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Anionic arsenic (As) species and phosphate often show similar behavior in soils.
Bioavailability of these anionic species has a significant implication for crop production and
soil health. Biochar (BC) is considered an effective amendment for managing these anionic
species. This study aims to evaluate how surface-modified biochars influence phosphate
and arsenite adsorption. Biochars with a range of functionalities were produced using

mineral doping, and chemical oxidation with hydrogen peroxide. These biochars were then
characterized using different chemical techniques, including FTIR. Next, a phosphorus
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adsorption study was conducted with fresh, mineral-doped and chemically oxidized
biochars. A desorption study was also conducted to understand the strength of sorption.
Moreover, an adsorption study was carried out using three different biochars fresh,
oxidized, and doped in interaction with As. Our results showed that chemical oxidation
increased oxygen-containing functional groups while mineral impregnation decreased
their presence, resulting in a reduction in cation exchange capacity. As a result, phosphate

adsorption was significantly higher with mineral- doped biochar (2.5 mg g biochar) than
in fresh biochar (2.2 mg g biochar) treatment. The strength of binding was higher for
positively charged biochars. Similar to phosphate, the As adsorption was also higher in the
doped biochar (~0.50 mg g biochar) than oxidized biochar (0.20 mg gbiochar).
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Surprisingly, the As adsorption was higher in the oxidized BC than fresh BC possibly due to
its co-adsorption with cations. Altogether, our results suggest that biochar with positive
surfaces could strongly bind negatively charged ions from agueous solutions and soils.
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1. INTRODUCTION

Anionic species in soils, particularly phosphate and
arsenate, often show similar behavior, although their roles
are very different in plant performance (Strawn, 2018).
Phosphorus is an essential plant nutrient, whereas arsenic
(As) is a contaminant that negatively affects plant
performance. Understanding their behavior, such as
adsorption and desorption, can have significant implications
for managing soil health and crop production.
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Phosphorus bioavailability is a major constraint in many
acid soils rich in Fe/Al oxides or hydroxides (Yan et al., 2020).
The reason for the low bioavailability is the fixation of
phosphate with soil minerals. In contrast, phosphate
applications at higher rates, such as with animal manure, can
cause environmental problems through increasing phosphate
loading in water bodies (Yan et al., 2020). This particularly
occurs when soil-positive reactive surfaces are low.
Therefore, understanding phosphate dynamics in soil is
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crucial, highlighting the need to enhance soil reactive surfaces
for its better management.

Arsenic pollution is a serious problem in many countries
including Bangladesh and around the world. Its concern is
high due to its elevated toxicity and widespread
environmental occurrence. Although the parent rock is the
most abundant source of As in soils, anthropogenic activities
have contributed significantly to the increase in its
concentration in many soils (Ungureanu et al., 2015). The As
present in soil can be taken up by plants and eventually enter
into the human food chain, leading to potential exposure
(Arslan et al., 2017). As a result, it presents a significant risk
to human health and well-being (Ghezzi et al.,, 2023).
Therefore, the development and adoption of effective
remediation methods remain central in heavy metal research.

The bioavailability, transport, and uptake of anionic
species such as phosphate and arsenite in the soils are largely
controlled by soil-reactive surfaces (Caporale & Violante,
2016). The use of organic amendments can alter soil reactive
surfaces, thereby influencing the speciation and retention of
elements within the soil. Biochar, a pyrogenic carbon-rich
material derived from pyrolysis, is valued for its roles in
carbon storage capacity, soil fertility enhancement, and
pollution control (Beesley et al.,, 2013; Mia et al., 2015;
Namgay et al., 2010). Pyrogenic carbon including biochar,
soot, black carbon and charcoal carries aromatic carbon and
is usually created from incomplete combustion of biomass
(Abney & Berhe, 2018; Singh et al., 2023). During incomplete
burning, up to 25% of the carbon can convert into pyrogenic
carbon (Cotrufo et al., 2016). Historically char added soil such
as in Terra Preta soils is more productive due to its role in
increasing soil pH, water retention capacity, and improving
nutrient bioavailability (Reisser et al., 2016).

