
capacity of FBC7 decreased with decreasing amorphous
iron content. This further indicates that amorphous Fe is a
more important factor than crystalline iron or total iron in
controlling As and Cd adsorption.

In our study, we explain the greater uptake of Fe in the
post-pyrolysis impregnation method with the greater sur-
face area and greater amorphous iron content of the pyro-
lyzed BC compared to the pristine woodchip (Carrott et al.
2008, Tan et al. 2021), allowing for more retention of Fe and
greater Fe surface loading.

Effects of iron morphology on adsorbent properties

The effects of total and amorphous Fe loading, as well as
surface area, on adsorption capacities for As(V), As(Ill), and
Cd are summarized in Fig. 4. The amorphous iron content
is a better predictor of Q.. for As(V), As(III), and Cd than
total Fe. The total surface area of the FBCs was not related
to Q... for any of the analytes. It is well-established that
amorphous Fe oxides have greater sorption capacities than
crystalline phases due to greater Fe oxide surface areas and
binding site densities (Kumar et al. 2008, Schwertmann &
Murad 1983).

When comparing As(V) and As(IIl), it was found that
acidic impregnation conditions led to greater Q,,, for As(III)
than As(V), which is the same as the results indicated by
Samsuri et al. (2013). Their study reported higher As(III)
adsorption capacity than As(V) using the Fe-loaded fruit
bunch biochar and rice husk biochar impregnated under pH
6. The biochar surface consists of a mixture of negatively
charged functionalities associated with pyrolyzed biomass
and Fe-O binding sites that, for ferrihydrite and goethite,
are positively charged at pH 7. At pH 7, H;AsO; is the
dominant As(III) species while H,AsO,” and HAsO,> are
both predominant As(V) species. Electrostatic repulsion
between As(V) and negatively charged biomass-associated
functionalities may decrease the adsorption of As(V)
compared to uncharged As(III). FBC3 was characterized by
discrete Fe precipitates on the biochar surface rather than
a more uniform distribution of Fe on the biochar surface,
including within pores, as seen for FBC6 in Fig. 2. The
surface complexation reactions between As(V) and these
discrete, larger Fe aggregates on the FBC3 surface may

have been less influenced by the charge of organic biochar
functionalities, compared to surface complexation reactions
with the more uniformly distributed Fe on FBC6 and other
acid-prepared biochars.

A correlation matrix of FBC physical-chemical variables
shows a strong positive correlation between the amorphous
Fe content and both As(V) and As(III) adsorption capacities
(r =0.92 and 0.99, respectively) (Figure S4). In conclu-
sion, amorphous Fe is a critical predictor for both As(V) and
As(IIT) adsorption, and there is no clear tradeoff between As
and Cd adsorption.

Mechanisms controlling Fe morphology
and speciation

The ATR-FTIR spectra provided evidence for the initial
surface complexation of Fe(III) with O-containing func-
tionalities on the BC surface, followed by nucleation and
clustering at higher Fe loadings and at higher pH. As Fe
loadings increased in the FBCI1 series, the C=0 peak shifted
to higher wavenumbers between 1700 and 1710 cm!. This
could be a result of an interaction between the Fe center and
carbonyl in quinone/ketone moieties on the BC surface (Kas-
saee et al. 2011). In addition, the peak centered at 1565 cm’!
(16651550 cm!) on the pristine BC, tentatively assigned to
an overlap between the stretching vibration of aromatic C=C
groups with the carbonyl stretching vibration of carboxylic
acid and amide groups (Calderdn et al. 2006, Cantrell et al.
2012), shifted to 1587 cm’! for acid-impregnated BCs. This
suggests that under acidic conditions Fe atoms may form a
complex through carboxyl groups at the BC surface (Bhat-
tacharyya et al. 2019). The goethite (Gt) peak located at 388
cm’! shifted to a lower wavenumber as Fe loading increased
in the FBC1 series (~ 364 cm™), indicating initial chemical
bonding of Fe to the BC surface at low Fe concentration, fol-
lowed by precipitation of a Gt and ferrihydrite (Fh) mixture
at higher Fe loadings. Such direct bonding between poorly
crystalline Fe and BC surfaces has been reported recently in
Xu et al. (2022). It is therefore likely that for acid impregna-
tion conditions the formation of Fh and Gt on the BC started
as a heterogeneous nucleation process, where Fe complexa-
tion with O-containing BC functional groups was the first
step followed by continuous hydrolysis and nucleation of
Fe. This C-O-Fe signal will be damped as the signal from
Fh/Gt becomes more prominent (Bazilevskaya et al. 2018).

