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Multi-Feedstock Biochar from Lignocellulosic Biomass:

Synthesis and Dye Adsorption Performance

Deshraj Singh Thakur ©©, Santosh Narayan Chadar

Purpose. This study developed a multi-feedstock biochar (MFB) from lignocellulosic biomass — teak wood,
coconut shell, sugarcane bagasse, maize straw, and peanut shell — to enhance methylene blue adsorption
through cooperative interactions between various biomass feedstocks. Design / Method / Approach. MFB was
synthesized by controlled pyrolysis at 500—700 °C under inert atmosphere and characterized using BET, SEM,
FTIR, XRD, zeta potential, and DLS analyses. Adsorption performance toward methylene blue was assessed
through batch experiments and modeled using kinetic, isotherm, and thermodynamic approaches. Findings. MFB
exhibited a BET surface area of 76.6 m? g™', a hierarchical pore structure, and diverse surface functional groups,
collectively improving dye adsorption efficacy. Under optimized conditions, more than 95% of methylene blue was
removed within 90 minutes. Adsorption fitted the Langmuir isotherm and pseudo-second-order kinetic models,
confirming monolayer chemisorption; thermodynamic analysis indicated a spontaneous and endothermic process
driven by pore diffusion, 1T interactions, hydrogen bonding, and electrostatic attraction. Theoretical
Implications. The results demonstrate that combining several biomass feedstocks produces synergistic
physicochemical properties difficult to achieve with single-feedstock biochar, advancing the mechanistic
understanding of multi-component biochar adsorbents. Practical Implications. The use of widely available
biomass waste makes MFB a scalable, affordable, and sustainable solution for dye-contaminated wastewater
treatment. Originality / Value. Unlike conventional single-feedstock approaches, this study systematically
examines how feedstock integration governs pore structure, surface heterogeneity, and adsorption mechanisms,
demonstrating that synergistic biomass combination enhances adsorption performance beyond simple feedstock
substitution. Research Limitations / Future Research. The study is limited to laboratory-scale experiments with
synthetic dye solutions; future work should address regeneration performance, long-term stability, real wastewater
treatment, and pilot-scale validation. Article Type. Empirical Research Paper.
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MeTa. Y UbOMy [OCRIOKEHHI OTPMMaHO MynsTUCUpoBUHHE GioByrinns (MCB) 3 nirHouentonosHoi Giomacn —
AEePEBUHM TUKA, KOKOCOBOI LUKapanynu, 6aracy LyKpoBOi TPOCTUHM, KYKYpPYA3siHOI CONOMM Ta NMyLUMUHHSA apaxicy
— AnA nigBuLLEHHA edeKTMBHOCTI agcopOLii METUNMEHOBOro CUHLOTO Yepe3 CUHEPTreTUYHY B3AaEMOAI0 Pi3HUX
BugiB cvpoBuHu. AusanH / Metog / Mipxia. MCB cuHTE30BaHO KOHTpPOrNbOoBaHMM niponizom npu 500-700 °C B
iHepTHIW aTtMocdepi Ta oxapakTtepusoBaHo MeTogamu BET, SEM, FTIR, XRD, paseta-noteHuiany i DLS;
afcopOUiiHi - XxapakTepuCcTUKM  WOoAO0  METUNEHOBOTO CUHBOTO OLHEHO B CEPIHUX EeKCMepuMmeHTax i3
3aCTOCYBaHHAIM KIHETUYHUX, i30TEPMIYHUX i TepmoauMHamiyHux Mmopgenew. Pesynbratm. MCB mae nutomy
noBepxHio 76,6 M2 r™', iepapxiyHy NOPUCTY CTPYKTYPY Ta Pi3HOMaHITHI NOBEpPXHEBi PyHKUIOHanbHi rpynu, Lo B
CYKYNHOCTi MiaBuULLYIOTb edekTuBHICTL aacopbuii 6apsBHuka. 3a onTMmanbHWX yMOB BuganeHo noHag 95%
METWUEHOBOro cuHboro 3a 90 xBunuH; agcopbuia Bianosigae i3otepmi JleHrmiopa Ta mogeni nceBgoapyroro
nopsiaky, NiATBEPAXYH4YM MOHOLLApoBY Xemocopbuito, a TepMoaMHaMIYHWUIA aHani3 CBigYMTb MPO CMOHTaHHWIA
€HOOTEPMIYHMI npouec, 3YMOBMEHMI MNOPOBOI AMQY3i€lo, TI—TT-B3aEMOAIAMM, BOAHEBUMW 3B'A3kamMu Ta
€neKTPOCTaTUYHUM NPUTSAraHHAM. TeopeTuyHe 3HavyeHHA. OTpumaHi pesynsratm AeMOHCTPYIOTb, LLO iHTerpauis
Kinbkox BuaiB  Giomacu 3abe3nedvye  CUHepreTMdHi  i3MKO-XiMiYHI  BMacTMBOCTI, HEOOCsDKHI  Ans
OOHOKOMMOHEHTHOro GioByrinms, NOrmMbnoYN MexaHICTUYHE PO3YMiHHS BaraTOKOMMOHEHTHUX afcopOLinHMX
cuctem. MpakTuyHe 3Ha4yeHHA. BukopuctaHHa gocTynHux BigxopiB 6iomacu pobute MCB macwrabosaHum,
€KOHOMIYHO [OCTYMHMM | €KOJOMYHO CTanMM PpilleHHAM NS OYMLUEHHS CTiYHMX BOA Bifg OapBHUMKIB.
OpwuriHanbHicTb / LiHHicTb. Ha BigMiHy Bia TpaguuinH1X 0OQHOKOMMNOHEHTHWUX NiaXoAiB, 4OCHIAXEHHS CUCTEMHO
aHanisye BNMvB iHTerpauii CUpOBUHM Ha NOPUCTY CTPYKTYpPY, MOBEPXHEBY reTEPOreHHICTb i MexaHiamu agcopbui,
OEMOHCTPYHUYM NepeBarM CUHEPreTUYHOro NoeaHaHHSA Giomacu Hag NPOCTOK 3aMiHOK CUPOBUHU. OBMeXeHHs /
ManbyTHi AgocnigxkeHHs. PoboTy BukoHaHo B nabopatopHoMy MacwwTtabi i3 CUHTETUYHUMWU PO34YMHaAMMU
6apBHWKiB; NoganbLLUi AOCHIAKEHHS MaloTb OXONIOBATU pereHepaLito ancopbeHTy, AoBroTpusany ctabinbHICTb,
OYULLIEHHS pearnbHUX CTIYHUX BOZ i NiNoTHY Banigauito. Tun ctaTTi. EMnipmnyHa ctatTs.
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The durability, toxicity, and complex chemical structure of
synthetic dyes have made the discharge of dye-containing effluents
from the textile, paper, leather, printing, and dye-manufacturing sec-
tors a major environmental issue. Because of their synthetic origin
and aromatic chemical structures, most synthetic dyes are resistant
to biodegradation and remain stable in natural environments (For-
gacs et al., 2004). According to Chien and Ganesan (2024), dyes
have a negative impact on aquatic organisms and human health,
even at low concentrations; they also inhibit photosynthesis and re-
duce light penetration in aquatic systems. Additionally, dye-contam-
inated wastewater raises chemical and biological oxygen demands
(BOD and COD), disrupting microbial activity and ecological equi-
librium in receiving water bodies (Chien & Ganesan, 2024). Be-
cause azo dyes can degrade into toxic, mutagenic, and carcinogenic
aromatic amines, they pose substantial environmental and health
risks (Josephy & Allen-Vercoe, 2023). Furthermore, interactions of
dye molecules with soil minerals and natural organic matter may
promote adsorption and environmental persistence of dye-derived
compounds. These environmental risks highlight the need for effec-
tive, sustainable, and economically feasible wastewater treatment
technologies.