Biochar carries a large reactive surface with a large surface
area and charge, enabling it to effectively adsorb anionic
species (Mia et al., 2017b; Singh et al., 2023). The surface
charge is associated with its functional groups that carry
variable surface charges (Mia et al.,, 2017a, 2017b).
Depending on production conditions and modifications, the
functionality, i.e., the surface charge can be positive or
neutral to negative (Mia et al., 2017a, 2017b). For instance,
biochar carries a positive surface charge at pH ~7.0 when it is
doped with Iron (Fe), Aluminum (Al), and Magnesium (Mg)
minerals while it carries a negative charge when modified
with chemical oxidizers such as hydrogen peroxide, and nitric
acid (Mia et al., 2017a). Moreover, the properties of biochar
change with time in the soil, a process known as aging (Mia et
al., 2017a, 2017b). Especially, the net positive charge in the
biochar surfaces changes to a net negative charge with the
introduction of carboxylic and phenolic groups during aging
(Mia et al., 2017a, 2017b). The specific surface area can also
be changed with biochar aging or modifications. Therefore,
understanding the extent in change of biochar properties
through different modification (e.g., chemical, physical, or
biological) treatments is crucial for their potential application
in remediating arsenic (As)-contaminated soils (Liang et al.,
2021). Engineered biochar with impregnation of iron (Fe)
shows improved As fixation through surface complexation,
redox chemical reactions, and co-precipitation mechanisms
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(Wang et al., 2020). Biochar impregnation with Fe not only
increases biochar's capability to adsorb arsenic but also
reduces its bioavailability to plants by increasing its
transformation into less mobile forms (Yin et al., 2017).
Moreover, application of modified biochar into As-rich soils
can boost soil fertility by enhancing nutrient retention (Zhang
et al., 2020) and microbial activities (Zhu et al., 2022). The
customized pore structure in the engineered biochar helps to
maintain soil aeration and water-holding capacity (Gong et
al.,, 2019), thereby providing a multifunctional tool for
efficient  environmental cleanup and  sustainable
management of As-contaminated agricultural soils (Liu et al.,
2022).

Understanding the mechanisms of anionic species
interacting with biochars would improve our knowledge of
predicting their current and future environmental behavior.
Biochar’s sorption capacity for anionic nutrients depends on
its surface area and functional groups (Table 1). Biochar with
a net positive charge has been shown to adsorb more anionic
elements than biochar with negative surface charges (Mia et
al., 2017a). However, a large negative charge on the biochar
surface may attract cations which then attracts anionic
nutrients or species, a process known as co-adsorption (Mia
et al., 2017a). Thus, the retention of these adsorbed anions
through different mechanisms may differ based on the
strength of the interactions. Specifically, the direct
interactions between biochar surfaces and anionic species
(i.e., ionic interactions) can be stronger than those involving
co-adsorbed anions (Li et al., 2014; Pan et al., 2021; Wan et
al., 2017). Given the diversity of biochar surface properties,
the initial properties of biochar have significant implications
for predicting their roles in the soil over time. Moreover, the
change in biochar properties from positive to negative with
aging may also reverse their role in retaining anionic species.
Despite biochar adsorption capacities being studied, there is
a dearth of information on how surface modification of the
same biochars, from positive to negatively charged surfaces,
would affect the sorption of anionic species. Hence, the
objectives of this study were to develop different
functionalized BCs (Mg—Al-Fe, and acid-modified)
understand their functionality, and examine how these
functionalities are linked to the sorption of negatively
charged ions (i.e., phosphate and arsenate).

2. MATERIALS AND METHODS
2.1. Preparation of Biochar

Raw sawdust was collected from a local sawmill and used
as the feedstock for preparing biochar. The feedstock was
washed with deionized (DI) water to remove dust particles
and dried at 80°C overnight. The dry biomass was crushed and
sieved to 2 mm before being used for biochar preparation.
Biochar was prepared using the slow pyrolysis technique at
500°C for 1 h under a nitrogen flow (Mia et al., 2015).
Specifically, the biomass was placed into a crucible and
covered using aluminum foil before being pyrolyzed in a
muffle furnace. The produced biochar (FBC) was washed and
dried at 105°C. The BC was then ground, sieved (<0.12 mm)
and stored for further analysis.
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Table 1. Effectiveness of doped biochar, activated carbon and biosorbents to reduce arsenic concentration in aqueous solution

Biochar
Composite

Main focus

Methods of
composite/biochar
preparation

Experimental Conditions

pH

Temperature Application
(°C) rate (g L)

Concentration
range (mglL?)

Observation

Mechanism References

Iron doped
amino
functionalized
sawdust
composite

Iron doped
amino
functionalized
sawdust to
remove As(lll)
and As(V) from
water.

The synthesis of
amino-
functionalized
sawdust was
carried out by
modification of
raw sawdust with
30% NaOH,
followed by
reaction with
epichlorohydrin
and
diethylenetriamine
at 90 °C, and
subsequent
washing with
acetone, ethanol,
and deionized
water. Fe
(NO3)3.9H,0
solution was
mixed with
biomass and oven
dried at 90°C for
4h.

7.0%
0.2

25 1

1-50

A maximum
adsorption of
43.7mgg?
was observed
for As (V),
whereas, As
(111) showed a
capacity of
10.1 mggl

Hao et al.
(2016)

Iron doped amino-
functionalized sawdust
composite exhibited a much
stronger affinity towards
arsenite and arsenate through
electrostatic interactions.

Iron loaded
biochar

Iron loaded
biochar to
remove As (V)
from aqueous
solution.

