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1 | INTRODUCTION

Water pollution remediation has long been a hot spot for
research. In recent years, rapid industrialization has led
to an alarming increase in the generation of wastewater
containing synthetic dyes. The global production of dye
exceeds 1,000,000 tons annually due to the increasing
consumption of dyes in various industries, inclu-
ding textiles, tanneries, food, cosmetics, and medicine
manufacturing.[” Remazol Brilliant Blue R (RBBR), an
anthraquinone-based reactive dye, is extensively used
in textile industries due to its vibrant colour. Its dis-
charge into water bodies poses severe environmental
and health risks, such as chronic toxicity, surface water
discoloration, sunlight disruption, complex treatment,
oxygen depletion, metal ion toxicity, and eutrophica-
tion.”! Many methods have been developed to treat
dye-containing wastewater, such as membrane filtra-
tion, coagulation, flocculation, and so forth.*~>! How-
ever, most of the existing methods either consume
expensive chemical reagents or have the problem of
high energy consumption.!®”) Therefore, developing
innovative processes that use waste-derived materials
and consume less energy to remove dyes is critical.
Adsorption is a promising approach for dye removal
from wastewater due to its process simplicity, cost-
effectiveness, and high efficiency.””! Recently, biochar
(BC) emerged as an environmentally friendly adsor-
bent, gaining significant attention due to its cost-
effectiveness and good adsorption properties. BC is a
carbon-rich porous material that can be produced from
many biomass resources, such as wood, agricultural
residues, or organic bio-waste, through pyrolysis. Tra-
ditionally, BC is produced using woody biomass. How-
ever, conventional woody biomass-based BC is very
challenging to recycle and reuse, hindering its usability
in wastewater treatment. In this regard, incorporating
magnetic properties into BC to produce magnetic bio-
char (MBC) can significantly enhance its recoverability
and reusability, further improving its practical applica-
bility in wastewater treatment processes. Specifically,
MBC, as a novel type of biomass-based adsorbent,
shows high potential for repeatable application, further
reducing the quantity required for water cleanup and
preventing secondary pollution caused by the disper-
sion of polluted BC into natural water reservoirs.!*!
Though good progress has been made in using MBC
for adsorptive water decontamination, there is a need for
more understanding of several critical issues in this field.
First, the optimal method for incorporating Fe-containing
species into MBC has not been determined. Specifically, it
remains unclear whether iron should be impregnated
into the biomass before pyrolysis or applied to the BC

post-pyrolysis, as these two approaches could lead to
varying degrees of adsorption capacity and magnetic
properties. Additionally, the influence of different prepa-
ration methods on the adsorption efficiency and mag-
netic performance of the resulting MBC has yet to be
systematically studied.®! Lastly, there is a need to study
whether a simplified, one-step co-pyrolysis process can
produce MBC with performance characteristics compara-
ble to or superior to those achieved through more com-
plex multi-step approaches, providing more efficient and
scalable production. Moreover, there is limited informa-
tion on how the physicochemical properties of MBC
influence its adsorption reaction mechanisms.

To answer the above questions, this study aims to
bridge these knowledge gaps by systematically investigat-
ing the material characteristics and functioning mecha-
nisms of MBC, with a particular focus on comparing
their physicochemical properties resulting from different
iron anchoring procedures. By conducting comprehen-
sive analyses, this research will provide new insights into
the factors affecting MBC’s characteristics and adsorption
functionality, identify the most efficient and practical
iron anchoring approach, and thus provide valuable
information for optimizing the design of MBC for envi-
ronmental applications.

2 | MATERIALS AND METHODS

2.1 | Materials

Maple wood (MW) chips were obtained from local supply
stores in Thunder Bay, Ontario, Canada. Ferrous sul-
phate (FeSQ,), ferric chloride (FeCl;), ferrous oxide
(FeO), RBBR dye (C,,H;(N,Na,0,,S3), hydrochloric acid
(HCI), and sodium hydroxide (NaOH) were purchased
from Sigma-Aldrich. Deionized (DI) water was obtained
from Nanopure Water, Barnstead. The compressed N,
gas used for the char preparation was purchased from
Linde Canada Inc.

2.2 | Preparation of MBC

MW chips were washed thoroughly with DI water to
remove the impurities. They were dried in a constant
temperature oven (Model: DKN812, Yamato Scientific)
for 48 h at 105°C. The MW chips were downsized using a
blade grinder before use. As illustrated in Figure 1, three
different methods were used to prepare MBC, including
impregnation-pyrolysis (Method 1), post-treatment of BC
with Fe salts (Method 2), and direct one-step co-pyrolysis
of MW with FeO (Method 3). Detailed explanations on
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FIGURE 1 [Illustration of different iron anchoring procedures of magnetic biochar (MBC) developed and compared in this study.

the preparation methods are presented in the S1 section
of the Supplementary Materials. All samples were pyro-
lyzed in a tube furnace (STF1200-60 x 1000, Across
International, USA) at 500-900°C for 3 h under 250 mL/
min N, flow with a heating rate of 10°C/min. The N,
flow continued as the furnace cooled to room tempera-
ture (approximately 25 + 2°C) before removing the sam-
ples. The pyrolysis conditions for untreated MW chips to
produce raw BC were the same as earlier. Afterward, the
samples were rinsed multiple times with DI water to
remove surface-attached impurities. The samples were
then oven-dried at 105°C for 12 h and stored in a con-
tainer for further characterization. Among these
methods, Method 3 (co-pyrolysis) was selected for further
experiments based on its superior performance in prelim-
inary tests. The resulting adsorbents from this method
were labelled as “X:Y-MBC, T,” where “X:Y” represents
the FeO-to-MW mass ratio and “T” denotes the pyrolysis
temperature. For example, “1:2-MBC700” refers to a sam-
ple prepared by co-pyrolysis of a 1:2 FeO-to-MW mixture
at 700°C.