Because of its ease of use, high removal effectiveness, low en-
ergy consumption, and adaptability to various wastewater treatment
conditions, adsorption is widely acknowledged as an efficient ap-
proach among the existing treatment methods (Crini & Lichtfouse,
2018). Because of its large surface area, tunable surface chemistry,
porous carbonaceous structure, and oxygen-containing functional
groups that promote pollutant adsorption, biochar has garnered sig-
nificant attention as a sustainable adsorbent in recent years (Ahmad
et al., 2012; Inyang & Dickenson, 2015; Mohan et al., 2014). The
mineral concentration, pore distribution, surface functionality, py-
rolysis conditions, and biomass composition all have a significant
impact on the adsorption performance of biochar. Adsorption mech-
anisms such as electrostatic attraction, hydrogen bonding, n—m in-
teractions, pore filling, ion exchange, and surface complexation are
all influenced by these characteristics (Ahmad et al., 2014).

The significance of engineered biochar systems for environ-
mental remediation has been highlighted by recent studies (Tan et
al., 2016; Wang & Wang, 2019; Lodhi et al., 2024). By enhancing
pore accessibility and the density of active functional groups, sur-
face modification and structural engineering improve adsorption ef-
fectiveness (Tan et al., 2016). Similarly, due to their increased sur-
face area and improved surface reactivity, activated and nano-engi-
neered biochar composites exhibit better adsorption (Inyang &
Dickenson, 2015). Prior research has also demonstrated that the
choice of feedstock has a significant impact on the physicochemical
properties and adsorption performance of biochar. Woody biomass-
derived biochars typically have higher aromaticity, fixed carbon
content, and structural stability (Sun et al., 2013), while agricultural
biomass-derived biochars have higher ash content and oxygen-con-
taining functional groups that promote polar contaminant adsorp-
tion (Chen et al., 2014).

Despite these developments, most published research has fo-
cused on single-feedstock biochars made from woody biomass or
agricultural residues. Even though this research offers valuable in-
sights into feedstock-dependent adsorption behavior, many studies
only vary the precursor biomass while using similar synthesis pro-
tocols, characterization techniques, and adsorption models. Conse-
quently, it remains challenging to determine whether improvements
in adsorption performance derive from actual structural and chemi-
cal enhancement or merely from biomass substitution.

According to recent advances in biochar engineering, combin-
ing multiple biomass feedstocks can offer a more promising ap-
proach to developing sophisticated adsorbents with improved phys-
icochemical properties and adsorption performance (Li et al., 2017;
Aziz et al., 2024). While woody biomass enhances carbon stability
and structural integrity during pyrolysis, agricultural residues pro-
mote pore formation and surface functionalization. Pore architec-
ture, surface heterogeneity, adsorption site distribution, adsorption
kinetics, and pollutant interaction mechanisms can therefore be
modified by combining multiple biomass types in ways that are not
possible with single-feedstock systems. Nevertheless, systematic
studies examining the adsorption behavior and mechanistic benefits
of multi-feedstock biochar systems remain scarce.

The need to transition from traditional single-feedstock

biochar systems to multifunctional and synergistically designed car-
bon materials for sustainable environmental remediation has been
further highlighted by recent review studies (Yaashikaa et al., 2020).
However, only a few studies have thoroughly investigated the ef-
fects of feedstock integration on equilibrium behavior, surface
chemistry, adsorption mechanisms, and dye removal efficiency.

This work develops and evaluates a multi-feedstock biochar
(MFB) from woody and agricultural lignocellulosic biomass for ef-
ficient dye adsorption from aqueous solutions. The objectives of
this study are to: (i) synthesize MFB and apply structural and sur-
face analytical techniques to characterize its physicochemical prop-
erties; (ii) evaluate its adsorption performance toward methylene
blue under various operating conditions; and (iii) investigate the ad-
sorption mechanism using kinetic, isotherm, thermodynamic, and
surface interaction analyses.

Materials and Methods

Materials and Reagents

Teak wood chips and coconut shells were acquired from local
biomass processing facilities, while sugarcane bagasse, maize straw,
and peanut shells were gathered from nearby agricultural fields.
These feedstocks were selected to create a multi-feedstock biochar
with complementary physicochemical properties. Agricultural resi-
dues were included for their high cellulose and hemicellulose con-
tent, which promotes pore formation and the development of oxy-
gen-containing functional groups during pyrolysis. Woody biomass
was included for its higher lignin content, which enhances the bio-
char matrix's aromaticity, fixed carbon content, and structural sta-
bility (Weber & Quicker, 2018; Yang et al., 2024).

Methylene blue (MB, analytical grade, =99% purity) was pur-
chased from Sigma-Aldrich. Sodium hydroxide (NaOH, 0.1 M, an-
alytical grade) and hydrochloric acid (HCI, 0.1 M, analytical grade),
used for pH adjustment, were supplied by Merck. Deionized water
was used throughout the experiments.

Feedstock Selection and Preparation

The collected biomass materials were thoroughly washed with
deionized water to remove dust, dirt, and other surface impurities.
After cleaning, the feedstocks were oven-dried at 105 °C for 24
hours until constant weight was achieved. The dried materials were
then ground in a laboratory grinder and sieved to a particle size be-
low 100 mesh. Equal amounts of agricultural and woody biomass
feedstocks were mixed to prepare the precursor material for multi-
feedstock biochar synthesis. The mixed feedstocks were stored in
sealed polyethylene containers prior to pyrolysis experiments.

Biochar Synthesis

Multi-feedstock biochar (MFB) was produced by controlled
pyrolysis under oxygen-limited conditions using a muffle furnace
(NISIF India MR 85(1.5)) and a stainless-steel tube reactor (SS310
grade). To ensure an inert atmosphere and prevent oxidative degra-
dation during thermal treatment, high-purity nitrogen gas (99.99%)
was continuously supplied at a flow rate of 100 mL min™' through-
out the pyrolysis process.

Approximately 20 g of the prepared biomass mixture was
loaded into the reactor and heated at a constant rate of 10 °C min™!
from ambient temperature to 500700 °C. This temperature range
was selected because intermediate-to-high pyrolysis temperatures
significantly influence aromatic carbon development, pore for-
mation, mineral transformation, and surface functionalization of bi-
ochar materials (Thakur & Chadar, 2025a). Isothermal conditions
were maintained for four hours after reaching the target temperature
to ensure complete carbonization and stabilization of the biochar
matrix. Following pyrolysis, the furnace was allowed to cool natu-
rally to room temperature under continuous nitrogen flow to prevent
oxidation of the product. The biochar was then collected, crushed
into a fine powder, and stored in airtight glass containers for further
analysis and adsorption experiments.

The multi-feedstock approach was employed to examine
whether combining cellulose-rich agricultural residues with lignin-
rich woody biomass could enhance pore accessibility, surface het-
erogeneity, and the density of adsorption-active functional groups
compared to traditional single-feedstock biochar systems.
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Characterization Techniques

The surface, morphological, and structural properties of the
synthesized biochar were evaluated using a suite of analytical tech-
niques to establish their relationship to adsorption performance.

Brunauer-Emmett-Teller (BET) analysis was performed us-
ing a Quantachrome Instruments NOVA 2200e/4200e surface area
analyzer to determine specific surface area, pore volume, and pore
size distribution, providing key insights into porosity and adsorp-
tion-active surface area.

Surface morphology and pore structure were investigated by
scanning electron microscopy (SEM; Nova NanoSEM 450, FEI
Company) (Goldstein et al., 2018), enabling observation of surface
roughness, pore formation, and structural changes induced by py-
rolysis.