FeCI3.6H20
solution was
mixed with
biomass and
pyrolyzed at
550°C.

25 0.1

0.1-5

Adsorption
capacity was
1.91 mggl

Duan et al.
(2017)

A relatively large surface area
(418 m?/g) contributed to
adsorption.
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. Methods of Experimental Conditions
Biochar . . . . .
Composite Main focus comp05|te/b.|ochar H Temperature Concentration  Observation Mechanism References
preparation p (°C) range (mglL™?)
Iron sludge Fe-SBC was Pristine biochar 7 25+0.5 10-80 An adsorption  Adsorption and oxidation Lin, Zhang,
biochar (Fe- developed from was produced efficiency of were the key mechanisms. As  etal.
SBC) urban sludge for ~ from corn stem at 15.34 mg g formed La-O-As complex. H* (2019)
Iron-Mn-La arsenic removal 600 °C under N, was recorded ions were released during the
impregnated  from water. then modified by for As (Ill) adsorption process and led to
biochar soaking into Fe, the formation of coordination
composite Mn, and La complexes with La, Fe, and
solutions followed Mn through oxygen bridges.
by pyrolysis at 300
°C to yield Fe-Mn-
La-biochar
composite with
varying La content.
Magnetic Agricultural FeCls.6H,0 --- 22+0.5 5-200 The highest Surface complexation was Zhang et
biochar waste was used solution was capacity of As  identified as the main al. (2013)
(y-Fe,03) to produce mixed with (V) adsorption  adsorption mechanism.
magnetic biochar  biomass and was observed
enhanced with underwent at3.147 mgg
iron for the pyrolysis for one 1
adsorption of As hour at 600 °C.
(V) from water.
Bismuth Preparation of A Bi,O3 solution 2-10 25 The The maximum Interactions of phosphate and  Zhu et al.
impregnated bismuth was mixed with concentration adsorption bismuth were identified as the (2016)
biochar impregnated BC biomass and was 60 to capacities major mechanism for
through wheat subsequently 1800 mg L! were 125 mg phosphate, while ligand
straw toremove  pyrolyzed at 400, for phosphate g for exchange was the main
phosphate and 500, and 600 °C and 5 to 200 phosphate mechanism for As adsorption.
As (Il1). for 1 h. mg L for and 16 mgg*
arsenite. for As (1ll).
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. Methods of Experimental Conditions
Biochar . . . . .
Composite Main focus comp05|te/b.|ochar H Temperature Application Concentration Observation Mechanism References
preparation P (°C) rate (gL)  range (mgL?)
Fe and Zr Development of Biomass waste 25 4 The maximum  Electrostatic attraction and Sahu et al.
loaded iron and was pre-treated adsorption surface complexation were (2021)
activated zirconium with FeCl; and the capacity of As  identified as the main
carbon enhanced mixture of FeCl3 () was 1.206  mechanisms. Surface
activated carbon  and zirconium and 0.679 mg  functional groups (-OH, —CHs,
to identify its oxide (Zr0O,). Next, g for Fe-Zr —CH,, NH,, COO") specific
potential for As the biomass was and Fe- surface area of the
(1) removal from  pyrolyzed at 500 °C activated biosorbents considered as a
contaminated for2h carbon, contributor in these
water. respectively. processes.
MnO and CuO Potential of A 50 ml 25+1.5 1 Maximum As Electrostatic attraction and Imran et
impregnated Sesbania CuS04-5H,0 adsorption complexation were identified  al. (2021)
biochar bispinosa biochar  solution was potential as the key mechanisms.
composites (SBC)-based mixed with 0.25 g capacities
from nanocomposites  biochar produced were
Sesbania (for removing at 450 °Cfor 1 h. 12.47 mgg*
bispinosa As(V) from The mixing was and7.35mg g
biomass contaminated continued for 10 1 for SBC/CuO,
wastewater. minutes, then and SBC/MnO,

titrated with 50 ml
of 0.15 M KOH
solution. For
SBC/Mn0O, 0.1 M
MnCl, solution
was used, with the
same preparation
steps as for
SBC/CuO.