In contrast to the acid-impregnated FBCs, the
Gt-associated bands in alkaline-impregnated FBC3 occur
at the same location and shape as the reference Gt mineral
(Fig. 1; Figure S5), indicating the absence of direct chemical
bonding between Fe and functional groups on the BC
surface. Therefore, it is likely that FBC3 is composed of Fe
(oxy)hydroxide surface precipitates with higher crystalline
order or grain size, consistent with the lower amorphous
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Fe fractions of these BCs (Figure S2). SEM imaging also
revealed a larger grain size for FBC3 compared to FBCl1
(Fig. 2). Overall, the predominant Fe mineralogy of FBC3
was Gt, while the acid-Fe soaked biochars contained
mixed Fe (oxy)hydroxides (e.g., Gt and Fh) that are more
effectively taken up into the pore structure and may bind
to the BC surface through O-containing functional groups,
especially at low Fe/BC ratios. Additional discussion of the
ATR-FTIR spectra is in SI.
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Effects of FBCs on As and Cd mobilization in flooded
soil microcosms

FBC3 and FBC6 were selected for soil microcosm experi-
ments due to their differences in Fe mineralogy, amorphous
Fe content, and performance as adsorbents for As vs. Cd.
Synthetic ferrihydrite (Fh) was also tested as an amendment
to compare the effect of FBC to a Fe (oxy)hydroxide min-
eral phase. Soil elemental compositions are summarized in
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Table S1. Fe concentrations in the paddy and orchard soils
were similar, while As and Cd were higher in the orchard
soil. Only FBC6 was used in the paddy soil since paddy soil
Cd concentrations were very low (0.2 mg/kg), and therefore,
the Cd adsorbent properties of FBC3 were not as important.

The pH in unamended (control) paddy and orchard soils
increased under flooded conditions, likely due to the reduc-
tion of Fe and Mn oxides (Figure S6). pH was between 6.5
and 7.5 in both soils after day 7. Amendment with FBC6 led
to lower pH in both soils while FBC3 increased pH, most
probably due to acidic vs. alkaline impregnation conditions.
As and Fe concentrations in porewater increased between
Days 1 and 14, and for the most part were stable between
days 14 and 35 (Fig. 5). In the second flood phase, As con-
centrations were relatively low in the paddy soil due to lower
organic carbon concentrations (Figure S7A; Table S1). The
combination of greater total soil As and greater organic car-
bon led the orchard soil porewater to have As concentra-
tions that were almost an order of magnitude greater than
the paddy soil.

The 5% FBC and Fh amendment substantially decreased
porewater As relative to the unamended control in both soils,
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in the paddy soil pore water in the first and second flooded phases
of soil microcosm experiments. The shaded areas represent the dry-
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while the 1% FBC amendments had either a small or no
effect. The Fh amendment increased Fe concentrations in
the orchard soil pore water relative to the control, while in
the paddy soil, Fe concentrations were similar in the Fh-
amended and unamended control microcosms. Notably,
in the orchard soil, the 5% FBC6 and 5% FBC3 had lower
Fe porewater concentrations than the unamended control,
which may be due to the (re-)adsorption of Fe(I) onto the
BC surface (Jeong et al. 2007). Based on our results, it is
not possible to determine whether FBC-associated Fe(III)
phases experienced less reductive dissolution compared to
Fh, or if a similar amount of Fe(IIl) experienced reductive
dissolution before sorbing onto BC surfaces. This distinc-
tion is important for understanding the stability of Fe(III)
adsorption sites under reducing conditions. The FBCs did
not inhibit sulfate reduction (Figure S8A), so impacts on
Fe solubility do not appear to be related to effects on redox
potential. While FBC amendment and Fh appeared to have
some effect on porewater Cd concentrations in the orchard
soil, these effects were small compared to the rapid decrease
of Cd in all conditions upon the onset of flooded condi-
tions (Fig. 5B), as is commonly observed in reducing soils