Fourier-transform infrared spectroscopy (FTIR; ALPHA 1I
spectrometer, Bruker Optics) was performed over the wavenumber
range of 4000400 cm™ to identify surface functional groups — in-
cluding hydroxyl, carboxyl, and aromatic groups — involved in ad-
sorbate—adsorbent interactions.

X-ray diffraction (XRD; D8 ADVANCE diffractometer,
Bruker AXS) with Cu-Ka radiation (A = 1.5406 A) was used to ex-
amine the crystalline structure and mineral phase composition, as-
sessing structural ordering and inorganic mineral phases within the
biochar matrix (Cullity & Stock, 2001).

Surface charge characteristics and particle size distribution
were measured using a Zetasizer Nano ZS analyzer (Malvern Pan-
alytical), applying zeta potential and dynamic light scattering (DLS)
analyses to evaluate colloidal stability, particle dispersion behavior,
and surface charge interactions in relation to dye adsorption.

Batch Adsorption Experiments

The adsorption performance of the synthesized multi-feed-
stock biochar toward methylene blue removal was assessed through
batch experiments conducted in 250 mL Erlenmeyer flasks contain-
ing a known mass of adsorbent and a fixed volume of dye solution.
Suspensions were agitated at 150 rpm using an orbital shaker (Remi
CIS-24 Plus, India) until equilibrium was achieved. All experiments
were conducted in triplicate under controlled laboratory conditions,
and results are reported as mean + standard deviation.

The effects of operational parameters on adsorption perfor-
mance were systematically examined. Initial dye concentration was
varied between 10 and 200 mg L™ to assess equilibrium behavior
and adsorption capacity. Solution pH was adjusted between 2 and
10 using 0.1 M HCl or 0.1 M NaOH to investigate the influence of
surface charge interactions and dye ionization. Contact time was
varied between 0 and 180 minutes to determine equilibrium time
and adsorption kinetics. Adsorbent dosage was varied from 0.1 to
1.0 g L to evaluate the relationship between removal efficiency
and adsorption site availability. Thermodynamic experiments were
carried out at 298-318 K to assess the energetic feasibility and tem-
perature dependence of the adsorption process.

Following adsorption, suspensions were vacuum-filtered
through mixed cellulose ester membrane filters (Millipore, 0.45 um
pore size) to remove suspended biochar particles prior to spectro-
photometric measurement. Residual methylene blue concentration
was determined at the maximum absorption wavelength of 664 nm
using a UV—visible spectrophotometer (Shimadzu UV-1800, Ja-
pan).

Adsorption capacity and dye removal efficiency were calcu-
lated using equations (1) and (2), respectively:

Co—Ce)V
Qo = ( om ) . (1)
Removal (%) = CC;C x 100, @)
0

where Cyand C,represent the initial and equilibrium dye concentra-
tions (mg L), respectively, Vis the solution volume (L), and mis
the mass of adsorbent (g).

Adsorption Modelling and Statistical Analysis

Adsorption kinetics, equilibrium behavior, and thermody-
namic feasibility were evaluated using established adsorption mod-
els selected based on the expected adsorption mechanisms and sur-
face interaction characteristics of biochar-based adsorbents.

The pseudo-first-order model was applied to analyze phy-
sisorption-controlled adsorption, the pseudo-second-order model to
evaluate chemisorption involving electron sharing or exchange be-
tween adsorbent and adsorbate molecules, and the intraparticle dif-
fusion model to examine diffusion-controlled mass transfer and
pore diffusion contributions. Equilibrium adsorption data were fit-
ted to the Langmuir, Freundlich, and Temkin isotherm models (Foo
& Hameed, 2010). The Langmuir model assessed monolayer ad-
sorption on homogeneous sites (Langmuir, 1918), the Freundlich
model described heterogeneous surface adsorption and multilayer
interactions, and the Temkin model characterized adsorbate—adsor-
bent interactions and adsorption heat distribution across the biochar
surface.

The spontaneity and energetic nature of the adsorption process
were assessed using thermodynamic parameters — Gibbs free en-
ergy (AG®), enthalpy change (AH®), and entropy change (AS°).

Model fitting was evaluated using the correlation coefficient
(R?), root mean square error (RMSE), and chi-square error function
(®) to identify the best-fit model and support mechanistic interpre-
tation of adsorption behavior.

All experimental data were analyzed using OriginPro 2024.
Statistical analyses were performed on triplicate measurements, and
results are reported as mean + standard deviation to ensure repro-
ducibility and methodological transparency.

Results and Discussion

Elemental Composition Analysis (EDX)

Energy-dispersive X-ray spectroscopy (EDX) in conjunction
with scanning electron microscopy (SEM; Nova NanoSEM 450,
FEI Company) was used to examine the elemental composition and
surface elemental distribution of the synthesized MFB (Goldstein et
al., 2018). The EDX spectrum displayed in Figure 1 confirms that
the synthesized adsorbent was primarily carbonaceous, directly ad-
dressing Objective (i) concerning the physicochemical characteri-
zation of the material.

A prominent peak at approximately 0.27 keV corresponding to
carbon (C Ka) confirmed successful thermal carbonization of the
lignocellulosic biomass during pyrolysis. The high carbon intensity
indicates the formation of a persistent aromatic carbon framework
favorable for adsorption applications, as aromatic carbon domains
promote m—7 interactions with methylene blue molecules. A distinct
peak at approximately 0.52 keV corresponding to oxygen (O Ka)
confirmed the presence of oxygen-containing surface functional
groups formed during pyrolysis and partial surface oxidation; these
oxygenated groups contribute to adsorption through surface com-
plexation, electrostatic attraction, and hydrogen bonding. A smaller
peak near 3.69 keV attributed to calcium (Ca Kay) indicated the pres-
ence of residual inorganic mineral components inherited from the
biomass precursors.

The quantitative elemental composition is summarized in Ta-
ble 1. Carbon was the dominant element at 90.03 wt.% (93.31 at.%)),
followed by oxygen at 7.68 wt.% (5.98 at.%) and calcium at 2.28
wt.% (0.71 at.%). The high carbon content confirmed the formation
of a well-carbonized structure with high aromaticity and structural
stability. The oxygen content indicated that the synthesized biochar
retained sufficient oxygen-containing functional groups for adsorp-
tion-active surface interactions. The low calcium level was at-
tributed to naturally occurring ash-forming minerals retained during
thermal decomposition of the biomass feedstocks.

The synthesized MFB showed greater elemental variability
than previously reported single-feedstock biochars, attributed to the
combined input of woody and agricultural biomass sources. This
compositional diversity produced chemically heterogeneous ad-
sorption-active sites with higher affinity for dye molecules, support-
ing the synergistic effect of feedstock integration proposed in the
Introduction. The relatively low uncertainty in oxygen and calcium
measurements indicated uniform elemental distribution across the
examined surface region, while the slightly higher deviation in car-
bon content reflected the heterogeneous microstructure typical of
multi-feedstock-derived carbon materials. Overall, EDX analysis
confirmed that the synthesized MFB features a carbon-rich structure
with oxygen-containing functional groups and trace mineral com-
ponents, supporting Objective (i) on the physicochemical character-
ization of the developed adsorbent for dye removal.
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Figure 1 — The EDX spectrum has a dominant C with modest O and Ca (Source: Authors)
Table 1 — Elemental composition of MFB determined by EDX analysis (Source: Authors)

Element  Atomic Number Series Weight % (wt.%) Normalized wt.% Atomic % (at.%) Error (+ wt.%)
C 6 K-series  90.03 90.03 93.31 10.24

o 8 K-series  7.68 7.68 5.98 1.68

Ca 20 K-series  2.28 2.28 0.71 0.10

Total — — 100.00 100.00 100.00 —

Surface Morphology Evolution of the Material (SEM)

Scanning electron microscopy (SEM; Nova NanoSEM 450,
FEI Company) was used to analyze the surface morphology and
structural evolution of the synthesized MFB. Figures 2a—2d present
representative micrographs, addressing Objective (i) by assessing
pore development, surface roughness, and structural heterogeneity
resulting from multi-feedstock pyrolysis.