respectively
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. Methods of Experimental Conditions
Biochar . . . . .
Composite Main focus comp05|te/b.|ochar H Temperature Application Concentration Observation Mechanism References
preparation P (°C) rate (gL)  range (mgL?)
Novel a- An a-FeOOH- a-FeOOH was 40+ 25 1 54.15 The maximum  Co-precipitation and ion Zhu et al.
FeOOH modified biochar  synthesized viaco- 0.1 As(l11) exchange were the key (2020)
modified for simultaneous  precipitation. BC adsorption mechanisms.
wheat straw removal of both (2.8 g) was capacity of a-
biochar Cd(I1) and As(Il1) activated in 5 mol FeOOH@BC
from the aqueous L KOH, and then was 78.3mgg’
phase. 1 mol L't Fe(NO3)s L which
was added to form dropped to
red precipitates. 67.2mgglin
Cd and As
system.
Chemical To investigate Fifteen grams of 2-10 25-55 0.5-4.0 0.5-2.5 MPAC-500 Electrostatic attraction was Sahu et al.
carbonization the adsorption of FeCl;-6H,0 were and MPAC- considered as the key (2022)
of pea peel arsenic (As) from  dissolved in 150 600 adsorbed  mechanism.
waste aqueous mL deionized As(Ill) at
biomass by solutions using water, followed by 0.7297 mg g*
FeCls.6H,0 MPAC-500 and 30 g of pea peel and 1.3335
MPAC-600 powder was mgg?,
(magnetic- added. The respectively,
activated carbons  mixture was while Qmax
synthesized from  pyrolyzed at 500°C for As(V) was
the peel of Pisum (MPAC-500) and 0.4930 mg g*
sativum (pea). 600°C (MPAC- and 0.9451
600). mgg .
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. Methods of Experimental Conditions
Biochar . . . . .
Composite Main focus comp05|te/b.|ochar H Temperature Application Concentration Observation Mechanism References
preparation P (°C) rate (gL)  range (mgL?)
Novel iron Evaluation of the  Anamountof60g 3-10 25-45 1-3 0.5-1.5 MRB-800 Surface complexation and Verma et
infused adsorption of powdered showed a electrostatic attraction were al. (2022)
biochar capacity of a feedstock was maximum key mechanisms in As(Ill and
developed modified biochar  immersed in adsorption V) adsorption, driven by the
from developed from FeCls:6H,0 capacity functional groups and
Raphanus Radish leaves and solution, pre- (gmax) of 2.08 elemental composition of
sativus (MRB)  Jackfruit peel for  heated at 80°C for mg g* for MRB-800 and MJB-800.
and removing As(l11) 2 hours, and then As(lll) and
Artocarpus and As(V) from pyrolyzed at 800°C 2.03mg g for
heterophyllus aqueous in a closed As(V), while
(MJB). solutions. crucible. MJB-800 had
gmax values
of 1.13 mg g*

for As(lll) and
1.26 mg g for
As(V).
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The FBC was oxidized by adding 1 g of biochar into 30 mL
of 5% H,0, and then heating at 80 °C for 6 h. After
evaporation of excess H,0,, the oxidized biochar was washed,
dried, and adjusted to the pH of fresh biochar. It was then
used for characterization and adsorption studies.

The doped biochar (DBC) was produced using a procedure
called the doping technique. A total of seven different types
of doped BC were produced using different combinations of
0.5 M FeCls, MgCl,.6H,0, and AlCls. Briefly, 5 g of sawdust was
mixed with doping chemicals at a ratio of 1:10 (w/v). The
prepared mixture was then kept for 12 h to equilibrate with
the solutions and then dried at 80°C for another 12 h. The
modified biomass was placed into a crucible and sealed with
aluminum foil paper. Next, the mineral-loaded biomass was
pyrolyzed in a muffle furnace under N, flow at 500°C for 1 h.
The prepared BCs were then labeled as Mg-doped, Al-doped,
Fe-doped, Mg-Al-doped, Mg-Fe-doped, Fe-Al-doped, and Mg-
Al-Fe-doped BC, keeping consistency with the added
chemicals. All BCs were then washed with DI water to remove
non-reacted minerals and dried at 105°C for 4 h. The dried
BCs were kept for further chemical analysis and
experimentation.

2.2 Cation exchange capacity determination

The cation exchange capacity of biochar was measured by
shaking 0.5 g of biochar with 10 mL of 1 M NH,OAc for 4 h,
followed by replacement of NH,* with Na* using NaOAc (Mia
et al.,, 2017a). Finally, ammonium concentration was
determined using the indophenol blue method (Kodama et
al., 2015).

2.3 Fourier transform infrared spectroscopy

ATR-FTIR analysis (400-4000 cm™) was done using 5%
biochar in KBr, as per Ascough et al. (2011) and Trompowsky
et al. (2005). Peak area under major bands was calculated via
Gaussian deconvolution using PeakFit (SAS, Cary, NC).
Spectral differences between modified and unmodified
biochars were visualized through subtraction.

2.4 Elemental analysis

Total carbon and nitrogen in the biochar were analyzed
using an elemental analyzer (FlashSMART, Thermo Fisher
Scientific). Ash content is determined by heating samples at
105°C for 4 h to remove moisture (Ismail, 2017), followed by
ashing at 730°C for 8-10 h (Aller et al., 2017). Samples were
then treated with HNOs and H,0, and dried at 120°C.
Following cooling, deionized water was added, and samples
were vortexed to dissolve the ash residue. Elements such as
magnesium (Mg), iron (Fe), and aluminum (Al) concentrations
were measured in the extractants using an atomic absorption
spectrometer (AA7000- Shimadzu, Japan) (Enders et al.,
2012).

