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Biochar-supported iron-containing minerals have received much attention due to their synergistic

mechanism of decontamination in environmental pollution remediation. In this work, two types of iron/

biochar were prepared from different biomasses using ferric chloride as the Fe source and rice husks

and peanut shell as biomasses. The formation of fayalite (Fe2SiO4) and magnetite (Fe3O4) in rice husk and

peanut shell derived biochar was proved by X-ray diffraction. These minerals not only optimized the

physicochemical properties of the biochar but also enhanced its capacity to adsorb methyl orange (MO).

Peanut shell-based biochar (PBC) and rice husk-based biochar (RBC) sequestered 3.9 mg g−1 and 4.5 mg

g−1 of MO, respectively. In contrast, iron peanut shell-based biochar (Fe-PBC) and iron rice husk-based

biochar (Fe-RBC) adsorbed 6.0 mg g−1 and 17.2 mg g−1, outperforming their pristine biochar. The

removal of MO showed a synergistic effect due to the loading of iron-bearing minerals. The mechanisms

of MO immobilization by biochar samples were explored by experimental and characterization methods.

It was found that the mechanisms responsible for MO immobilization on composites were conducted by

electrostatic attraction, complexation with oxygen-containing functional groups, p–p interaction and

hydrogen bond formation. This finding clarified the relationship among biomass composition, iron

mineral evolution, and the adsorption capacity of iron-modified biochar, which is essential for the

development of a cost-effective adsorbent.
1 Introduction

Environmental contamination has been a major issue in the
world, which causes a severe threat to food safety, human
health, and ecosystem stability.1–3 There have been increasing
calls for sustainable solutions to environmental issues.
Exploring cost-effective remediation materials has become an
urgent subject for both academic and industrial
communities.4–7 Biochar has garnered signicant interest
because of its cheap and convenient sources, high porosity,
large surface area, abundant functional groups, and excellent
adsorption properties.8–10 It has found wide applications in
various elds, including carbon sequestration,11 soil amend-
ment12 and wastewater treatment.13 Consequently, numerous
biochar-based adsorbents were designed and employed to
successfully remove pollutants.2 As a wastewater adsorbent,
biochar is increasingly acknowledged as an alternative to acti-
vated carbon (AC) for the removal of various contaminants,
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including inorganic anions (NO3
−, PO4

3−), metal cations (Pb(II),
As(III) and Cd(II)), organic dyes (crystal violet, cationic red X-
GRL), etc.14,15 Nevertheless, its relatively low surface area and
susceptibility to abiotic and/or biotic processes may limit its
effectiveness in certain applications.16

The widespread adoption of engineered biochar has signif-
icantly enhanced its performance.17,18 Various modications
have been attempted, including physical, chemical, mineral
impregnation, and magnetic modications.19–22 In recent years,
loading metal onto biochar has garnered widespread attention
due to its excellent performance in the removal of metal ions
and organic substances.3,13,23,24 Among abundant reports on
metal-modied biochar,14–17 iron was oen chosen due to its low
price and superior surface adsorption properties.25–27 It has
been reported that the composite of biochar and iron oxides
(such as magnetite and hematite) could exhibit high synergistic
adsorption performance of organic matter and wide application
in environmental remediation.17,28,29 For example, incorporating
iron compounds into biochar increases its surface area and
creates additional contact points, like Fe–O bonds, enhancing
its adsorption ability.30 It is reported that the maximum
adsorption capacity of iron/biochar for arsenic was approxi-
mately twice of biochar.31 Iron/biochar is valuable for its
outstanding pollutant removal performance. However, many
studies have only focused on the structural construction and
RSC Adv., 2024, 14, 33977–33986 | 33977
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application of a single type of iron/biochar. In-depth research
into whether and how biomass types affect the structure and
performance of iron/biochar has been lacking.

Numerous studies have conrmed that biomass feedstocks
and compositional differences signicantly inuence the
physicochemical properties and performance of biochar.32–34

For instance, biochar derived from woody and herbaceous
biomass exhibits signicant differences in yields, specic
surface areas, element compositions, and adsorption capac-
ities. The interaction between biomass and minerals such as
iron and clay, can inuence the degree of aromatic condensa-
tion, the concentration of acidic functionalities, and the
porosity of biochar during pyrolysis. These factors ultimately
determine the stability and adsorption performances of bio-
char.35 However, it remains unclear how biomass with different
compositions and structures affects the formation of iron
compounds when loaded with various iron salts. At the same
time, unfortunately, most studies on the removal of pollutants
by iron-based biochar only focus on the adsorption process of
pollutants. In fact, the adsorption sites of organic pollutants at
the interface of the composites are also worth exploring due to
the different bond structure between iron and biochar.