Figure 2a shows a comparatively compact and smooth surface
with limited pore development, indicating incomplete devolatiliza-
tion and low surface activation during the early stages of thermal
treatment. The dense surface topology resulted in less surface area
available for dye adsorption and restricted access to adsorption-ac-
tive sites.

8.29ym 50000 x | 5.2 mm | None

Figure 2a — SEM of the material at various stages:
compact, smooth surface (Source: Authors)

Cracks, cavities, and irregular channels are evident in Figure
2b, indicating the onset of pore formation during pyrolysis and the
progressive breakdown of volatile organic compounds. These sur-
face features indicate partial activation of the biomass-derived
structure and gradual reorganization of the carbon matrix.

E— 1L Ra—

DHSGSU

det
3.0 LVD

9PM [ 10ps  10.00kV  16.6 pm | 25000 x | 5.2 mm | None

Figure 2b — SEM of the material at various stages:
early pore formation (Source: Authors)

Figure 2c reveals a highly porous and rough surface with inter-
connected pores, fragmented carbon frameworks, and irregular
voids distributed throughout the adsorbent surface. This well-devel-
oped pore network resulted from enhanced devolatilization and
thermal breakdown of lignocellulosic components during pyrolysis.
The interconnected porous structure facilitated diffusion of meth-
ylene blue molecules toward internal adsorption-active sites.

Figure 2d shows a heterogeneous and aggregated surface with
micro- and mesostructured particles scattered across the porous car-
bon framework. These deposited particles most likely originated
from secondary carbonization products formed during thermal treat-
ment or from residual inorganic minerals. The coexistence of min-
eral-rich regions and porous carbon domains suggests the develop-
ment of chemically and physically diverse adsorption-active sur-
faces.

The observed structural heterogeneity supports the synergistic
effect of combining agricultural and woody biomass feedstocks.
Compared to traditional single-feedstock biochars, the synthesized
MFB exhibited a more complex pore structure and greater surface
irregularity, enhancing pore accessibility and increasing the number
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of available adsorption-active sites.

SEM analysis confirmed the successful formation of a hetero-
geneous porous carbon structure with interconnected pore networks
and increased surface roughness, supporting Objective (i) concern-
ing the physicochemical characterization of the synthesized MFB
for dye adsorption applications.
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Figure 2¢ — SEM of the material at various stages:
well-developed porous structure (Source: Authors)
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Figure 2d — SEM of the material at various stages:
aggregated particles with enhanced surface roughness, indicating
improved adsorption capabilities (Source: Authors)

X-ray Diffraction (XRD) Analysis of Mixed Sample

X-ray diffraction (XRD; D8 ADVANCE diffractometer,
Bruker AXS) was used to examine the crystalline structure and
phase composition of the synthesized MFB. The diffraction pattern
is displayed in Figure 3. XRD analysis directly addressed Objective
(i) by evaluating the mineralogical composition and structural or-
dering of the synthesized adsorbent.

Abroad diffraction hump in the range of 260 = 20-30° indicates
the predominance of amorphous carbon structures in the synthe-
sized biochar, typical of disordered aromatic carbon layers in bio-
char-derived materials (Cullity & Stock, 2001). The low intensity
and broadness of this peak confirm that the carbon matrix remained
largely non-crystalline with turbostratic carbon domains following
pyrolysis. Several distinct diffraction peaks at approximately 20 =
21.8°, 22.9°, 26.6°, and 29.3° indicate the presence of crystalline
domains within the carbon framework. The peak near 26.6°, corre-
sponding to the (002) plane of graphitic carbon, confirmed partial
graphitization following thermal treatment, which enhances struc-
tural stability and promotes electron transfer interactions during ad-
sorption. Additional peaks at approximately 35.6°, 39.4°, 43.1°,
47.4°, 48.4°, and 57.3° were attributed to carbonate phases, metal
oxide components from biomass ash, and residual inorganic miner-
als, confirming the heterogeneous structure of the synthesized
MFB.

The hybrid amorphous—crystalline structure is advantageous

for adsorption applications. Amorphous carbon domains offer an
abundance of defect sites and oxygen-containing functional groups,
while crystalline mineral phases provide additional adsorption-ac-
tive centers and higher surface reactivity. Together, these structural
features strengthen physicochemical interactions between meth-
ylene blue molecules and the adsorbent surface.
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Figure 3 — The mixed sample's XRD pattern indicates a combination
of disordered carbon and mineral phases, with an amorphous hump
and definite crystalline peaks (Source: Authors)

Compared to previously reported single-feedstock biochars,
the synthesized MFB showed broader diffraction characteristics and
greater structural complexity, attributed to the combined input of
cellulose, hemicellulose, lignin, and mineral-rich biomass precur-
sors. This structural diversity supports the synergistic effect of feed-
stock integration discussed in the Introduction.

XRD analysis confirmed that the synthesized MFB has a hy-
brid amorphous—crystalline architecture comprising partially graph-
itized carbon and residual mineral phases. These structural features
are advantageous for adsorption-based environmental remediation
and support Objective (i) concerning the physicochemical charac-
terization of the synthesized multi-feedstock adsorbent.

FTIR Spectral Analysis

The surface functional groups and chemical characteristics of
the synthesized MFB were investigated using Fourier transform in-
frared spectroscopy (FTIR; ALPHA II spectrometer, Bruker Op-
tics). The FTIR spectrum is shown in Figure 4. This analysis directly
addressed Objective (i) by identifying the adsorption-active func-
tional groups involved in adsorbent-adsorbate interactions with
methylene blue molecules.

A broad absorption band between 3200 and 3500 cm™ corre-
sponds to O-H stretching vibrations associated with hydroxyl
groups, phenolic compounds, and adsorbed moisture on the biochar
surface. These hydroxyl groups facilitated adsorption by forming
hydrogen bonds and surface interactions with dye molecules.

Weak absorption bands near 2900 cm™ are attributed to ali-
phatic C—H stretching vibrations, confirming partial retention of hy-
drocarbon structures after carbonization and partial breakdown of
lignocellulosic components during pyrolysis.

The absorption band between 1600 and 1700 cm™! corresponds
to C=0 stretching vibrations of carbonyl, quinone, and carboxylic
groups. Discrete bands within 1500-1600 cm™, attributed to aro-
matic C=C stretching vibrations, confirmed the formation of con-
densed aromatic carbon structures following thermal treatment, re-
flecting progressive carbonization and stabilization of the biomass-
derived carbon matrix.

A prominent absorption band in the 1000—1200 cm™ range cor-
responds to C—O stretching vibrations associated with alcohols,
ethers, esters, and phenolic compounds. These oxygen-containing
functional groups enhanced surface polarity and adsorption reactiv-
ity toward cationic dye molecules. Small peaks below 800 cm™, as-
signed to out-of-plane aromatic C—H bending vibrations, further
confirmed the presence of aromatic carbon frameworks in the syn-
thesized biochar.
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The presence of hydroxyl, carbonyl, carboxyl, and aromatic
functional groups confirmed the chemically diverse adsorption-ac-
tive surfaces of the synthesized MFB, facilitating dye adsorption
through surface complexation, hydrogen bonding, electrostatic at-
traction, and 77 interactions.