Paddy soil incubation

(D))
IDry down
5 i 4
E,ZW
S -
&’100 a ® ¥
* =
olatg " 9 "W a0 8 B8 =
AR E T T T AT
SFS S SFS S &
Time
(E)
8
a6
®
=4
°
O2
NA PP \j‘\\hw\,& »
o’*o’*oo'\ o@* o@* 0"'* 0'5\ o oo* 0'5\ Qo* ob'\
Time
(F)
150000
= 100000
2
o 50000
¥ =
0 i =
NA D RS \4\\‘,\},‘& »
S N SIS &

Time

Control group

down period between two flooding phases. Symbols show the mean
of n = 3 replicate microcosms, and error bars show the standard devi-
ation

@ Springer



Environmental Science and Pollution Research

(Fulda et al. 2013). Additional aspects of the Cd dynamics
are described in SI.

Due to the low porewater Cd concentrations under anaer-
obic conditions, our analysis focuses on the effects and
longevity of FBC amendment on As mobility. Differences
between conditions were evaluated using a one-way ANOVA
and were significant at a 5% confidence level (Figure S9).
In the first flood phase of the paddy soil, both Fh and 5%
FBC6 significantly decreased pore water As concentrations
compared to the control, and 5% FBC6 led to As concen-
trations that were significantly lower than the Fh-amended
system (Fig. 5D). However, in the second flood phase, only
5% FBC6 and Fh led to significantly lower As concentra-
tions than the control (Figure S9). These results demon-
strate that both 5% FBC6 and Fh amendment are effective
at immobilizing As under anaerobic soil conditions and that
5% FBC6 exhibited greater longevity by causing a statisti-
cally significant difference from the control at the end of the
second flood phase.

In the orchard soil, 5% FBC6, 5% FBC3, and Fh amend-
ments all led to lower dissolved As concentrations than the
control in the first flood phase, with the 5% FBC6 and the Fh
amendments significantly lower than 5% FBC3 (Figure S9).
In the second flood phase, 5% FBC6 and Fh maintained better
As removal compared to the control and 5% FBC3, but 5%
FBC6 led to dissolved As concentrations that were now sig-
nificantly lower than the Fh-amended system (Figure S9). The
5% FBC3 was no longer significantly different than the con-
trol, reflecting poor longevity of FBC3 following incubation
under reducing conditions in the orchard soil. The 5% FBC6
had very similar performance in the first and second flood
phases, decreasing dissolved As concentrations compared to
the control by 54% and 56%, respectively. In contrast, the
performance of Fh declined markedly between the first and
second flood phases, where dissolved As concentrations were
64% lower in the first flood phase but were only 40% lower in
the second flood phase. The superior performance of FBC6
after two flood phases in both soils compared to FBC3 and
Fh amendments suggests that FBC6 has greater longevity as
an adsorbent in flooded soil conditions. It is notable that the
FBCs served as effective As adsorbents in the more complex
pore water matrix of the soil incubations, including phosphate
(Figure S10) which is known to compete with As for sorption
onto FBC (Hu et al. 2015).

The impact of flooded soil incubation on Fe
morphology and speciation on BC surfaces