The mass yield (%) of the resulting MBC was calcu-
lated using the following equation:

Yield (%) = ( Mass of char obtained after pyrolysis > 100

Initial total mass of FeO + MW feedstock
2.3 | Characterization

Elemental composition (C, H, N, S) was analyzed using a
Vario EL Cube elemental analyzer. The proximate analysis
(moisture, volatile matter, ash) followed American

Society for Testing and Materials (ASTM) standards (ASTM
D3173-D3175) using a muffle furnace (Thermolyne,

FB1415M, Thermo Scientific, Asheville, USA). Surface
morphology and elemental distribution were examined
using scanning electron microscopy coupled with energy
dispersive X-ray spectroscopy (SEM-EDS) (Hitachi SU-70
Schottky Field Emission SEM, Hitachi, Japan). Functional
groups were identified using Fourier transform infrared
spectroscopy (FTIR) (Bruker Tensor 37 with ATR), and
crystal structures were analyzed via X-ray diffraction
(XRD) (PANalytical X’pert Pro) using Cu Ko radiation.
X-ray photoelectron spectroscopy (XPS) (Kratos AXIS
Supra, Japan) was used for surface chemical state analysis,
and data were processed using ESCApe software. Surface
area and porosity were evaluated using N, adsorption-
desorption isotherms using Brunauer-Emmett-Teller
(BET) method with a Quantachrome NOVA 2200E after
degassing the samples at 150°C for 4 h.

2.3.1 | Magnetic strength test

The magnetic strength of various MBC samples was
tested using an “Electricity and Magnetism Kit” by
EUDAX (Shenzhen Tianzhiyi Trading Co., Ltd). It was
operated at an electric current of 0.5 A. First, the electro-
magnet was activated and kept on for 2 min. Then, each
0.1 g sample of MBC was placed under the electromag-
net. The electromagnet hovered over the MBC samples at
a controlled height of 2 mm for 1 min. Then, the sample
attached to the device was detached and weighed, and
the lifting capacity of the electromagnet was recorded for
each sample. The separation efficiency was calculated
based on how much the electromagnet could lift the
sample. The separation efficiency was calculated using
Equation (1).
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Magnetic separation efficiency

Mass of seperated MBC (1)
= — x 100
Initial mass of MBC

2.4 | Adsorption capacity, kinetic, and
isotherm experiments

The batch adsorption experiment was used to assess the
adsorption capacity, kinetics, and isotherm studies.
Briefly, 30 mL of RBBR dye solution at varying concen-
trations (100-500 ppm) was mixed with different adsor-
bent doses (0.1-1 g) in 50 mL tubes for each test. The
adsorption experiments utilized various pH values (3, 5,
7,9, and 11). 0.1 M HCI or 0.1 M NaOH was used to
adjust the sample pH to the required values. The mix-
tures were shaken at 300 rpm using a shaker (Excella
E5, New Brunswick Scientific, Edison, New Jersey,
USA) for 2 h. After that, the tubes were removed from
the shaker, and the mixtures were filtered using nylon
syringe filters (0.2 pm, Sartorius, CA-based). The RBBR
dye concentrations in the liquid samples were mea-
sured using a Varian Cary 50 Bio UV-visible spectro-
photometer at a wavelength of 593 nm. The adsorption
capacities of RBBR dye at equilibrium (gq.) were calcu-
lated based on Equation (2).

Co—C,
q€: W

xV (2)

Here, C, and C. (mg/L) stand for the initial and final
dye concentrations in the liquid phase, respectively;
V denotes the volume of the solution (L), and
W represents the MBC mass in grams.

Various models were utilized to analyze the adsorption
kinetics and isotherms, including pseudo-first-order,
pseudo-second-order, intraparticle diffusion model (IPDM),
film diffusion model (FDM), Langmuir, Freundlich, and
Temkin adsorption isotherms. Detailed explanations of
these models are given in Section S2 of the Supplementary
Material file.