Compared to previously reported single-feedstock biochars,
the synthesized MFB showed greater chemical variability and a
wider distribution of oxygen-containing functional groups, resulting
from the simultaneous breakdown of cellulose-, hemicellulose-, and

lignin-rich biomass precursors during pyrolysis. This increased sur-
face diversity expanded the range of adsorption-active sites and en-
hanced adsorption efficiency. FTIR analysis confirmed the success-
ful formation of a functionalized carbonaceous adsorbent enriched
with oxygen-containing groups and aromatic structures, supporting
Objective (i) concerning the physicochemical characterization of
the synthesized MFB for dye adsorption and environmental reme-
diation applications.
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Figure 4 — The sample's FTIR spectrum reveals distinctive bands of O-H, C-H, C=0, C=C, and C-O functional groups, suggesting the
existence of aromatic and oxygenated structures on the surface (Source: Authors)

Zeta Potential and Electrokinetic Stability Analysis

To evaluate the surface charge characteristics and colloidal sta-
bility of the synthesized MFB, zeta potential and electrophoretic
mobility measurements were carried out using a Zetasizer Nano ZS
analyzer (Malvern Panalytical). The zeta potential distribution, elec-
trophoretic mobility profile, and EOS phase analysis data are dis-
played in Figure 5.
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Figure 5 — Zeta potential distribution, electrophoretic mobility, and
EOS phase analysis of the synthesized MFB (Source: Authors)

These measurements directly addressed Objective (i) by exam-
ining the electrochemical surface properties of the synthesized ad-
sorbent and their influence on adsorption behavior. The zeta

potential distribution was concentrated near 0 mV, indicating poor
surface charge development in the produced particles. Low absolute
zeta potential values indicate insufficient electrostatic repulsion be-
tween suspended particles, promoting aggregation and reduced col-
loidal stability in aqueous media. This pattern was further confirmed
by the electrophoretic mobility distribution, where a small peak cen-
tered near zero mobility indicated slow particle movement under the
applied electric field. The EOS phase analysis profile revealed peak
positions localized near the neutral potential area, indicating a com-
paratively uniform but weak surface charge distribution across the
particle population. Zeta potential values between approximately
=30 mV and +30 mV are generally associated with low dispersion
stability, as electrostatic repulsive forces are insufficient to prevent
particle agglomeration. Consequently, the synthesized MFB exhib-
ited a significant propensity to aggregate in aqueous suspension.

The DLS results, which revealed comparatively large particle
sizes and a wide particle size distribution, were consistent with the
aggregation behavior observed in the zeta potential analysis. Partial
aggregation also affected adsorption behavior by altering pore ac-
cessibility, particle packing, and surface interactions, even though
reduced colloidal stability restricted long-term dispersion. Aggrega-
tion influences diffusion pathways and adsorption kinetics in ad-
sorption systems at various pH levels, ionic strengths, and pollutant
concentrations.

Because of the coexistence of multiple oxygen-containing
functional groups and residual inorganic mineral phases derived
from integrated agricultural and woody biomass feedstocks, the
synthesized MFB showed a wider zeta potential distribution than
previously reported single-feedstock biochars. This chemically di-
verse surface composition produced localized differences in surface
charge distribution and interparticle interactions. The zeta potential
and electrophoretic mobility analyses confirmed that the synthe-
sized MFB had weakly charged particle surfaces with poor colloidal
stability and a notable tendency toward agglomeration. These elec-
trokinetic properties are crucial for understanding dispersion behav-
ior, surface interactions, and adsorption performance in aqueous dye
remediation systems, supporting Objective (i) on the physicochem-
ical characterization of the synthesized adsorbent.
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Particle Size Distribution and Correlation Function
Analysis

The aggregation behavior, dispersion characteristics, and par-
ticle size distribution of the synthesized MFB were investigated us-
ing dynamic light scattering (DLS; Zetasizer Nano ZS, Malvern
Panalytical). The particle size distributions based on intensity, vol-
ume, and number, along with the autocorrelation function plot, are
shown in Figure 6. These analyses directly addressed Objective (i)
by assessing the dispersion behavior and particle-scale heterogene-
ity of the synthesized adsorbent.

The intensity-based particle size distribution displayed several
peaks corresponding to large aggregates exceeding 2000 nm and
medium-sized particles (~800—-1000 nm). In DLS analysis, particle
diameter significantly enhances scattering intensity; thus, the pre-
dominance of large particles in the intensity profile confirmed sub-
stantial aggregation within the suspension. Such aggregation behav-
ior is common in carbonaceous materials due to weak electrostatic
stability and interparticle attraction forces. The volume-based dis-
tribution shifted toward smaller particle sizes, indicating that large

Intensity Distribution

Differential Intensity (%)
Cumulative Intensity (%)

aggregates dominated the intensity profile but contributed less to
total particle volume. The number-based distribution revealed a sub-
stantial population of small particles. Together, these findings con-
firmed that the synthesized adsorbent contained both larger agglom-
erated structures and nanoscale particles.

The synthesized MFB showed poor particle homogeneity and
a wide particle size distribution, as indicated by a high polydisper-
sity index (PDI = 0.9). PDI values greater than 0.7 are typically as-
sociated with highly polydisperse systems with significant particle
size variation. This behavior resulted from the combined woody and
agricultural biomass feedstocks, which underwent structural rear-
rangement and thermal degradation at varying rates during pyroly-
sis, producing particles with diverse morphologies, pore configura-
tions, and surface properties.

Plotting the autocorrelation function In[g®(t) — 1] versus 1
showed a gradual decline curve, suggesting slower diffusion behav-
ior and reduced Brownian motion associated with larger particle
sizes and aggregation. These results are consistent with the zeta po-
tential analysis, which confirmed a high aggregation propensity in
aqueous suspension and weak electrostatic stabilization.
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Figure 6 — The sample's autocorrelation function and DLS particle size distributions (intensity, volume, and number) show a highly
polydisperse system with particle aggregation and a wide size distribution (Source: Authors)

Due to the combined contribution of various lignocellulosic bi-
omass precursors, the synthesized MFB showed a wider particle
size distribution and more structural heterogeneity compared to pre-
viously reported single-feedstock biochars. During adsorption, the
presence of small particles and porous aggregates enhanced mass
transfer properties, pore connectivity, and surface accessibility. The
coexistence of micro- and nanoscale particles with chemically di-
verse surface structures improved adsorption performance and sur-
face reactivity, even if aggregation reduced colloidal stability. DLS
analysis supported Objective (i) on the physicochemical characteri-
zation of the synthesized adsorbent for environmental remediation
applications by confirming that the synthesized MFB had a highly
heterogeneous and polydisperse particle system with significant ag-
gregation behavior.

BET Surface Area and Pore Structure Analysis

N: adsorption—desorption isotherms were measured using a
Quantachrome NOVA 2200e/4200e surface area analyzer
(Quantachrome Instruments) to evaluate the surface area, pore
structure, and textural properties of the synthesized MFB. The ad-
sorption—desorption isotherm and pore size distribution are dis-
played in Figure 7. This analysis directly addressed Objective (i) by
evaluating the structural characteristics that influence adsorption
performance.

The Brunauer—-Emmett—Teller (BET) specific surface area of
the synthesized MFB was 76.6 m? g!, indicating the formation of a
moderately porous carbon structure following pyrolysis. The total
pore volume was 0.0706 cm® g™ at p/po = 0.99, indicating the
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development of an interconnected pore network within the adsor-
bent matrix. The average pore diameter of approximately 3.69 nm
confirmed the primarily mesoporous character of the synthesized
material. Pore size distribution analysis revealed that pores in the 2—
10 nm range contributed significantly.