The annual production of rice husk and peanut shells, which
are the main agricultural solid waste by-products in China, is
estimated to be 4.4 million tones and 3.14 million tones,
respectively.36–38 Rice husk contains approximately 40% cellu-
lose, 30% lignin, and the remaining 20% consists of silica,
adsorbed water, alkaline minerals, and other trace elements.39

In contrast, peanut shell is composed of 94.0% organic matter,
41.08% cellulose, 25.30% hemicellulose, 29.54% lignin, and
3.4% ash.40 The signicant differences in the structure and
composition of these two biomasses will result in distinct
structures and properties of the prepared biochar. Therefore,
rice husk and peanut shell were selected in this study as
biomass resources for biochar production. Methyl orange (MO)
is a common water-soluble azo anionic dye and pH indicator
widely used in the textile industry. MO contains aromatic and –

N]N– groups, making it highly toxic, carcinogenic, teratogenic,
and harmful to the environment and organisms.41,42 Thus, MO
is identied as a potential organic pollutant that requires
proper treatment before discharge into natural water bodies.

In this study, we collect two kinds of biomass (rice husk and
peanut shell) combined with ferric chloride to prepare two types
of iron/biochar, which were subsequently used for the removal
of MO. The objectives of this study were fourfold (1) to use
characterization techniques to evaluate the effects of biomass
types on the structural properties and iron fractions in biochar
derived from rice husk and peanut shell; (2) to assess the effi-
cacy of the different iron-modied biochar in removing MO; (3)
to propose the main removal mechanism for MO; and (4) to
explore key factors inuencing MO removal by different bio-
char. Our ndings provide insights into the correlation among
biomass composition, the evolution of iron minerals, and the
adsorption capacity of iron-modied biochar. Furthermore, we
also established a solid foundation for utilizing waste resources
and the treating of dye pollution.
33978 | RSC Adv., 2024, 14, 33977–33986
2 Materials and methods
2.1 Chemicals and materials

Peanut shells and rice husks were obtained from Henan Prov-
ince, China. All the biomasses were rinsed several times using
deionized water (DI water, 18.2 MU cm−1) to remove surface
dirt. These biomass samples were then dried at 60 °C for 24 h,
and crushed into powders using a pulverizer. All reagents,
including ferric chloride hexahydrate (FeCl3$6H2O) and MO,
were purchased from Energy Chemical. All chemical reagents
were of analytical grade and used without further purication.
2.2 Biomass modication

Peanut shell and rice husk powders were modied by adding
20.0 g biomass to 150.0 mL of 81.1 g L−1 FeCl3 solution under
intermittent ultrasound with ice bags for 36 h, followed by
stirring the mixture at 500 rpm for 24 h. The obtained mixture
was sealed into a beaker, and a change in color indicated the
production of the composite materials. The solid was obtained
by centrifugation at 5000 rpm for 15 min. The product was oven-
dried at 80 °C for 48 h. Finally, the lumpy sample was ground
into ne particles for further use.
2.3 Preparation of biochar

Biochar was fabricated by the co-pyrolysis method.43 Briey,
peanut shell powder, rice husk powder, and their respective
iron-modied powders were individually placed into a tube
furnace. The temperature was increased to 800 °C at a rate of 5 °
C min−1 and held at 800 °C for 3 h under a nitrogen atmo-
sphere. The nal residue was rapidly cooled and then milled to
obtain powdered samples, designated as peanut shell-based
biochar (PBC), rice husk-based biochar (RBC), iron peanut
shell-based biochar (Fe-PBC), and iron rice husk-based biochar
(Fe-RBC), respectively. The obtained products were washed with
deionized water four times, freeze-dried, and passed through
a 200-mesh sieve to obtain uniform biochar powder.
2.4 Characterization