3 | RESULTS AND DISCUSSION

3.1 | Effect of preparation method on
biochar yield and performance

The influence of different preparation methods and
pyrolysis temperatures on the physicochemical properties
and adsorption capabilities of MBC is demonstrated in
Figure S1. Char produced using method 1 exhibited rela-
tively lower dye removal efficiency than the other two

methods. This could be attributed to the limited activa-
tion of the BC surface due to insufficient impregnation of
iron salts and pyrolysis, which results in a less developed
porous structure and fewer active sites for adsorption.
Additionally, the high temperatures involved in pyrolysis
may cause the decomposition of functional groups. On
the other hand, methods 2 and 3 demonstrated compara-
ble performance in RBBR dye removal. However, the
MBC produced via the direct co-pyrolysis method
(method 3) exhibited marginally better efficiency com-
pared to method 2. This improved removal efficiency is
likely due to better mixing of FeO with the biomass,
which creates more active sites for adsorption. The pres-
ence of FeO during co-pyrolysis can act as a catalyst, cat-
alyzing the formation of the carbon matrix and
facilitating the protection of functional groups like
hydroxyl (—OH) and carboxyl (—COOH) from excessive
decomposition. As a result, more adsorption sites are pre-
served compared to post-treatment methods.

Figure S1B illustrates the influence of pyrolysis tem-
perature (500, 700, and 900°C) on the properties and
adsorption performance of MBC. Samples produced at
700 and 900°C exhibited comparable dye removal effi-
ciency, while those prepared at 500°C showed signifi-
cantly lower performance. The comparable adsorption
performance at 700 and 900°C suggests that key struc-
tural and chemical properties necessary for dye adsorp-
tion were already developed at 700°C, with minimal
improvement at higher temperatures. Selvarajoo and
Oochit!! reported that BC produced at 700 and 900°C
exhibited similar carbon conversion rates and reduced
volatile matter (VM) content compared to those produced
at lower temperatures. These findings indicate compara-
ble characteristics, such as reactivity and surface proper-
ties, between the two higher-temperature BCs. Given the
similar adsorption performance but lower energy input at
700°C, this temperature was selected as the optimal con-
dition for later experiments.

3.2 | Biochar characterization
3.2.1 | Basic properties of non-magnetic and
magnetic biochar

Table S1 presents the proximate analysis of MW and its
MBC derivatives. All samples showed low moisture con-
tent, with 1:1-MBC700 showing the lowest value (0.78%).
The low moisture content in MW (1.32%) can be
attributed to their naturally lower initial water content,
as hardwoods like maple typically retain less
moisture than softwoods.'®) MW exhibited high VM
content (85.36 + 0.48%) due to its organic constituents
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(cellulose, hemicellulose, lignin). In contrast, MBC
samples showed significantly reduced VM, as pyrolysis
and the catalytic effect of Fe enhanced thermal decom-
position and promoted carbon formation at lower tem-
peratures.'! Interestingly, higher biomass-to-FeO
ratios increase VM content, as reduced FeO content
limits catalytic effects, allowing greater retention of
volatiles. Ash content also differs notably between
samples. MW has very low ash content due to its mini-
mal inorganic components as a woody material. By
contrast, MBC samples have higher ash levels, particu-
larly those with higher FeO content. For instance,
1:1-MBC700 exhibited 85.08% of ash, compared to
44.45% in 1:5-MBC700. This difference is attributed to
the higher Fe content in 1:1-MBC700, which increases
the inorganic fraction remaining after pyrolysis,
thereby raising the ash content.!'? Increasing the FeO
ratio in MBC significantly alters the proximate charac-
teristics, enhancing thermal decomposition and
increasing the ash content due to the higher
inorganic load.

The physicochemical properties of the adsorbents are
shown in Table 1. Initially, the char yield from co-
pyrolysis across all ratios exceeds that of the standard BC
sample (22.8%). A notable trend observed among the
MBC is that higher FeO to MW ratios result in increased
yield, with the 1:1-MBC700 achieving the highest yield of
57.35%. This trend is consistent with findings from other
studies.'® This trend is attributed to the addition of Fe,
which will not decompose and lose weight during the
pyrolysis process, unlike biomass.!**!

3.2.2 | BET analysis

BET analysis results for MW, BC700, and MBC samples
are presented in Table 1. BC700 showed a surface area of
109 m?/g, pore volume of 0.953 cm?®/g, and a pore diame-
ter of 13.82 A, indicating a well-developed porous struc-
ture suitable for adsorption. Compared to BC700, all
MBC samples exhibited lower surface areas due to iron
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loading. The 1:1-MBC700 had a surface area of 83.37 m?/g,
showing a 23.5% reduction, while 1:2-MBC700 and
1:5-MBC700 had slightly higher values of 87.69 and
86.97 m°/g, respectively. This reduction is likely due to iron
oxide particles blocking some of the pores. In terms of pore
volume, MBC samples (0.945-0.952 cm>/g) remained
quite similar to BC700, suggesting that the overall
porous structure was mostly retained despite the drop in
surface area. However, the average pore diameter signif-
icantly decreased in MBCs (1.30-1.35 A), compared to
13.82 A in BC700, likely due to partial pore blockage or
narrowing caused by iron deposition. This shift toward
smaller pores could influence the accessibility and diffu-
sion of larger adsorbate molecules.

3.2.3 | Surface morphology

Figure 2 shows the structural and morphological differ-
ences between BC700 and 1:2-MBC700. The SEM image
of BC700 (Figure 2A) displays a highly porous structure
with a rough surface, formed due to the pyrolysis of
MW. EDS analysis confirmed carbon as the major ele-
ment, along with traces of O, Ca, and K, typical of
biomass-derived BC. Compared to BC700, 1:2-MBC700
(Figure 2B,C) retained a similar porous framework but
showed increased surface roughness and a higher pore
density. These changes are likely due to the incorporation
of Fe particles during co-pyrolysis. EDS analysis con-
firmed the presence of iron in the MBC sample, indicat-
ing successful magnetic modification. The deposition of
iron oxides also helps explain the reduced surface area
observed in BET analysis, likely due to partial pore
blockage.