In order to understand the greater longevity of FBC6, FBC
samples were retrieved at different stages of the flooded
soil experiment and analyzed with SEM-EDS (Fig. 2E) and
ATR-FTIR (Figure S11). SEM analysis of FBC6 showed
that BC pores remained filled with Fe after the second flood
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phase, suggesting that Fe was stable through two flood
phases and was not significantly depleted by reductive dis-
solution (Fig. 2E). FTIR analysis showed that Gt-associated
peaks (891, 792, 693, 455, 388, and 259 cm‘l) were shifted
to higher wavenumbers (A = + 4 to 13 cm™!) that may indi-
cate larger particles with a higher crystalline order after
aging in redox-dynamic soil (Sklute et al. 2018, Udvardi
et al. 2017). This is consistent with Thompson et al. (2006),
who found multiple redox cycles in a soil transformed short-
range-ordered nano-goethite to micro-crystalline goethite.
In FBC6, Fh-associated peaks at 1338, 682, 427, and 263
cm’! were suppressed, likely due to transformation to a more
stable Fe oxyhydroxide such as goethite and/or reductive
dissolution of ferrihydrite phase during anaerobic periods
(Aeppli et al. 2019, Erbs et al. 2010, Huang et al. 2015). In
addition, the SEM images of aged FBC3 and FBC6 (Fig. 2E,
F) also explain differences in longevity between these FBCs.
The Fe morphology and surface distribution in FBC6 were
similar before and after incubation in soil, with Fe that was
well distributed in the pore structure of FBC6 before and
after the flooding event (Fig. 2A, E).

Conclusion

This study addressed a gap in the existing literature on
Fe-modified biochars by systematically evaluating how
variables including impregnation media pH, media Fe
concentrations, and pyrolysis sequence impact FBC physio-
chemical properties and adsorbent performance for As(V),
As(IIT), and Cd. FBC6 had the best performance on arsenic
adsorption, with Q.. for As(V) and As(III) at 4830 and
11,166 pg g'!. FBC3 prepared under alkaline condition had
the highest Cd adsorption capacity, with a Q,,, for Cd(II) at
3053 pg g’!. Amorphous Fe content was the most important
factor controlling the As adsorption capacity, and acidic
impregnation conditions in conjunction with ultrasonic
treatment led to the highest amorphous Fe loading. The
morphology and surface distribution of the loaded Fe also
proved to be an important determinant of As(IIl) and As(V)
adsorption capacity, as well as the longevity of adsorbent
performance. The uniform distribution and uptake of Fe into
the BC pore structure led to better As(III) adsorption capacity
and greater longevity, while discrete Fe aggregates on the BC
surface led to better As(V) adsorption and poor longevity.
The longevity and regeneration of Fe-modified biochars
were evaluated. FBC6 was effective at decreasing dissolved
As concentrations in pore water over two multi-week
flooded periods, decreasing pore water As by 54% and 56%,
respectively, compared with the control groups in orchard
soil. While the effectiveness of ferrihydrite decreased from
64 to 40% in the second flooded phase, FBC 3 showed no
significant differences with control groups in the orchard soil
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in the second flooded phase, indicating poor longevity and
regeneration. The superior performance of FBC6 compared
to FBC3 for immobilization of As in the soil microcosm
studies was consistent with adsorption isotherm experiments
showing that FBC3 had a higher capacity for both As(V)
and As(IIl), and its significantly greater capacity for As(IIl)
could be an asset in reducing soils where As(II) will be an
important species. We suggest that the better longevity of
FBC6 compared to FBC3 and Fh may be related to the distinct
morphology of FBC6 and the uptake of Fe into the pore
structure, which SEM analysis revealed to be stable after two
flood periods. There was also FTIR evidence of a chemical
C-O-Fe binding mechanism in FBC6, potentially giving
the Fe(IIl) more stability in reducing conditions compared
to Fe (oxy)hydroxide precipitates on the BC surface. In
contrast, Fe in FBC3 was primarily in the form of crystalline
goethite precipitated on the BC surface, as supported by SEM
imaging showing large surficial aggregates (Fig. 2B, F). Our
systematic analysis of Fe impregnation methods showed that
the combination of acidic impregnation pH and sonication
significantly improved the adsorption capacity for As(V) and
As(III), while maintaining an intermediate capacity for Cd.
These impregnation conditions also produced an FBC that
was stable under consecutive flooded, anaerobic periods,
indicating the potential for long-term effectiveness of FBCs
in flooded rice paddy soils.

Supplementary Information The online version contains supplementary
material available at https://doi.org/10.1007/s11356-024-33359-x.
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