2.5 Phosphorus adsorption and desorption study

For the adsorption study, 50 mg L'! P was used with a
background solution of 0.01M CaCl,. In the batch study, 0.1 g
of BC from each sample was added to a 5 mL solution
containing 50 ppm in a 50 mL falcon tube. Each treatment was
replicated four times. The samples were shaken for 1 h, and
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left overnight, then the pH was adjusted to 6.2 using NaOH
and HCl. After 7 days of equilibration, the solution was
centrifuged and filtered with Whatman No. 42. Next, the
solution was analyzed for phosphate using (Murphy & Riley,
1962) method using UV-Vis spectrophotometer (DR6000 UV-
VIS Laboratory Spectrophotometer, Hach, Germany)

Adsorbed phosphate at equilibrium (ge, mg/g) was

calculated using Equation 1.

o= (C1—V(\I]2)*V
Where C1= Initial concentration of P; C2= Final concentration
of P; V= Volume of solution (L); and W= Mass of biochar (dry
basis, g).

After measuring P adsorption capacity, P desorption was
measured using the phosphate-loaded-BC samples. Briefly,
the residual BC was transferred into falcon tubes, mixed with
5mL of 0.01 M CaCl,, and shaken for 2 h at 180 rpm. The
mixtures were then filtered, and the extracts analyzed for P
concentration as described previously.

2.6 Arsenic adsorption study

A batch experiment was conducted to examine the effect
of various BCs on As in soil collected from Kapasia Upazila,
Gazipur district (24°04'00.6"N 90°37'04.0"E). The soil is a
highly weathered Oxisol with high metal oxides and hydro-
oxides. This study included four treatments, i.e., a) control
(collected soil sample), b) soil+ fresh biochar, c) soil+ oxidized
biochar, and d) soil+ doped biochar (Mg-Fe-Al doped). To do
this, 5 g of air-dried soil (ground and sieved to 2 mm) and 0.1
g of BC from 3 different BC (oxidized, doped and normal BC)
samples were mixed thoroughly in a 50 mL falcon tube. Next,
30 mL 100 ppm NaAsO, solution was added. The As solution
was freshly prepared in DI water. After 7 days of equilibration
with intermittent gentle agitation (120 rpm), suspensions
were centrifuged and filtered (Whatman No. 42). Arsenic
concentration in the filtrates was quantified using a hydride
generation atomic absorption spectrophotometer (HGAAS
SpectrM 55B, Germany) (Cerveira et al., 2015).

2.7 Statistical Analysis

One-way analysis of variance (ANOVA) was used to
examine whether the variation for different treatments was
statistically significant while the means were separated
following a least-significant difference (LSD) test.

3. RESULTS
3.1 Biochar properties

Biochar production rate varied significantly due to
different methods of production (Table 2). The weight of BC
was significantly higher when it was produced after loading
with minerals than without mineral addition (Table 2). The
carbon content was lower in mineral impregnated biochar
compared to other BCs. The highest concentration of C (~65.8
%) was found in oxidized biochar which is slightly higher than
fresh BC (~64.4%) (Table 2). However, the net cation
exchange capacity of fresh BC was larger than Fe-modified BC
while it was the highest in the chemically modified biochar.
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Table 1.Biochar production rate and mineral content changes with different activation methods (mean * SE)

Production Concentration of different minerals (%) CEC
Biochar o 1
rate (%) Carbon Ash content Fe Al Mg N cmolckg?)

Fresh biochar  29.57+0.48 ¢ 64.36+0.0a 3.610.3 ¢ 0.04+0.0b 0.04%+0.0c 1.56+0.8 b 0.69+0.0b 18.2+2.5b
Al-doped
bioccf:g? 61.53+0.54 a 38.70.5b 17.3t1.2a 0.04+0.0 b 34+1.1a 2.01%0.4ab 0.53%0.0b 2.32#0.4 c
Fe- doped
biochar 64.23+2.83 a 41+1.0b 14.8+1.0ab 1.8+0.4a 0.0330.0c 1.52+03 b 0.52+0.0 b 2.241#0.2 ¢
Mg-d d 60.17+1.34

'g ope 37+0.4 b 12.9+2.4b 0.04+0.0b 0.031#0.0c 3.50+1.2 a 0.59+0.0 b 2.34%0.4 c
biochar ab
Fe, Al and Mg
-doped 53.65+1.93 b 39+1.2b 13.8+0.9ab 1.240.3 ab 0.840.2 b 1.50+0.7 b 0.53%0.0b 2.35#0.2 ¢
biochar
Chemically
oxidized 13.5+1.4d 65.840.0 a 2.1+0.1 ¢ 0.02t0.0b 0.02+0.0 ¢ 0.80+0.0 ¢ 1.50+0.0a 29.3t1.6a
biochar
P value <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01

-COOH
R - Fe/Al-O
OH -OH -COOH COOH e

Transmittance (A.U.)