3.24 | FTIR analysis

The FTIR spectra in Figure 3A provided the structural
changes occurring during the pyrolysis process and the
introduction of magnetic properties through co-pyrolysis

Average pore H/C molar
diameter (A) N% C% H% S% ratio

16.24 4754 34 0.069  0.86

TABLE 1 Yield%, surface area, pore volume, and elemental analysis of the adsorbents.
Surface Average pore

Sample name  Yield (%) area (m?*/g) volume (cm?®/g)

MW -

BC700 22.8 109 0.953

1:1-MBC700 57.35 83.37 0.947

1:2-MBC700 43.75 87.69 0.952

1:5-MBC700 34.94 86.97 0.945

Abbreviation: MW, Maple wood.

13.82 0.37 9042 278 0.082  0.37
1.3 0.09 16.85 2.3 0.129 1.64
1.32 013 2979 214 0109 0.86
1.35 0.21 48.87 1.9 0.112  0.47
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FIGURE 2
and (C) 1:2-MBC700 in 3.50 k magnification.

with FeO. The O-H stretching vibrations of hydroxyl
groups in cellulose and lignin are observed as a broad
peak at 3369 cm ™ '.1"*] A small peak at 2883 cm ™! corre-
sponds to the asymmetric stretching vibration of C-H
bonds in aliphatic hydrocarbons.'® Aliphatic hydrocar-
bons consist of linear or branched chains of carbon atoms
bonded to hydrogen atoms. A peak at 1724 cm ' indi-
cates carbonyl (C=0) stretching vibrations due to car-
boxylic acid groups and C—O stretching vibrations in
ester groups.'”! A prominent peak at approximately
1593 cm ™! indicates aromatic C=C bonds in lignin struc-
tures."®! A sharp peak at around 1032 cm ™! corresponds
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SU70 20.0kV 15.6mm x3.50k SE(M)

Scanning electron microscope (SEM) images of (A) BC700 in 1.50 k magnification, (B) 1:2-MBC700 in 1 k magnification,

to C—O stretching vibrations in cellulose and hemicellu-
lose components.''”) Upon pyrolysis, BC and MBC sam-
ples exhibited notable changes in their FTIR spectra
compared to MW. A small peak was observed in all sam-
ples around 3884-3890 cm !, corresponding to the
stretching vibrations of O—H bonds.!*” This peak sug-
gests the presence of —OH groups on the adsorbent sur-
faces, possibly originating from the decomposition of
cellulose and hemicellulose components during pyrolysis.
In the case of the MBC samples, distinct peaks were
observed around 1510-1514 cm ™' and at 903 cm ™ '. These
peaks may be attributed to aromatic C=C bonds and
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FIGURE 3

1:1-MBC700, 1:2-MBC700, and 1:5-MBC700.

Fe—O stretching vibrations, respectively.”!! The appear-
ance of these peaks suggests the successful incorporation
of FeO nanoparticles into the BC matrix during co-
pyrolysis. This also introduces additional active sites,
potentially improving adsorption mechanisms through
increased electrostatic interactions, metal ion coordina-
tion, and complexation.[22] These FeO nanoparticles can
introduce O-H, iron-bound functional groups, which
can enhance interactions with RBBR through mecha-
nisms like hydrogen bonding, electrostatic interactions,
and complexation, thereby improving the adsorption
capacity.[*!

3.2.5 | XRD analysis

In the XRD spectra (Figure 3B), different samples dis-
played distinct peaks, indicating variations in their crys-
talline structures and phase compositions. MW showed a
distinct peak at approximately 22.5°, indicating the pres-
ence of cellulose crystalline structures characteristic of
lignocellulosic materials.**! Upon pyrolysis, the XRD
spectrum of BC700 exhibited a small bump at around
22.4°, suggesting the retention of cellulose crystalline
structures in the BC matrix. Another slight bump was
observed at 44.3°, indicating the (crystal plane of
graphite-like structure) amorphous carbonaceous phase
resulting from the thermal decomposition of lignin and
other organic components. In contrast, the XRD spectra
of 1:1-MBC700, 1:2-MBC700, and 1:5-MBC700 revealed
notable differences. 1:1-MBC700 exhibited a peak at 30°,
which resembles the characteristic of diffraction patterns
of Fe;0, or Fe,0;, indicating the presence of these iron

Intensity (a.u.)

(A) Fourier transform infrared spectroscopy (FTIR) and (B) X-ray diffraction (XRD) spectra of Maple wood (MW), BC700,

oxide phases.!*”! All the MBC samples showed diffraction
peaks at around ~36°, indicating Fe;O,4, confirming the
presence of iron oxide phases.!*”! Increasing FeO content
in the MBC samples results in sharper, more defined
peaks in that region. The peak at approximately 44.5°,
associated with the Fe® (110) plane, indicates the crystal
structures of a-Fe,O3; and y—Fe203.[26] In the MBC sam-
ples, peaks near 63° and 65° indicate the presence of iron
oxide phases, such as Fe;0, and Fe,05.1272%! These peaks
suggest the successful incorporation of FeO nanoparticles
into the BC matrix during co-pyrolysis, forming MBC.
Furthermore, the MBC samples exhibited a small peak at
around ~82.4°, which could be attributed to magnetite
nanoparticles with a preferred orientation along the (311)
crystallographic plane.[**!