140

—— Adsorption
Desorption

120 +
o
[
Y100 o
=
E
< 50 ‘
)
E
=
S 60
h=l
7]
=
2
@ 40 4
k4

20 A

0 - T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0

Relative Pressure (p/p0)

Figure 7 — Nz adsorption—desorption isotherm and pore size
distribution of the synthesized MFB (Source: Authors)

Barrett—Joyner—Halenda (BJH) pore size distribution analysis
revealed the coexistence of micro-, meso-, and macroporous re-
gions, with a dominant pore diameter centered around 1.04 nm. This
hierarchical pore structure resulted from the complex thermal deg-
radation behavior of the integrated agricultural and woody biomass
feedstocks. Micropores offered an abundance of adsorption-active
sites, mesopores enhanced dye molecule diffusion, and macropores
promoted mass transfer within the adsorbent framework.

The N adsorption—desorption isotherm showed progressive
nitrogen uptake at low relative pressures followed by a sharp rise in
adsorption near p/po — 1.0, indicating capillary condensation within
mesoporous and macroporous structures. A clear hysteresis loop be-
tween the adsorption and desorption branches confirmed the pres-
ence of slit-shaped and ink-bottle-like pores, which are frequently
observed in biochar-derived carbon materials (Thommes et al.,
2015). These pore geometries facilitated adsorbate diffusion path-
ways and enhanced internal surface accessibility.

The BET fitting confirmed the reliability of the applied model
within the chosen pressure range, showing excellent linearity with
a correlation coefficient of R?> = 0.9994. The comparatively high
BET constant (C value) demonstrated strong adsorbate—surface in-
teractions. The measured surface area was less than that of highly
activated commercial carbons; nonetheless, it was appropriate for
dye adsorption applications.

The DLS and zeta potential results, which revealed strong par-
ticle aggregation, high polydispersity (PDI = 0.9), and poor electro-
static stabilization, were consistent with the textural characteristics
obtained from BET analysis. Aggregation somewhat reduced the
available surface area by obstructing pore openings and restricting
diffusion pathways. Nonetheless, the presence of micro-, meso-, and
macroporous structures established a hierarchical adsorption net-
work that supported effective mass transfer and numerous adsorp-
tion-active sites.

Due to the synergistic integration of multiple lignocellulosic
biomass feedstocks, the synthesized MFB showed a wider pore size
distribution and more structural heterogeneity than previously re-
ported single-feedstock biochars. Compared to traditional single-
feedstock systems, the combined breakdown behavior of cellulose-
, hemicellulose-, and lignin-rich precursors promoted the formation
of a more complex adsorption network and a variety of pore geom-
etries.

BET and pore structure analyses confirmed that the synthe-
sized MFB has a heterogeneous hierarchical porous structure com-
prising interconnected micro-, meso-, and macropores. Despite
moderate surface area and partial aggregation effects, the developed
pore architecture offered advantageous physicochemical properties
for dye adsorption and wastewater remediation applications, sup-
porting Objective (i) on the structural characterization of the syn-
thesized adsorbent.

Effect of Operational Parameters on Dye Adsorption

The adsorption performance of the synthesized MFB toward
methylene blue removal was significantly influenced by operational
parameters, including solution pH, contact time, initial dye concen-
tration, adsorbent dosage, and temperature. These parameters af-
fected how methylene blue molecules interacted with the heteroge-
neous adsorption-active sites distributed across the porous biochar
surface. The evaluation of these operational parameters directly ad-
dressed Objective (ii) concerning the adsorption performance of the
synthesized adsorbent under various experimental conditions.

Effect of pH. Adsorption capacity gradually increased as so-
lution pH rose from 2 to 10. At pH 2, adsorption capacity remained
low due to competition between cationic methylene blue molecules
and excess H* ions for available adsorption-active sites. Adsorption
efficiency significantly increased with rising pH and peaked under
alkaline conditions.

Improved adsorption at higher pH values was attributed to
stronger electrostatic interactions between positively charged meth-
ylene blue molecules and negatively charged surface functional
groups. FTIR analysis confirmed the presence of hydroxyl and car-
boxyl groups on the biochar surface, which enhanced surface com-
plexation and interactions in alkaline environments. Comparable
pH-dependent adsorption behavior has been reported for biochar-
based adsorbents in dye remediation systems (Liu, 2009).

Effect of Contact Time. During the first phase of adsorption,
dye uptake was rapid, followed by a slower approach to equilib-
rium. The quick initial adsorption was attributed to the abundance
of easily accessible adsorption-active sites on the adsorbent's exte-
rior surface.

As adsorption proceeded, the adsorption rate progressively de-
clined due to surface saturation, pore diffusion resistance, and active
site occupation. The hierarchical pore structure revealed by SEM
and BET analyses enabled fast adsorption on the exterior surface
during the first phase, followed by slower intraparticle diffusion into
internal pore regions. Similar two-stage adsorption behavior has
been reported for heterogeneous biochar systems and porous carbo-
naceous adsorbents (Hassaan et al., 2023).

Effect of Initial Dye Concentration. Adsorption capacity in-
creased with rising dye concentration, as the larger concentration
differential between the adsorbent surface and the aqueous phase
strengthened the mass transfer driving force for adsorption.

At lower dye concentrations, effective dye removal occurred
because adsorption-active sites exceeded the number of dye mole-
cules. Higher dye concentrations encouraged the migration of dye
molecules into interior pore regions by increasing the frequency of
adsorbate—adsorbent interactions. The heterogeneous pore structure
and chemically diverse surface functionality created through multi-
feedstock integration enabled effective adsorption over a wide con-
centration range (Crini & Badot, 2008).

Effect of Adsorbent Dosage. Dye removal efficiency in-
creased with increasing adsorbent dosage due to the greater availa-
bility of adsorption-active sites and larger effective surface area.
Higher adsorbent dosages also enhanced interactions between
methylene blue molecules and oxygen-containing surface func-
tional groups.

At higher dosage levels, adsorption efficiency per unit mass
decreased due to particle aggregation and adsorption-active site
overlap. This behavior was consistent with the aggregation propen-
sity observed in the DLS and zeta potential analyses. Comparable
adsorption behavior has been reported for porous carbonaceous ad-
sorbents with heterogeneous particle systems (Gupta & Suhas,
2009).

Effect of Temperature. Adsorption capacity increased with
temperature, confirming the endothermic character of the adsorp-
tion process. Higher temperatures increased the mobility of meth-
ylene blue molecules, decreased mass transfer resistance, and pro-
moted dye diffusion into the microporous and mesoporous regions
of the adsorbent.

The enhanced adsorption performance at higher temperatures
was attributed to the thermally stable aromatic carbon framework
and hierarchical pore architecture produced by the integration of ag-
ricultural and woody biomass feedstocks. Similar temperature-de-
pendent adsorption behavior has been reported for biochar-based
adsorption systems in wastewater remediation applications (Crini,
2006; Thakur & Chadar, 2025b).
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The operational parameter studies confirmed the strong ad-
sorption performance of the synthesized MFB, attributed to its
chemically diverse surface functionality, hierarchical pore structure,
and cooperative integration of various lignocellulosic biomass pre-
cursors. These findings directly supported Objective (ii) on the ad-
sorption performance of the synthesized adsorbent for dye-contam-
inated wastewater treatment applications.

Adsorption Kinetics

The adsorption kinetics of methylene blue removal were inves-
tigated using the synthesized MFB to evaluate the controlling ad-
sorption mechanism, equilibrium behavior, and adsorption rate, di-
rectly addressing Objective (iii) on the elucidation of adsorption
mechanisms through kinetic and surface interaction analyses.