—— Fresh biochar
—— Al-Mg-Mn doped biochar
—— H,0, oxidized biochar

T T T T T T T T

3900 3400 2900 2400 1900 1400 900 400

Wavenumber (cm™)

c=C, C-0"

Substracted spectra (A.U.)

T T T T T T T T

3900 3400 2900 2400 1900 1400 900 400

Wavenumber (cm™)

Figure 1. FTIR spectra of fresh, chemically oxidized, and mineral doped biochars. Panel A represents the original spectra while
panel B represents the subtracted spectra of chemically oxidized and mineral doped biochar from fresh biochar. Dotted lines
indicate different functional groups. Spectra were normalized. For assignment of different functional groups, please see
Table 3.

3.2 Fourier-transform infrared spectra (FTIR) analysis

Figure 1illustrates the FTIR spectra of fresh (FBC), oxidized
(OBC), and doped (DBC) biochars, emphasizing alterations in
surface functional groups. In FBC, peaks at ~3400-3800 cm™,
~1720cm™, and ~1600cm™ were assigned to hydroxyl
stretching, carboxyl, and aromatic C=C vibrations,
respectively. The 700-900 cm™ region indicated aromatic C-
H out-of-plane bending. For DBC, additional bands at ~400
and ~700 cm™ reflected Mg—Al-O bonds, while the broad
~3450 cm™ peak corresponded to Mg—OH stretching. A minor
absorption at ~655cm™ suggested the presence of Fe—O
bonds.
3.3 Biochar effects on phosphate adsorption and

desorption

Phosphorus adsorption rates were compared across
different BCs. Among the BCs, doped-BCs showed
significantly higher phosphate adsorption (Fig. 2). The highest
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amount of adsorption was demonstrated by Mg-Fe-Al doped-
BC, which was about 2.50 mg P g'* BC and followed by Fe-Al,
Mg-Fe, Mg-Al, Al, Fe, oxidized and Mg-doped and normal BCs
respectively (P<0.01, Fig. 2).

The doped BCs showed significantly greater effectiveness
in removing phosphate compared to unmodified BC. Most of
the doped BCs adsorbed nearly 100% (P<0.01, Fig. 2). The
highest rate was found in Mg-Fe-Al doped-BC.

The desorption study revealed that there was little release
of phosphate. However, there was a significant difference in
release of adsorbed phosphate among different BCs (P<0.01,
Fig. 3A). The Mg-Fe-Al doped BC showed no release of
phosphorus after desorption process which demonstrated
the best adsorbing capacity. The phosphate desorption was
highest in the Fe-DBC which was followed by Mg-DBC, but all
the desorption rates were below 0.05 mg/g biochar. In other
words, the desorption was below 2.5% of the adsorbed
phosphate (Fig. 3B).
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Table 2. Peak assignment and relative peak area of different biochars

FBC OBC DBC
Functional Group Area Area Area References
Peak (%) Peak (%) Peak (%)
Aromatic C-H bending,  875.68 2.2 605.65 2.3 478.35 1.2  Jungetal. (2017); Pentrak et al.
Mg/Al/Fe-O bonds and 556.0 0.5 (2018); Wu et al. (2015); Yin et al.
Mg-OH stretching 580.0 (2019); Yang et al. (2022)
655.8
C-O stretching 1051.2 7.5 1109.07 4.4  Arbelaez Breton et al. (2021)
-COOH stretching 1433.11 17.0 1433.11 3.5 Starsinic et al. (1984)

Aromatic C=C, C=0, H- 1597.06 4.0 1595.13 2.9 1610.56 10.6  Arbelaez Breton et al. (2021)
O-H stretching and -OH

groups

C-H stretching 2860.43 28.2 Singh et al. (2016)

-CH, stretching 2926.01 6.1 2924.09 5.2 2927.94 50.2 Yinetal. (2021)

Mg—OH stretching/ 3429.43 57.1 3431.36 53.3 3450.65 33.0 Ahangaran et al. (2013);
Kirmizakis et al. (2022)

-OH groups 3774.69 6.1 3776.62 4.6

Notes: *FBC=fresh biochar; OBC=oxidized biochar; DBC=doped biochar
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Figure 2. A) Amount of phosphate adsorbed by different Biochar; B) Percentages of phosphate adsorption by different
biochar. FBC, DBC, and BC represent fresh biochar, doped biochar, and biochar, respectively. Error bar represents the
standard error of the mean (N=4).
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Figure 3. A) Phosphorus desorption by different biochar; B) Equilibrium concentration of phosphorus in solution after
desorption; FBC, DBC and BC indicate fresh biochar, doped biochar, and biochar, respectively. The error bars represent
standard errors of means (N=4).
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Table 4. Arsenite (As(lll)) adsorption capacity of different modified biochars in comparison to pristine biochars
As (lll) adsorption

maxima (Qmax) for

As (Ill) adsorption
maxima (Qmax)

Control Treatment/ Activation pristine biochar for modified Change (%) References
(mg gty biochar (mgg?)