3.2.6 | XPS analysis

Figure 4 represents the valence states and chemical com-
positions of 1:2-MBC700, 1:5-MBC700, and BC700 sam-
ples. In Figure 4A, the wide XPS spectra identified
carbon (C 1s) and oxygen (O 1s) as the primary ele-
ments in both BC and MBC samples, while Fe 2p was
the distinct feature for the MBC samples only. In
Figure 4B, the O 1s spectra of both samples showed
peaks in three regions. These O species include O in
C=O0 at around (530.2~531.7 eV), suggesting the pres-
ence of carbonyl groups (C=0)!*°! and 0-C=0/C-OH
at around (532.3~533 eV).13°! The Fe 2p spectra shown
in Figure 4C provide insights into the iron species pre-
sent in the MBC samples. The MBC sample showed Fe
2ps/, and Fe 2p,/, peaks at around (710.6~710.9 eV)
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FIGURE 4 X-ray photoelectron spectroscopy (XPS) spectra of BC700, 1:2-MBC700, and 1:5-MBC700 samples: (A) wide scan, (B) O 1s,

(C) Fe2p, and (D) C 1s region.

and around (724.1~724.4 V) due to the presence of
Fe(II) and Fe(III) states of iron in Fe;0, molecule.l*"3?!
These binding energies indicate the presence of Fe;O,,
confirming the MBC’s magnetic properties.**! Some sat-
ellite peaks are also at around ~728.1 eV, indicating the
Fe’" state.****! In Figure 4D, the C 1s peak for BC
showed three peaks, whereas the C 1s peak for MBC
showed six distinct components. Those peaks can be fitted
into these components: C—C/C=C (graphitic carbon)
bonds near 284.6~284.7 eV, which indicates the presence
of aromatic carbon structures’®®; C—O bond near
285.5~286.1 eV, suggesting hydroxyl (—OH) functionali-
ties on the surface*”; and C—0O or O—C=0 bonds near
287.2~289.1 eV, marklng the presence of carboxyl
(—COOH) groups that contribute to the surface’s acidic

sites.!**! The metal-carbide bonds were only observed in
the MBC samples at around 281.3~282.2 eV, signifying
interactions between metal components and the carbon
matrix,*®!

3.2.7 | Magnetic strength test

Figure S2 shows a clear correlation between FeO content
and magnetic separation efficiency. Samples with higher
FeO content, like 1:1-MBC700 and 1:2-MBC700, demon-
strated the strongest magnetic response and lifting capac-
ity under an electromagnet, due to better alignment of
magnetic particles. Preparation temperature also played a
key role. MBC produced at 900°C showed the highest

3SUB217 SUOWILLOD dA[1ea.D 8 (qeat|dde sy Aq pautonoh afe sapofe YO ‘asn Jo Sajni Joj ArldiTauliuQ A3 (1A UO (SUOIIPUOD-PUR-SWLIBIIOD A | 1M Aselq [BU|UO//:SANY) SUOIIIPUOD pue SWid | 8U) 39S *[G202/80/2z] Uo Ariqiauluo AS|IM ‘T900. 32[0/200T 0T/I0p/Wod A 1M ARid Ul uo//:sdny Wwoly pepeojumod ‘0 ‘X6T06E6T



CHAKMA ET AL.

separation efficiency, followed by those at 700°C and
500°C. At 900°C, enhanced thermal decomposition pro-
motes the formation of highly crystalline Fe;O, and
Fe,0;, improving magnetic strength. MBC prepared at
700°C also showed good magnetic behaviour, with XRD
confirming Fe;O, and FeO phases and XPS indicating
both Fe*" and Fe®" states. In contrast, MBC synthesized
at 500°C likely had incomplete formation of iron oxide
phases, resulting in weaker magnetism.

3.3 | Adsorption performance studies

3.3.1 | Impact of adsorbent dosage

All adsorption experiments in this study were conducted
using the initial RBBR dye concentration of 100 ppm. As

THE CANADIAN JOURNAL OF 9
CHEMICAL ENGINEERING

shown in Figure 5A, RBBR removal efficiency increased
with adsorbent dosage for all samples. MW had the low-
est performance (~28%) due to its unmodified porous
structure, while BC700 showed improved efficiency,
reaching 55% at 1 g. All MBCs outperformed BC700, par-
ticularly 1:1-MBC700 and 1:2-MBC700, showing a similar
trend, achieving 100% and 98% removal at 0.4 g, respec-
tively. This superior performance is likely due to the
higher FeO content, which increased surface functional
groups and active sites.*”! XPS analysis confirmed more
—OH and C=O0 groups, while XRD detected FeO crystal-
line phases that enhance surface heterogeneity and
adsorption. On the other hand, the MBCs with high bio-
mass content (1:3-MBC700 to 1:5-MBC700) showed a
similar trend with a relatively lower adsorption efficiency
compared to the high Fe-containing MBCs due to fewer
magnetic nanoparticles and reduced surface activity.
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FIGURE 5 Effect of experimental conditions on the removal of 100 ppm Remazol Brilliant Blue R (RBBR) dye: (A) adsorbent dosage