The adsorption process exhibited rapid initial uptake followed
by a more gradual approach to equilibrium. The rapid initial adsorp-
tion was attributed to both the substantial concentration difference
between the bulk solution and the adsorbent surface and the availa-
bility of easily accessible adsorption-active sites on the biochar's ex-
terior surface. As adsorption proceeded, the adsorption rate progres-
sively declined due to active site occupation and surface saturation.

Pseudo-first-order, pseudo-second-order, and intraparticle dif-
fusion models were applied to analyze the experimental kinetic data.
As shown in Figure 9, the pseudo-second-order model exhibited the
best agreement with the experimental results, with a correlation co-
efficient of R? = 0.997, indicating close agreement between calcu-
lated and experimental adsorption capacities.

120 ° S e
L RS
P
® -
100 R
(s
80 .
s
it Co=100mgL”’
. — -1
60 - /// @  Experimental Poss =059l
b === Pseudo-first-order pH=60
40 1 — Pseudo-second-order T=303K
'I
20
0 T T T T T T T T T T T

T
0 20 40 60 80 100 120 140 160 180 200 220 240
Time (min)
Figure 9 — The dye adsorption kinetics curve fits a pseudo-second-
order model (Source: Authors)
The pseudo-second-order kinetic model is expressed as:
t__t L
ac k@2 qe
The kinetic parameters derived from the pseudo-second-order
model are as follows: experimental adsorption capacity, qe exp =

453 mgg™'; calculated adsorption  capacity, Gecqic =
448mgg~1; pseudo-second-order rate constant, k, =
3.8times1073 gmg ! min~!; correlation coefficient, R% =
0.997.

The excellent fitting of the pseudo-second-order model con-
firmed that the adsorption process was dominated by chemisorption,
indicating strong surface interactions involving electron sharing or
exchange between methylene blue molecules and adsorption-active
functional groups on the biochar surface (Allen et al., 2004).

These results were consistent with the FTIR analysis, which
confirmed the presence of carboxyl, carbonyl, and hydroxyl groups
capable of engaging in strong surface interactions. Furthermore, the
hierarchical pore structure revealed by SEM and BET analyses en-
abled dye molecules to diffuse toward chemically active adsorption
sites distributed throughout the porous matrix.

Due to the synergistic integration of agricultural and woody
biomass feedstocks, the synthesized MFB showed greater surface
heterogeneity and more complex pore architecture than previously
reported single-feedstock biochars. The coexistence of various
functional groups and hierarchical pore structures reinforced ad-
sorbate—adsorbent interactions and improved adsorption-site

accessibility. Comparable adsorption behavior has been docu-
mented for engineered biochar systems with chemically diverse sur-
faces (Uchimiya et al., 2010).

The intraparticle diffusion model demonstrated that pore dif-
fusion contributed to the later stages of adsorption, although it was
not the primary rate-controlling mechanism. The first stage was
dominated by surface chemical interactions and external surface ad-
sorption, followed by slow diffusion into the interior microporous
and mesoporous regions.

The kinetic analysis confirmed that the synthesized MFB ex-
hibited strong solid-liquid interfacial interactions and rapid, effi-
cient, chemically driven adsorption behavior, directly supporting
Objective (iii) on the elucidation of adsorption mechanisms and
demonstrating the suitability of the synthesized adsorbent for long-
term dye removal and wastewater remediation applications.

Mechanistic Interpretation of Dye Adsorption

The adsorption of methylene blue onto the synthesized MFB
was controlled by multiple physicochemical interaction mecha-
nisms acting concurrently on the heterogeneous adsorbent surface.
This mechanistic interpretation directly addressed Objective (iii) by
comparing adsorption behavior with the structural, chemical, mor-
phological, and electrokinetic characterization results from FTIR,
XRD, BET, SEM, EDX, zeta potential, DLS, and kinetic analyses.

Methylene blue molecules initially migrated from the bulk so-
lution to the adsorbent's exterior surface via surface transport and
film diffusion. The rapid adsorption observed during the first kinetic
stage was attributed to the abundance of accessible adsorption-ac-
tive sites on the exterior surface of the porous carbon matrix. As
adsorption proceeded, dye molecules penetrated internal adsorption
sites across the heterogeneous biochar structure via intraparticle dif-
fusion within the interconnected mesoporous and microporous net-
work identified by BET and SEM analyses.

Electrostatic attraction significantly influenced the adsorption
process, especially in alkaline environments where the biochar sur-
face had more negatively charged adsorption-active sites. The rise
in adsorption efficiency with increasing pH confirmed the signifi-
cance of surface charge interactions in methylene blue adsorption.
FTIR analysis revealed hydroxyl (-OH), carbonyl (C=0), phenolic,
and carboxyl (-COOH) groups on the adsorbent surface, which en-
hanced surface complexation and electrostatic interaction with cat-
ionic dye molecules.

Hydrogen bonding also significantly influenced adsorption
stability. Interactions between oxygen-containing functional groups
identified by FTIR and nitrogen-containing groups in methylene
blue molecules strengthened adsorbate—adsorbent interactions. Fur-
thermore, XRD analysis revealed aromatic carbon domains that fa-
cilitated n—r electron donor—acceptor interactions between the con-
jugated aromatic rings of methylene blue and graphitic carbon struc-
tures in the biochar matrix.

Kinetic analysis confirmed that the pseudo-second-order
model provided the best agreement with the experimental data (R?
=0.997), confirming that chemisorption dominated the adsorption
process. The close agreement between calculated and experimental
adsorption capacities demonstrated that adsorption was primarily
controlled by valence-force interactions involving electron sharing
or exchange between methylene blue molecules and adsorption-ac-
tive surface functional groups.

Residual inorganic mineral phases identified by XRD and
EDX analyses also contributed to adsorption through ion-exchange
processes and localized surface complexation. The coexistence of
amorphous carbon domains, partially graphitized structures, oxy-
gen-containing functional groups, and mineral-associated phases
produced a chemically heterogeneous adsorption surface with mul-
tiple adsorption-active centers.

Zeta potential and DLS analyses, which confirmed poor elec-
trostatic stabilization, a wide particle size distribution, and partial
particle aggregation, provided additional support for the mechanis-
tic interpretation. The presence of micro-, meso-, and macroporous
structures preserved effective diffusion pathways and adsorption-
site accessibility even when aggregation reduced effective surface
accessibility.

Due to the synergistic integration of agricultural residues and
woody biomass feedstocks, the synthesized MFB showed greater
surface heterogeneity, a wider pore size distribution, and more
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chemically diverse adsorption-active sites compared to previously
reported single-feedstock biochars. While lignin-rich woody bio-
mass enhanced aromatic carbon stability and structural integrity
during pyrolysis, agricultural biomass promoted pore formation and
oxygen-containing surface functionalization (Thakur & Chadar,
2025a). The coexistence of these complementary features improved
diffusion behavior, adsorbate—adsorbent interactions, and adsorp-
tion-site accessibility.

Electrostatic attraction, hydrogen bonding, n—m interactions,
pore filling, intraparticle diffusion, ion exchange, and surface com-
plexation all governed the adsorption of methylene blue onto the
synthesized MFB, as summarized in Table 2. The synergistic inte-
gration of multiple biomass precursors produced a structurally and
chemically heterogeneous adsorbent suitable for effective dye re-
moval and sustainable wastewater remediation applications.