FBC Post-doped 18.90 31.40 66.1 Samsuri et al. (2013)
FBC Post-doped 19.30 30.70 59.1 Samsuri et al. (2013)
FBC Oxidized 0.01 0.01 22.8 Van Vinh et al. (2015)
FBC Oxidized 2.65 3.97 49.8 Liu et al. (2019)
FBC Oxidized 2.65 5.67 114.0 Liu et al. (2019)
FBC Oxidized 2.65 5.14 94.0 Liu et al. (2019)
FBC Oxidized 2.65 7.03 165.3 Liu et al. (2019)
FBC Oxidized 2.65 8.74 229.8 Liu et al. (2019)
FBC Oxidized 2.83 4.02 42.0 Liu et al. (2018)
FBC Oxidized 2.83 5.16 82.3 Liu et al. (2018)
FBC Oxidized 2.83 5.26 85.9 Liu et al. (2018)
FBC Oxidized 2.83 6.40 126.1 Liu et al. (2018)
FBC Oxidized 2.83 8.47 199.3 Liu et al. (2018)
FBC Pre-doped 0.00 0.02 731.8 Mondal et al. (2007)
FBC Oxidized 2.89 4.70 62.6 Lin et al. (2017)
FBC Oxidized 2.89 8.25 185.5 Lin et al. (2017)
FBC Oxidized 3.73 14.90 299.5 Lin, Song, et al. (2019)
FBC Oxidized 2.86 14.77 416.4 Fan et al. (2018)
FBC Pre-doped 2.67 6.92 159.0 Khan et al. (2020)
FBC Pre-doped 2.68 7.70 186.8 Khan et al. (2020)
FBC Post-doped 2.67 17.30 547.1 Khan et al. (2020)
FBC Post-doped 2.68 28.43 962.1 Khan et al. (2020)
FBC Pre-doped 0.45 0.52 16.2 Wou et al. (2017)
FBC Post-doped 1.04 78.30 7428.8 Zhu et al. (2020)

Note: *Qmax is the adsorption maxima derived from Langmuir'equation fitting to the adsorption isotherms.

Table 5. Arsenite (As(V)) adsorption capacity of different modified biochars in comparison to pristine biochars

Treatment/ As (V) adsorption As (V) adsorption
Control Activation maxima (Qmax) for maxima (Qmax) for Change (%) References
pristine biochar (mgg!) modified biochar (mg g?)
FBC Post-doped 5.50 15.20 176.4 Samsuri et al. (2013)
FBC Post-doped 7.1 16.90 138.0 Samsuri et al. (2013)
FBC Pre-doped 0.27 0.43 61.7 Wang, Gao, Zimmerman,
etal. (2015)
FBC Oxidized 0.79 108.88 13682.3 Liang et al. (2020)
FBC Pre-doped 10.30 28.49 176.6 Nguyen et al. (2019)
FBC Pre-doped 0.55 5.90 968.8 Wu et al. (2017)
FBC Post-doped 24.49 30.98 26.5 Jin etal. (2014)
FBC Pre-doped 4.26 4.32 14 Hussain et al. (2020)
FBC Pre-doped 4.26 4.48 5.2 Hussain et al. (2020)
FBC Oxidized 5.08 39.44 676.1 Fristak et al. (2018)
FBC Oxidized 5.08 34.90 586.8 Fristak et al. (2018)
FBC Post-doped 256.00 457.00 78.5 Alchouron et al. (2020)
FBC Post-doped 217.00 868.00 300.0 Alchouron et al. (2020)
FBC Post-doped .002 0.01 431.3 Wongrod et al. (2018)
FBC Post-doped 17.50 45.80 161.7 Zhou et al. (2017)
FBC Pre-doped 0.20 0.59 195.0 Wang, Gao, Li, et al. (2015)
FBC Oxidized 0.20 0.91 355.0  Wang, Gao, Lj, et al. (2015)

3.4 Biochar effect on arsenite adsorption

The concentration of As in soil was affected significantly
due to different BC additions (P<0.01, Fig. 4, Table 4, and 5).
The highest As adsorption was with doped BC which was
followed by then oxidized BC. The initial concentration of As
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in soil was about 0.6 mg As/g soil which was then reduced to
0.1 mg As/g soil with the addition of doped BC. But no
significant changes were observed with the addition of
normal BC compared to control (without biochar) treatment

(Fig. 4).