(0.1-1 g), (B) contact time (5-300 min), and (C) solution pH (3, 5, 7, 9, and 11).
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3.3.2 | Impact of contact time

The impact of contact time was evaluated using 100 ppm
RBBR dye with varying adsorption times ranging from
5 to 300 min. As presented in Figure 5B, all samples
showed increasing dye removal with time, eventually
reaching equilibrium. 1:1-MBC700 showed rapid ads-
orption compared to the others, reaching equilibrium in
less than 5 min of contact time. On the other hand,
1:2-MBC700 took around 120 min to reach equilibrium.
In the initial phase, all the adsorbents exhibited rapid dye
adsorption, with a significant portion of the RBBR
dye being removed within the first 30 min. This is due to
the abundant active sites on the BC surface, allowing for
swift interaction with adsorbate molecules. During the
initial stages of adsorption (from 0 to 30 min), MBC
exhibits a substantial available surface area, leading to a
rapid biosorption rate.!*®) Then, the removal efficiency
slowed down over 30 to 300 min. This is because, during
this period, the saturation of active sites may occur, limit-
ing further adsorption. After 300 min, equilibrium is
reached, where the adsorption rate equals the desorption
rate, and the dye removal efficiency stabilizes.

3.3.3 | Effect of pH

The effect of solution pH was examined using 100 ppm
RBBR dye, with pH values adjusted from 3 to 11 as
shown in Figure 5C. All adsorbents exhibit a consistent
trend, showing the highest removal efficiency of more
than 97% at pH 3. However, as the solution pH increased,
a decrease in the removal efficiency for all adsorbents
was observed. The decrease in removal efficiency with
increasing pH for the adsorption of RBBR dye by MBC
can be attributed to several factors. At lower pH levels,
the surface of the MBC becomes positively charged, and
the dye molecules may carry a negative charge, facilitat-
ing electrostatic attraction and enhancing adsorption.!*!!
However, as the pH rises, the surface of the MBC
becomes more negatively charged due to the deprotona-
tion of acidic functional groups present on the MBC sur-
face. High pH also deprotonates RBBR molecules in the
presence of excess OH™ ions, increasing their negative
charge. This, coupled with negatively charged dye mole-
cules, decreases the adsorption efﬁciency.[42]

3.4 | Kinetic studies

This study examined the adsorption kinetics of MBC to
evaluate RBBR removal rates from aqueous solutions.
The experimental data were fitted to various kinetic

models, including the pseudo-first-order (PFOM),
pseudo-second-order (PSOM), IPDM, and FDM models, all
shown in Figure 6.

The parameters are presented in Tables S2 and S3 in
the supplementary file. Across all dye concentrations, the
correlation coefficient (R?) for the PSOM remained con-
sistently high (0.9903-0.9984), surpassing the values for
the PFOM (0.688-0.8599), indicating that the PSOM pro-
vided a better fit to the experimental data. This observa-
tion suggests that the adsorption of RBBR dye onto MBC
likely follows chemisorption processes, as has been simi-
larly observed in previous studies of dye adsorption on
BC materials'****! which also yield adsorption capacities
(Qca) that align closely with the experimental values of
Qmax reinforcing the model’s applicability. As shown in
Table S2, Quax values for RBBR adsorption ranged from
4.84 mg/g at 100 ppm to 21.14 mg/g at 500 ppm, reflect-
ing the concentration-dependent nature of dye uptake by
MBC. This trend aligns with the saturation of adsorption
sites as the initial concentration increases.!**! Further-
more, the PFOM and PSOM rate constants (k; and k,,
respectively) reveal their inverse relationship with RBBR
concentration. The PFOM rate constant k; decreased from
0.0204 min~' at 100 ppm to 0.0099 min~' at 500 ppm,
while the PSOM rate constant k, also diminished
from 0.1458 g/mg-min at 200 ppm to 0.0099 g/mg-min at
500 ppm. This trend indicates decreased initial adsorption
rates at higher concentrations due to the limited availabil-
ity of active sites, as reported in other studies on BC-based
adsorbents.!**! The higher accuracy of the model and the
slight decrease in k, with increasing concentration suggest
that the adsorption of RBBR onto MBC is controlled pre-
dominantly by chemical interactions, possibly involving
electron-sharing or exchange interactions between RBBR
dye molecules and functional groups on the MBC surface,
such as hydroxyl (-OH) and carboxyl (-COOH) groups,
which facilitate chemisorption.[*®#”!