Fourier-transformed infrared spectroscopy (FT-IR, Bruker
Vertex70, Germany) was used to qualitatively measure the
functional group composition of the biochar surface. A scan-
ning region of 400–4000 cm−1 was recorded with a resolution of
4 cm−1 and 64 scans. X-ray diffraction (XRD) patterns were
carried out on an X-ray diffractometer (XD-3A, Shimadzu, Japan)
with Bragg–Brentano geometry for 2q values in a range of 5–90°.
N2 gas adsorption and desorption analyses were carried out
using Brunner–Emmett–Teller (BET) analyzer (ASAP2020,
Micromeritics Corp., USA) at a constant temperature (−196 °C).
The dry samples were pretreated for 6 h at 110 °C under N2

atmosphere to remove any surface water or gas. The surface area
of samples was calculated using the BET method. The surface
morphology analysis was observed using a scanning electron
microscope (SEM, S-4800, Hitachi, Japan). The surface electro-
chemical properties and zeta potential of the sample materials
were determined via the Malvern Instrument Zeta-Sizer Nano ZS
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 SEM images of (a) PBC, (b) RBC, (c) Fe-PBC and (d) Fe-RBC. The
iron distribution of (e) Fe-PBC and (f) Fe-RBC. XRD patterns of (g) Fe-
PBC and (h) Fe-RBC.
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(Malvern Instruments Co. Ltd., UK). The elemental information
analysis was characterized using X-ray photoelectron spectros-
copy (XPS, ESCALAB 250XI, Thermo Scientic) with Al-Ka
radiation. All spectra were calibrated to the C 1s peak at
284.6 eV. The effects of pH and initial concentration of MO on
its removal, as well as the zeta potential of biochar samples at
different pH levels, were expressed as mean ± standard devia-
tion (n = 3). The Microso Office Excel 2010 was used to anal-
ysis experimental data. Pearson linear correlation analysis was
used to investigate the relationships among the data (p < 0.05)
by SPSS 25. All gures were produced by Origin Pro (2018).

2.5 Adsorption experiments

All batch experiments for MO removal were performed on
a batch thermostatic shaker. In general, 50 mg biochar was
added to a 75 mL conical ask containing 50 mL of 20 mg L−1

MO solution. The ask was then placed on a shaker and shaken
at 180 rpm for 27 h under ambient conditions. The initial pH of
the solution was controlled at pH∼ 6.0 by using 0.1mol L−1 HCl
and 0.1 mol L−1 NaOH solutions. The pH edge tests were con-
ducted within a pH range of 3.1 to 9.6.

The kinetics studies were conducted to measure the time-
dependent adsorption of MO on representative materials. The
studies were carried out in 75 mL conical asks containing
50 mL adsorbent solutions with an initial MO concentration of
20 mg L−1. To each ask, 50 mg adsorbent was added, and
equilibration was reached in a shaker at predetermined time
intervals under ambient temperature conditions.

The concentrations of MO in the solution were determined
by UV-vis spectrophotometer at maximum absorbance (lmax =

464 nm). The adsorption amount of MO on biochar (qe, mg g−1)
was calculated by using the below equation (eqn (1)):

qe ¼ ðCi � CeÞ � V

mb

(1)

where Ci and Ce were MO concentrations (mg L−1) in solution at
ti and te, respectively. V was the solution volume (L), and mb is
the mass of the adsorbent used (g).44

The adsorption kinetics were analyzed by pseudo-rst-order
and pseudo-second-order kinetic models. The linear forms of
pseudo-rst-order and pseudo-second-order kinetic models are
shown in eqn (2) and (3), respectively.

ln(qe − qt) = ln qe − k1t (2)

t

qt
¼ 1

k2qe2
þ t

qe
(3)

where qt was the adsorption amounts (mg g−1) of the adsorbate
at time t (min). k1 (min−1) and k2 (g (mg−1 min−1)) were the rate
constants, respectively.45