Ahmed et al.

A

{o

c
0.1 T c

Amount of As adsorbed (mg/g soil)
o
w

Control Fresh BC Doped BC Oxidized BC

SAINS TANAH — Journal of Soil Science and Agroclimatology, 22(1), 2025

100

(B)

B
B

80 1

60 +

40 +H c

20 H -

Concentration of As in the solution (mg/l)

Control Fresh BC Doped BC Oxidized BC

Figure 4. A) Amount of arsenic adsorption onto different biochars amended oxisol; B) Equilibrium arsenic concentration in
different treatments after adsorption. Error bar represents standard errors.
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Figure 5. Mechanism of phosphate adsorption to different biochar surfaces.

4. DISCUSSION

Biochar’s large specific surface area and surface functional
groups enable it to adsorb various ionic nutrients, including
phosphate (Mia et al, 2017a). However, the relative
adsorption capacity of biochar depends on the net surface
charge of biochar. Positive surfaces can be created with the
impregnation of minerals (e.g. Fe, Al, and Mg), and thus, the
adsorption capacity can be increased (Peng et al., 2021; Zhang
et al., 2020). In our study, we in fact observed a significant
increase in the adsorption of phosphate with mineral-
impregnated biochar. Our elemental and FTIR analysis clearly
showed that minerals were impregnated into the biochar
(Table 2 and Fig. 1). Specifically, doped biochar showed Mg-
Al-O vibrations at ~400 and 700 cm™, with Mg-OH stretching
at478 cm™and 3450 cm™ (Akgiil et al., 2019; Hou et al., 2023;
Michalekova-Richveisovad et al., 2017; Peng et al., 2021;
Saadat et al., 2018). FTIR bands at ~655 cm™ confirmed the
presence of Fe-O (Jung et al., 2017; Pentrak et al., 2018; Wu
etal., 2015; Yang et al., 2022).

The relative adsorption capacity of different mineral-
doped BCs was similar, but relatively higher when Fe, Al and
Mg were used in combination. Similar to our study, it has also
been reported that phosphate adsorption increased with
doping. The adsorption of phosphate with mineral-doped BC
may mostly be due to the ionic interactions of phosphate with
the positive surfaces of BCs (Fig. 5). Since the impregnation of
mineral creates positive surfaces on the BC (Shakoor et al.,
2020; Zhu et al., 2019) and these positive surfaces might have
attracted negatively charged phosphate. Moreover, pore
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filling (i.e., physical adsorption) might also have contributed
partially (Akgul et al., 2018; Hou et al., 2023; Michalekova-
Richveisova et al., 2017; Peng et al., 2021; Saadat et al., 2018).
However, the contribution of weak binding mechanisms such
as physical adsorption might be negligible since the rate of
desorption of the adsorbed phosphate is low (<5%).

Doped and oxidized biochar significantly (P<0.01) reduced
soil As levels (Fig. 4). Doped biochar decreased As by 77%, and
oxidized biochar by 63%, compared to the control. Fresh
biochar showed no significant effect on As concentration in
soil solution, indicating limited impact on As bioavailability.
Soil with Fe and Al oxides and hydroxides can fix negatively
charged ions, including arsenite (Suda & Makino, 2016).
However, this binding can be disrupted by competing organic
compounds such as humic and fulvic acids. The application of
positively charged BC can increase positive surfacesin soil and
thus, increase adsorption anionic species including arsenite
(Fig. 6, Akgll et al. (2018); Hou et al. (2023); Michalekova-
Richveisova et al. (2017); Peng et al. (2021); Saadat et al.
(2018)), In this study, arsenic adsorption increased notably
with doped biochars. Synthesis of literature data showed
similar results (Table 4 & 5), showing that chemically modified
biochars both pre and post-doped- exhibited greater As
retention than fresh BC. This is likely due to increased surface
area, enriched positive functional groups, and synergistic
effects of mineral doping through co-adsorption (Fig. 6). In
the case of oxidized BC, the improved As adsorption may
result mainly from increased surface area and some co-
adsorption with cations (Fig.6).
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Figure 6. Mechanism of arsenic adsorption to different biochar surfaces.

These suggest that functionalization could enhance
biochar’s utility in environmental remediation and nutrient
management. Still, long-term studies are needed to
understand the stability of adsorbed contaminants and the
mechanisms involved under dynamic soil conditions.

5. CONCLUSION

The present study was to investigate the efficacy of
different BCs in reducing As contamination in soil. A batch
adsorption study conducted against phosphate was
conducted in the laboratory to identify the effectiveness of
normal BC, oxidized BC, and Mg-Fe-Al DBC/LDH-doped
biochar. The results show that oxidized and doped BC has the
potential to reduce the As concentration in soil by 63% and
77% respectively. However, there was no significant effect of
non-modified BC in reducing As toxicity in plants.
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