Table S3 shows poor correlation coefficients (R*) for
IPDM, ranging from 0.608 to 0.8475. The non-linearity of
the plots suggests that intraparticle diffusion may not be
the sole rate-limiting step governing the adsorption pro-
cess. Instead, it indicates that other mechanisms, such as
surface adsorption or film diffusion, might accompany
intraparticle diffusion. The correlation coefficients for
FDM ranged from 0.6529 to 0.9112. The relatively higher
R? values compared to the IPDM indicate that film diffu-
sion may play a more significant role in governing the
overall adsorption kinetics. This suggests that the trans-
port of dye molecules through the liquid film surround-
ing the adsorbent particles contributes significantly to the
adsorption rate. Compared to all the kinetic models stud-
ied, the R* values of IPDM and FDM are low compared
to the PSOM; the adsorption was mostly chemisorption
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FIGURE 6 (A) Pseudo-first-order (PFOM), (B) pseudo-second-order (PSOM), (C) intraparticle diffusion model IPDM), and (D) film
diffusion model (FDM) of adsorption of Remazol Brilliant Blue R (RBBR) dye by magnetic biochar (MBC) (Dosage = 0.5 g, initial pH = 3.0).

involving sharing or exchanging electrons between the
MBC and dye molecules.[***"!

3.5 | Isotherm studies

The experimental data were analyzed using three com-
mon isotherm models: Langmuir isotherm model (LIM),
Freundlich isotherm model (FIM), and Temkin isotherm
model (TIM), as shown in Figure 7A-C. The correspond-
ing parameters are listed in Table S4.

In Table S4, the R? values show that the LIM provided
the best fit (R*> = 0.9877) compared to the FIM (R* =
0.9154) and TIM (R® = 0.925). This suggests that the
adsorption of RBBR dye onto MBC mainly occurs
through monolayer adsorption on a surface with uniform

adsorption sites. This observation is closely related to the
surface chemistry of the MBC. As confirmed by FTIR and
XPS analyses, functional groups such as —OH, C=O,
and Fe—O were present on the MBC surface, providing
specific active sites for dye adsorption. Furthermore,
XRD and SEM-EDS analyses revealed a relatively uni-
form distribution of iron oxide particles, contributing to a
more homogeneous surface. These properties favour
strong interactions between the dye molecules and the
surface sites, consistent with the assumptions of LIM. A
higher Langmuir constant (K; > 1) also indicates a strong
binding affinity between the MBC and the dye molecules.
Similarly, Eltaweil et al.l*! reported that the Langmuir
model provided the best fit (R* = 0.998) for the adsorp-
tion of malachite green dye onto MBC derived from corn
straw, also attributing it to monolayer adsorption and
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FIGURE 7 (A)Langmuir isotherm model (LIM), (B) Freundlich isotherm model (FIM), and (C) Temkin isotherm model (TIM) profiles

for Remazol Brilliant Blue R (RBBR) dye on the prepared magnetic biochar (MBC) (Dosage = 0.5 g, FeO to Maple wood (MW) ratio = 1:2,

and initial pH = 3.0).

strong surface interactions. Therefore, the good fit of the
LIM in this study reflects the important role of MBC’s
surface chemistry in facilitating specific, localized
monolayer adsorption through mechanisms such as
electrostatic attraction, hydrogen bonding, and surface
complexation.

The correlation coefficient value (R* = 0.9154) sug-
gests a reasonable fit of the experimental data to the FIM.
It indicates heterogeneous adsorption behaviour and
favourable dye adsorption onto the MBC. A lower ng
value (<1) and k; value of 43.271 from Table S4 indicate
relatively low favourability of adsorption and moderate
adsorption capacity and affinity between the adsorbate
and adsorbent. The TIM showed a correlation coefficient
value of R* = 0.925, indicating a reasonable fit, suggest-
ing that the adsorption process may involve moderate
adsorbent-adsorbate interactions and a degree of nonli-
nearity in the adsorption energy. The Temkin isotherm
constant Bt represents the heat of adsorption and reflects
the adsorbent-adsorbate interaction energy. A B, value of
143.47 indicates a relatively strong adsorbent-adsorbate
interaction energy. k; is related to the adsorption equilib-
rium and indicates the adsorption capacity of the adsor-
bent material. The k; value of 12.42 suggests a moderate
adsorption capacity and a relatively fast rate.

3.6 | Point of zero charge (pHpzc)

The point of zero charge (pHpzc) of the synthesized MBC
was determined using the pH drift method, as shown in
Figure 8A. The pHpzc was identified at 8.4, meaning that
the MBC surface is positively charged at solution pH
levels below 8.4, and negatively charged at pH values
above this point. Since RBBR is an anionic dye,

maintaining the solution pH below the pHpzc led to
favourable electrostatic attraction between the positively
charged MBC surface and the negatively charged dye
molecules, thereby enhancing dye adsorption.