Table 2 — Experimentally supported adsorption mechanisms of methylene blue onto synthesized multi-feedstock biochar (Source: Authors)

Adsorption mechanism Classification Surface feature responsible

Supporting characterization evidence

Electrostatic attraction Physical / Negatively charged oxygen-containing  Increased adsorption at alkaline pH; zeta potential analysis; FTIR
Chemical functional groups hydroxyl and carboxyl bands

Hydrogen bonding Chemical Hydroxyl, carbonyl, and carboxyl groups FTIR bands at 3200-3500 cm™ and 1600—1700 cm™

T interactions Chemical Aromatic and graphitic carbon domains  XRD graphitic (002) peak near 26.6°; aromatic C=C FTIR bands

Pore filling Physical Hierarchical porous structure BET surface area and BJH pore size distribution

Intraparticle diffusion Physical Interconnected pore network BET pore analysis and kinetic behavior

Surface complexation Chemical Oxygen-containing functional groups and FTIR functional groups; EDX and XRD mineral phases

mineral-associated sites
ITon exchange Chemical Residual inorganic mineral phases EDX elemental composition and XRD crystalline peaks

Van der Waals interactions Physical Carbonaceous porous surface

General adsorption behavior and pore accessibility

Comparative Adsorption Performance

The adsorption performance of the synthesized MFB and pre-
viously reported single-feedstock biochars is summarized in Table
3. MAB, MBC, and AC were removed from the discussion as they
were neither synthesized nor experimentally characterized in the
current work; consequently, the discussion covers only empirically
confirmed MFB performance and properly referenced literature
data.

Under optimized conditions, the synthesized MFB demon-
strated an adsorption capacity of 45.3 mg g' for methylene blue
removal, with dye removal efficiency exceeding 95%. The en-
hanced adsorption performance was attributed to the synergistic in-
tegration of woody biomass feedstocks and agricultural residues,
which collectively improved pore structure development, surface
heterogeneity, oxygen-containing functional group distribution, and
adsorption-active site availability.

Table 3 — Comparative adsorption performance of single-feedstock and multi-feedstock biochars for dye removal (Source: Authors)

Adsorbent mate- Feedstock type Pollu- Adsorption ca- Major contributing properties Reference
rial tant/dye pacity (mg g™)
Maize straw bio-  Single-feedstock Methylene  78.6 Porous structure and oxygen-containing surface Qiao etal., 2019
char blue groups
Sugarcane bagasse Single-feedstock Organic dyes 450-800 High carbon content and developed surface area Oliveira et al., 2017
biochar
Peanut shell biochar Single-feedstock Dye pollu-  300-650 Moderate pore volume and aromatic surface charac- Lietal., 2017

tants teristics
Coconut shell bio- Single-feedstock Methylene  500-900 High fixed carbon content and aromaticity Tan et al., 2016
char blue
Wheat straw bio-  Single-feedstock Methylene  8.25-90 Surface functional groups and pH-dependent adsorp- Wang & Wang, 2019
char blue tion behavior
Multi-feedstock bi- Agricultural and woody Methylene 45.3 Hierarchical pore structure, heterogeneous surface ~ Present study

ochar (MFB) biomass mixture blue

chemistry, and multifunctional adsorption-active sites

SEM and BET analyses confirmed a hierarchical porous struc-
ture with interconnected micro-, meso-, and macroporous regions
that improved mass transfer behavior and adsorption-active site ac-
cessibility. FTIR analysis identified numerous hydroxyl, carbonyl,
and carboxyl functional groups capable of participating in hydrogen
bonding, electrostatic attraction, and surface complexation interac-
tions. XRD analysis revealed the coexistence of amorphous carbon
domains and partially graphitized structures, while EDX confirmed
the presence of residual mineral-associated adsorption-active sites.

Due to the simultaneous contribution of cellulose-rich agricul-
tural biomass and lignin-rich woody biomass, the synthesized MFB
showed greater structural and chemical variability than traditional
single-feedstock biochars. Woody biomass enhanced aromatic car-
bon stability and structural integrity during pyrolysis, while agricul-
tural residues promoted pore formation and oxygen-containing sur-
face functionalization. The confluence of these complementary
physicochemical characteristics reinforced adsorbate—adsorbent in-
teractions and improved adsorption-active site accessibility.

The comparative analysis demonstrated that the adsorption im-
provement in the current study resulted from synergistic feedstock
integration capable of producing structurally and chemically heter-
ogeneous adsorption systems, rather than simple biomass substitu-
tion. These findings directly supported the central hypothesis on the
mechanistic benefits of multi-feedstock biochar systems proposed
in the Introduction (Thakur et al., 2024).

The comparative adsorption analysis confirmed that the syn-
thesized MFB possessed strong adsorption characteristics for sus-
tainable dye removal and wastewater remediation applications, re-
sulting from the hierarchical pore architecture, chemically

heterogeneous surface functionality, and synergistic integration of
multiple biomass feedstocks.

Environmental Implications

Producing MFB from a mix of agricultural and woody biomass
residues is an effective waste valorization approach that aligns with
sustainable resource management and the circular economy. Unlike
conventional single-feedstock biochars, the multi-feedstock ap-
proach incorporates biomass precursors with complementary phys-
icochemical properties, enhancing structural stability, mineral dis-
persion, pore architecture, and surface heterogeneity. Compared to
previously reported single-feedstock biochars, the synthesized
MFB showed higher dye removal efficiency and strong adsorption
performance, highlighting the benefits of synergistic feedstock inte-
gration.

By transforming low-value biomass wastes into useful adsor-
bent materials, this approach provides significant environmental ad-
vantages beyond wastewater treatment. It also reduces environmen-
tal issues related to landfill disposal, open-field biomass burning,
and agricultural waste accumulation. Thermochemical conversion
of biomass into biochar further supports long-term carbon stability,
as the aromatic carbon matrix formed during pyrolysis is resistant
to microbial degradation, contributing to climate change mitigation
and carbon sequestration strategies. Comparable environmental ad-
vantages of engineered biochar systems have been documented pre-
viously (Lehmann & Joseph, 2015; Tan et al., 2016; Ahmad et al.,
2014).

The enhanced adsorption performance of the synthesized MFB
was attributed to its moderate surface area, hierarchical pore
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distribution, chemically diverse surface, and abundance of oxygen-
containing functional groups. These physicochemical characteris-
tics promoted numerous adsorption mechanisms, including electro-
static attraction, hydrogen bonding, ion exchange, pore filling, and
7T interactions between methylene blue molecules and the biochar
surface. Furthermore, combining woody and agricultural biomass
feedstocks generated adsorption-active sites with distinct interac-
tion energies, improving pollutant uptake under various operating
conditions.

The current study showed that the adsorption performance
achieved through synergistic feedstock integration exceeded that of
numerous individual biomass-derived biochars reported in the liter-
ature. The multi-feedstock approach therefore offers a sustainable
framework that combines carbon management, wastewater treat-
ment, and waste valorization into one process. The excellent agree-
ment between the applied kinetic and equilibrium models and the
experimental adsorption results further confirmed the suitability of
the developed MFB for wastewater treatment applications. Similar
adsorption behavior and mechanistic interpretations have been re-
ported for engineered biochar and waste-derived adsorbents in dye
remediation systems (Foo & Hameed, 2010; Tran et al., 2017;
Bhatnagar & Sillanpda, 2010; Inyang et al., 2010).

Conclusions

This study investigated the synthesis and adsorption perfor-
mance of a multi-feedstock biochar (MFB) derived from mixed
woody and agricultural biomass residues for dye removal from
aqueous solutions. The objectives of the study were successfully
achieved through systematic material synthesis, physicochemical
characterization, and adsorption evaluation.

The first objective was to determine whether combining mul-
tiple biomass feedstocks could alter the resulting biochar's physico-
chemical properties. The results confirmed that feedstock integra-
tion had a significant influence on pore formation, surface hetero-
geneity, and functional group distribution. The synthesized MFB
showed enhanced pore architecture and surface functionality, two
critical factors governing adsorption performance in carbonaceous
adsorbents.

The second objective was to evaluate the adsorption perfor-
mance of the synthesized MFB toward dye-contaminated
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