3 Results and discussion
3.1 Characterization of biochar

As depicted in Fig. 1a and b, PBC displayed a smooth surface
with minor pore structures, while RBC exhibited a rough
surface morphology with voids and grooves. The surface of Fe-
© 2024 The Author(s). Published by the Royal Society of Chemistry
PBC was covered with small, sharp, conical particles, which
were stacked to form numerous gaps and holes (Fig. 1c).
However, the surface of Fe-RBC exhibited ner cracks, holes,
and smaller particles that were densely arranged in clusters
(Fig. 1d). Fig. 1e and f displayed the distribution of iron on the
surfaces of Fe-RBC and Fe-PBC. This distribution resulted from
the tendency of surface-adsorbed Fe3+ to form iron-containing
minerals during pyrolysis, which then aggregate into clusters
on the biochar.29,46 XRD patterns of Fe-PBC and Fe-RBC were
presented in Fig. 1g and h. The XRD pattern of Fe-PBC showed
the main diffraction peaks located at 2q = 29.5°, 35.1°, 42.4°,
56.0° and 72.7°, indicating that the iron species loaded on PBC
surface mainly in the form of magnetite (Fe3O4) (PDF #19-0929).
For Fe-RBC, the main diffraction peaks located at 25.0°, 31.5°,
34.8°, 35.8°, and 51.3°, which could be assigned to fayalite
(Fe2SiO4) (PDF #34-0178). The XRD spectra showed that the
biomass signicantly inuenced the type of iron-bearing
minerals present in the biochar.

FT-IR spectra of biochar samples were illustrated in Fig. 2a.
Both PBC and RBC were rich in oxygen-containing functional
groups including OH, C]O, C–O–C, and O]C–O.45 It was
evident that RBC exhibited a distinct vibration at 471 cm−1,
corresponding to v(Si–O),4 whereas this peak was absent in PBC.
RSC Adv., 2024, 14, 33977–33986 | 33979
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Fig. 2 (a) FT-IR spectra and (b) XPS survey of all samples. High-
resolution of (c) Fe 2p and (d) Si 2p XPS spectra of pristine biochar and
iron-modified biochar.

Fig. 3 XPS spectra of (a) O 1s, (b) survey and (c) Si 2p of rice husk and
peanut shell.
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The successful loading of iron-containing minerals was
conrmed by the presence of characteristic bands at 562 cm−1,
corresponding to Fe–O stretching vibrations.47 Aer pyrolysis,
the position of the Si–O peak (471 cm−1) in PBC shied to
474 cm−1 for Fe-PBC, indicating a change in the chemical
environment of Si–O. The introduction of iron-supporting
minerals reduced the peak intensity of pristine biochar in the
FT-IR spectra of PBC and RBC.30

As shown in Fig. 2c, the XPS spectra of Fe 2p indicated that
the major binding energy in Fe-RBC (710.60 eV) was notably
higher than that in Fe-PBC (710.13 eV). This difference could be
attributed to the presence of different iron-bearing minerals in
the prepared samples.48 The XPS spectra of Si 2p (Fig. 2d)
revealed a shi in the main peak position for Fe-RBC compared
to RBC, with the peakmoving to a higher energy by 0.14 eV. This
result further conrms the transformation of the chemical form
of silicon during the pyrolysis of iron-containing biomass.4 Aer
the formation of iron-containing minerals in biochar, the
metal–oxygen bonds and oxygen-containing functional groups
on the surface of biochar may play a major role in removing
MO.49

The XPS survey (Fig. 2b and Table 1) indicated that the main
constituent elements were consistent in both PBC and RBC.
However, the most notable difference was that RBC contains
about 7% silicon, whereas no silicon was detected in PBC. In
Table 1 Elemental contents of samples based on XPS survey

Content (%) C N O Si Fe

Peanut shell 69.20 3.55 27.25 — —
Rice husk 60.46 1.94 33.40 4.20 —
PBC 91.25 1.26 7.49 — —
Fe-PBC 90.97 1.04 6.46 — 1.53
RBC 74.24 1.08 17.68 7.00 —
Fe-RBC 76.65 1.36 15.22 4.64 2.13

33980 | RSC Adv., 2024, 14, 33977–33986
addition, the differences in silica-containing species in biochar
can be attributed to variations in the elemental composition of
the biomass used to prepare biochar. Table 1 shows that rice
husk contains silicon at a level similar to that found in RBC. We
speculated that silicon in rice husk, along with Fe3+ adsorbed on
the surface can combine to form Fe2SiO4 during pyrolysis.49,50

According to Fig. 3b and Table 1, the Fe content in Fe-PBC
was 1.53%, apparently lower than that in Fe-RBC (2.13%).
This disparity may be attributed to the different oxygen contents
in the two biomasses. As shown in Table 1, rice husks exhibited
higher oxygen content (33.40%) than peanut shells (27.25%). As
shown in Fig. 3a and Table 1, rice husks contained more COOH
groups (94.99%) than peanut shells (88.56%), which could
enhance their affinity with Fe3+.48 Therefore, the iron loading on
Fe-RBC was greater than Fe-PBC. Moreover, Fig. 3b and Table 1
showed that the nitrogen content in peanut shells (3.55%) was
higher than in rice husk (1.94%). However, increasing the
nitrogen content does not alter the mineral structure of Fe in
PBC.