3.7 | Adsorption mechanism

The adsorption of RBBR dye onto MBC occurs via
multiple mechanisms, including electrostatic interaction,
coordination, surface complexation, n-n stacking, and
physisorption, as illustrated in Figure 9. FTIR and XPS
analyses confirmed the presence of key functional groups
such as —OH, C=0, C—0, C=C, and Fe—O, which facili-
tate dye binding. Electrostatic attraction plays a signifi-
cant role, especially at pH levels below the MBC’s point
of zero charge (pHp,. = 8.4), where the surface is posi-
tively charged and effectively attracts the dye’s negatively
charged sulfonate (—SO;~) groups.*?! This behaviour is
evident in Figure 8B, where strong attraction below
pH 8.4 contrasts with repulsion at higher pH. Additionally,
Fe atoms in the Fe—O groups on the MBC act as coor-
dination sites, bonding with oxygen atoms in the dye’s
sulfonic groups, thereby stabilizing the RBBR on the
surface. Surface complexation further enhances
adsorption, with FTIR and XPS analysis revealing
hydroxyl (—OH) and carbonyl (C=O) groups on the
adsorbent surfaces. These functional groups interact
with the sulfonic and azo groups in the dye through
hydrogen bonding, particularly between the —OH
groups and the oxygen atoms in the dye’s sulfonic
groups, strengthening the adsorption process. =n-x
stacking interactions also play a significant role, as the
carbon-carbon double bonds (C=C) in the MBC over-
lap with the =-electron clouds of the dye’s aromatic
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FIGURE 9 Possible adsorption mechanism of Remazol Brilliant Blue R (RBBR) dye onto magnetic biochar (MBC).

rings, stabilizing the dye molecules through non-
covalent bonding.!*!! Lastly, despite MBC’s lower sur-
face area than BC700, its porous structure supports
physisorption, allowing dye molecules to diffuse into
internal pores after initial surface attachment. These
combined mechanisms explain the superior dye
removal performance of MBC.

3.8 | Comparison of results from recent
studies on dye removal

Table 2 compares recent studies on dye removal using
BC-based adsorbents derived from various biomasses,
including wood chips, Patula pine wood, mulberry wood
waste, southern pine, and beech wood. These studies
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TABLE 2 Recent studies on dye removal by various wood-based biochar (BC).
Pyrolysis Dye Adsorbent Max.
temperature concentration dosage Removal Contact
Biomass (°C) Dye (ppm) (g/L) efficiency (%) time (h) pH Reference
Wood chip Not provided  Acid Blue 161 100 20 93.5 48 7 Ortiz-Monsalve
et al.[%
Patula 700 Malachite 50 85.9 1 4 Rubio-Clemente
pine wood Green et al.l>?!
Mulberry 500 Methylene 200 200 98 2 9  Mutahir et al.[*!
wood waste Blue
Southern pine 700 Congo red 300 0.75 98 4 4 Zhangetal.®
Beech wood 650 Methylene 20 0.1 100 0.33 6 Zeghioud et al.l°®
Blue
Maple wood 700 RBBR 100 16.7 100 2 6.5 This study

demonstrated high dye removal efficiencies, ranging from
85.9% to 100%, with differing pyrolysis temperatures
(500-700°C), dye concentrations (20-300 ppm), adsor-
bent dosages (0.1-200 g/L), contact times (0.33-48 h),
and pH levels (4-9). In comparison, this study on
MW-derived MBC achieved a maximum removal effi-
ciency of 100% for RBBR dye at a pyrolysis temperature
of 700°C, with a dye concentration of 100 ppm, an
adsorbent dosage of 16.7 g/L, and a contact time of just
2 h. This study stands out due to its high removal effi-
ciency, relatively moderate adsorbent dosage, and short
contact time, demonstrating a more efficient and effective
approach for dye removal compared to the other studies.

3.9 | Limitations and future research
directions

While this study shows promising results for the removal
of RBBR dye using MBC produced from MW and FeO,
there are some limitations that should be considered. The
experiments were carried out in controlled laboratory set-
tings using a single synthetic dye solution. In real-world
applications, wastewater often contains a mix of different
pollutants, along with varying pH, salts, and other
organic compounds, which could affect the adsorption
performance. Additionally, this work focused only on
RBBR dye. The effectiveness of the prepared MBC in
removing other types of contaminants, such as heavy
metals, pharmaceuticals, or other dyes, has not been
explored here. Another limitation is that the reusability
and regeneration of the MBC were not studied, even
though these factors are important for assessing its long-
term potential in practical use.

Looking ahead, future research could focus on testing
the adsorbent with more complex wastewater samples to
better understand how it performs under real conditions.

It would also be useful to study the regeneration and
reuse of the MBC over multiple cycles to evaluate its sta-
bility and cost-effectiveness. Exploring the use of differ-
ent types of biomass or iron precursors could help
improve or tailor the properties of the biochar for specific
contaminants. Lastly, investigating the scale-up process
and conducting economic assessments would provide
helpful insights into whether this material can be realisti-
cally applied on a larger, commercial scale.

4 | CONCLUSION

In this study, we successfully synthesized MBC using
different iron anchoring methods, with one-step
co-pyrolysis proving to be the most effective. The 1:1
FeO-to-biomass ratio, combined with pyrolysis at 700°C,
demonstrated optimal adsorption performance for the
removal of RBBR dye, achieving a removal efficiency of
up to 100%. The study highlights the critical role of iron
anchoring in enhancing the physicochemical properties
of MBC and its adsorption efficiency. Detailed character-
izations revealed the successful integration of magnetic
properties and functional groups crucial for adsorption
mechanisms, such as chemisorption, hydrogen bonding,
and electrostatic interactions. The Langmuir isotherm
and pseudo-second-order kinetic models accurately
described the adsorption process. This research not only
deepens the understanding of MBC synthesis and its
functional mechanisms but also offers an energy-efficient
method for producing high-performance adsorbents for
sustainable water treatment applications.
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