Therefore, the differences in iron-containingminerals on the
iron/biochar surface have two main sources. First, the differ-
ence in total iron contents of the feedstocks during impregna-
tion was caused by variations in the oxygen content of different
biomasses, with the COOH content being the primary factor.
Second, the silicon content of the biomass plays a crucial role in
controlling the formation of iron minerals during the pyrolysis
process.

According to the IUPAC classication, RBC, PBC, and Fe-PBC
displayed the mixture of reversible Type I and Type II adsorp-
tion isotherms, indicating that the porous network was
composed of micropores and mesopores.51,52 In addition,
hysteresis loops characteristic of the H4 type were observed in
RBC, PBC, and Fe-PBC, where mesopores are primarily
composed of narrow slit pores.53 However, Fe-RBC exhibited
Type II isotherms with H3 hysteresis loops, indicating the
presence of both micro- and mesopores in its pore structure,
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) Nitrogen adsorption–desorption isotherms and (b) pore size
distributions based on desorption branches of PBC, RBC, Fe-PBC, and
Fe-RBC.

Table 2 Statistical table of porosity and specific surface area of
different samples

Biochar
Surface area
(m2 g−1)

Average pore
size (nm)

Pore volume
(cm3 g−1)

RBC 25.3 5.04 0.03
Fe-RBC 455.5 4.11 0.47
PBC 277.0 2.34 0.16
Fe-PBC 359.0 2.23 0.20

Fig. 5 (a) and (b) Adsorption kinetics, (c) pseudo-first-order fits, (d)
pseudo-second-order fits on MO removal in PBC, RBC, Fe-PBC, and
Fe-RBC systems. Biochar dose = 1.0 g L−1, [MO]0 = 20 mg L−1, initial
pH = 6.0 ± 0.1, and T = 25 °C.

Table 3 The kinetics parameters for the adsorption of MO by biochar

Biochar

Pseudo-rst-order Pseudo-second-order

k1 (min−1) R2 k2 (g (mg−1 min−1)) R2

RBC −0.063 0.641 0.218 0.999
Fe-RBC −0.035 0.442 0.058 0.999
PBC −0.008 0.122 0.253 0.979
Fe-PBC −0.026 0.525 0.164 0.987
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along with a higher mesopore content compared to other bio-
char.54,55 The specic surface areas of iron/biochar were 455.5
m2 g−1 for Fe-RBC and 359.0 m2 g−1 for Fe-PBC, which were 18.0
and 1.3 times higher than those of RBC (25.3 m2 g−1) and PBC
(277.0 m2 g−1), respectively (Fig. 4a and Table 2). This probably
due to the attachment of iron oxide on biochar surface56 to the
dispersion of iron-containing minerals in specic regions on
the biochar.49,57 The SEM test results also proved this result.
There was a signicant increase in pore volume for RBC and Fe-
RBC (from 0.03 to 0.47 cm3 g−1), and also from 0.16 to 0.20 cm3

g−1 for PBC and Fe-PBC. The increase in pore size of iron/
biochar was mainly attributed to the corrosion of carbon
structure during pyrolysis of Fe3+ impregnating biomass and
the contribution of reaction gas to the pore formation.49,58 The
alternation of surface areas may affect the sorption ability of
biochar for organic pollutants immobilization.59,60
3.2 Adsorption kinetics

As shown in Fig. 5a and b, the adsorption process could be
divided into two stages: (1) a rapid adsorption stage from 0 to
50 min, and (2) a slower adsorption stage aer 50 min. The
adsorption of MO on Fe-RBC was rapid, reaching 84.3% within
50 min. The adsorption of Fe-RBC was 14.5 mg g−1, and
approximately 3.6, 3.8, and 5.0 times higher than that of Fe-
PBC, RBC, and PBC, respectively. Adsorption equilibrium was
reached within approximately 27 h, with Fe-RBC exhibiting an
adsorption capacity of 17.2 mg g−1. Adsorption kinetic
modeling described the transfer of MO from solution to the
solid adsorbent,61 with the observed data tted to pseudo rst-
order and second-order kinetic models. The relevant kinetic
parameters were listed in Table 3, and the plots were shown in
Fig. 5c and d. The pseudo second-order model, with a higher R2
© 2024 The Author(s). Published by the Royal Society of Chemistry
value, better described the adsorption process than the pseudo
rst-order model.

As indicated in Fig. 6a, the adsorption of MO increased with
the increase of the initial concentration of MO. At the highest
MO concentration, the maximum adsorption of the four kinds
of biochar followed the order of Fe-RBC (17.2 mg g−1) [ Fe-
PBC (6.0 mg g−1) > RBC (4.5 mg g−1) > PBC (3.9 mg g−1).
Among these biochar samples, the affinity and removal rates of
all iron/biochar composites for MO were higher than those of
pristine biochar.
3.3 Effect of initial pH

The initial pH inuences the surface properties of the biochar
samples and the form of MO, which will, in turn, affect the
adsorption process of MO.62 As shown in Fig. 6b, the results
indicate that the adsorption of MO on biochar samples gradu-
ally decreased with increasing pH values (p < 0.05). At pH ∼3.0,
the adsorption of MO on biochar reached the maximum, which
indicates that MO adsorption on biochar was favored under
acid conditions. In particular, the adsorption of MO on Fe-RBC
was up to 18.3 mg g−1 at pH ∼3.0, and decreased to 13.6 mg g−1

at pH ∼9.6. Such phenomena could be attributed to the elec-
trostatic attraction between MO molecules and biochar surface
(Fig. 6b). As is well known, MO molecules contain sulfonate (–
RSC Adv., 2024, 14, 33977–33986 | 33981
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Fig. 7 High-resolution of N 1s XPS spectra of (a) Fe-PBC and (b) Fe-
RBC, FT-IR spectra (c) of Fe-PBC and Fe-RBC, O 1s XPS spectra of (d)
Fe-PBC and (e) Fe-RBC, (f) Si 2p of Fe-RBC before and after the
adsorption of MO.

Fig. 6 Effect of (a) initial MO concentration and (b) pH on MO removal
in all systems. (c) Zeta potential of biochar samples at different pH.
Biochar dose = 1.0 g L−1, [MO]0 = 20 mg L−1, and T = 25 °C. Lower
letters (a, b, c, d) indicate significant differences in adsorption physical
and chemical properties between different biochar (p < 0.05).
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SO3) and amine (–N(CH3)2) groups with pKa value of 3.8. In the
solution with a lower pH of 3.8, the MO molecules existed in
zwitterion form, with protonated amine groups and negatively
charged sulfonated groups. At pH levels above 3.8, the amine
groups began to deprotonate, while the negative charge density
of the sulfonate groups increased signicantly. Consequently,
MOmolecules carried a negative charge under these conditions.
Moreover, the pHpzc value of biochar samples was varying from
3.5 to 4.6 (p < 0.05) in Fig. 6c. Thus, the biochar surface was
positively charged at a solution pH of 3.5 and below. Under
acidic conditions, the MO molecules became negative and
caused the electrostatic attraction between adsorbate and
adsorbent, which was benecial to the adsorption of MO. It is
noteworthy that iron loading can enhance the surface charge
density of biochar, particularly in Fe-PBC, thereby reducing
electrostatic repulsion between MO and biochar. This
improvement likely contributes to the effective MO adsorption
by iron-supported biochar. Additionally, iron loading may
introduce new adsorption sites on the biochar surface, effec-
tively capturing MO molecules. Overall, the iron/biochar
33982 | RSC Adv., 2024, 14, 33977–33986
samples demonstrated good immobilization performance
across a wide range of pH values (p < 0.05), highlighting their
potential for application in various environment.

3.4 Adsorption mechanism

The biochar samples were re-examined using FT-IR and XPS
spectra before and aer MO adsorption to investigate the
mechanism of MO removal. Fig. 7a and b showed that the peak
intensity of N 1s signicantly increased aer MO adsorption,
which indicates that MO was successfully immobilized on the
adsorbent.49 Fig. 7c showed the changes in surface functional
groups before and aer MO adsorption on iron/biochar
samples. It was evident that aer MO adsorption, the peak
positions of C–O, C]O, Fe–O, and Si–OH shied slightly,
indicating the involvement of these functional groups in the
adsorption process. This phenomenon can be explained by p–p
interactions, where the C]C and C]O functional groups on
the biochar surface act as p-electron donors, binding to MO.49,63

It was noteworthy that the peak position of OH was signicantly
enhanced aer adsorption, attributed to the formation of
hydrogen bonds between the molecular structures of MO and
Fe-RBC, such as the N atoms in MO forming hydrogen bonds
with –OH on the surface of biochar.64 Furthermore, the func-
tional group of –S]O inMOmolecule could also form hydrogen
bonds with the –OH group on the Fe-PBC and Fe-RBC surface
during the adsorption process.49,65
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Proposed mechanisms of Fe-PBC and Fe-RBC adsorbed MO.
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As shown in the XPS spectra of C 1s, O 1s, and Si 2p, the
binding energies of Fe–O, C]O, and COOH shied to lower
positions aer MO adsorption onto the iron/biochar surface
(Fig. 7d and e). However, the binding energy of Si–O in Fe-RBC
increased to higher positions (Fig. 7f). The coordination
between metal and oxygen functionalities was also considered
as a key mechanism for MO adsorption on biochar.45,66 These
results suggested a synergistic effect between the iron-
containing minerals formed on the surface of the iron/biochar
and the biochar itself during MO adsorption. Based on the
above results, the mechanisms of MO adsorption on the surface
of iron/biochar were summarized in Fig. 8. MO in the solution
quickly reached the surface of iron/biochar via intra-particle
diffusion and was then adsorbed by the iron particles (Fe–O,
Si–O) and biochar substrates (C]O, COOH, OH) through elec-
trostatic attraction. By comparison, Fe-RBC had more adsorp-
tion sites than Fe-PBC, as conrmed by the adsorption
experiment results.
3.5 The reusability of biochar

The reusability of all biochar samples and MO desorption was
investigated by a three-run cycle test. We used neutral deionized
water as an eluent to remove the deposited MOmolecules. Aer
adsorption equilibrium was obtained, biochar samples were
Fig. 9 The reusability tests of all biochar samples.

© 2024 The Author(s). Published by the Royal Society of Chemistry
collected and washed with 50 mL deionized water to remove the
deposited MO. Aerward, the biochar samples were dried at
60 °C for 6 h for the next cycle. As shown in Fig. 9, the ratio of
adsorbed MO by Fe-PBC and Fe-RBC in water decreased from
73% and 21% to 11% and 2% aer three cycle runs. The results
suggest a poor reusability for biochar samples, which can be
attributed to the incomplete elution of MO. The occupied
adsorption sites lead to a decline in the adsorption cycle of MO
for biochar samples.

4 Conclusion

In this study, two types of biochar loaded with iron-containing
minerals were successfully prepared by pyrolyzing different
impregnated biomasses with Fe3+. The inuence of different
biomass on the structure and adsorptionmechanism ofMOwas
investigated. Differences in biomass led to the formation of
various iron-bearing minerals on the surface of biochar, with
peanut shell biochar producing Fe3O4 and rice husk biochar
producing Fe2SiO4 on the surface. The introduction of iron-
containing minerals not only increased the surface areas and
pore structure, but also introduced abundant adsorption sites
of biochar. The adsorption of MO by the four biochar was in the
order: Fe-RBC (17.2 mg g−1) [ Fe-PBC (6.0 mg g−1) > RBC
(4.5 mg g−1) > PBC (3.9 mg g−1). Through characterization and
experimental tests, it is demonstrated that the mechanisms
responsible for MO immobilization on the iron/biochar surface
involved four pathways: electrostatic attraction, complexation
with oxygen-containing functional groups, p–p interaction and
hydrogen bonds formation. Moreover, differences in the
mineral species on iron/biochar surface led to very different
adsorption sites. This study showed a synergistic effect between
the iron-containing minerals formed on the surface of the iron/
biochar and the biochar itself during MO adsorption. Addi-
tionally, this study also provided insights for selecting biochar
adsorbents to remove MO pollutants in environmental systems
and serves as an example of the microscopic interaction
mechanisms between MO and carbon-based adsorbents.
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