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- and bimetallic tungstate–
biochar composites for efficient adsorptive
removal of aniline blue from simulated wastewater:
reusability, multivariate analysis, and greenness
assessment

Kizhan S. Rostam and Khanda F. M. Amin *

The removal of synthetic dyes from industrial wastewater remains a significant environmental challenge due

to their high chemical stability and resistance to biodegradation. This study presents a comparative

evaluation of three tungstate-modified loquat biochar composites ZnWO4/loquat biochar (ZW/LB),

MnWO4/loquat biochar (MW/LB), and bimetallic Zn–Mn–WO4/loquat biochar (ZMW/LB) for the

adsorption of aniline blue under both deionized water and simulated wastewater conditions, highlighting

the influence of ionic competition on mono- and bimetallic systems. Comprehensive characterization

using XRD, FTIR, FESEM, BET, EDX, and ICP-OES confirmed the successful formation of crystalline

tungstate phases and mesoporous structures with enhanced surface properties. Batch adsorption

experiments were conducted to investigate the effects of pH, contact time, initial dye concentration,

temperature, and adsorbent dosage. The adsorption process was well described by pseudo-second-

order kinetics and predominantly followed Langmuir-type behavior; however, it is more accurately

attributed to a combination of electrostatic interactions, surface complexation, and diffusion processes.

Among the synthesized materials, ZMW/LB achieved the highest removal efficiency in deionized water

(89.16 ± 0.73%), while ZW/LB exhibited superior performance in simulated wastewater (89.33 ± 1.93%),

indicating enhanced resistance to ionic interference. MW/LB showed comparatively lower adsorption

efficiency but more stable performance under varying conditions. Reusability studies confirmed high

structural stability, with removal efficiencies remaining above 95% after five cycles. Multivariate analysis

revealed that textural properties account for 76.24% of adsorption performance, highlighting the

dominant role of pore structure and surface area. Mass balance analysis demonstrated that Zn-

containing composites require lower adsorbent dosages, confirming improved material efficiency.

Furthermore, combined environmental evaluation using Eco-Scale, AGREE, GAPI, and simplified life cycle

analysis indicated that ZW/LB exhibits the lowest environmental footprint when normalized to adsorption

performance. Overall, the developed tungstate–biochar composites, particularly ZW/LB, show strong

potential as efficient, reusable, and environmentally sustainable adsorbents for dye removal in complex

wastewater systems.
1 Introduction

Water quality and ecosystem sustainability are seriously at risk
due to a substantial increase in the discharge of chemical
pollutants into aquatic environments as a result of industrial
development.1 Among these pollutants, synthetic dyes released
from textile, paper, and related industries are of particular
concern due to the complicated aromatic structures and
remarkable chemical stability.2 These substances can persist in
, University of Sulaimani, Qlyasan Street,

aniyah, 46001, Iraq. E-mail: khanda.

28481
water systems for extended periods and are oen resistant to
natural degradation processes. Even at relatively low concen-
trations, dye contaminants may reduce light penetration in
water reservoirs, disturb photosynthetic activity of aquatic
plants and algae, and, in some cases, exhibit toxic or mutagenic
effects on living organisms.3,4

Aniline blue (AB) is a common anionic dye used in biological
staining, paper manufacturing, and textile dyeing. This dye is
particularly difficult to remove from wastewater due to its high
solubility and chemical stability, which allow it to persist in
aquatic environments for long periods.5,6 As a consequence, the
development of efficient and sustainable treatment techniques
© 2026 The Author(s). Published by the Royal Society of Chemistry
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for the elimination of dye pollution has become a crucial eld of
research.7

Recently, several treatment strategies, including chemical
oxidation, membrane ltration, photocatalytic degradation,
and biological treatment techniques, have been investigated for
the dye removal.8–10 Although these techniques can achieve
acceptable removal efficiency under certain circumstances, they
have drawbacks, including high running costs, energy
consumption, residual pollutants, and complex operational
requirements.11 Due to its high removal efficiency, ease of use,
affordability, and exibility in adsorbent design, adsorption
technology has emerged as one of the most promising and
useful methods for treating wastewater.12 Moreover, adsorption
processes generally produce minimal secondary pollutants and
allow the possibility of adsorbent regeneration and reuse, which
further enhances their sustainability economically and
environmentally.13

However, activated carbon has traditionally been considered
the most effective adsorbent for removing dye; its large-scale
application is frequently limited by high production costs,
energy-intensive activation processes, and gradual loss of
adsorption capacity aer repeated regeneration cycles. These
restriction have more widely utilized in the development of low-
cost and sustainable adsorbent materials derived from biomass
resources.14 Biochar produced from agricultural waste has
received considerable concern based on the structure porous,
abundant surface functional groups, chemical stability, and
environmentally friendly nature.15

Despite its effectiveness, conventional activated carbon is
limited by high production cost and energy-intensive activation
processes. This has driven increasing interest in low-cost,
biomass-derived adsorbents such as biochar.14 Loquat (Eriobo-
trya japonica) seeds constitute an abundant and underused
agricultural biomass with high carbon content and favorable
physicochemical properties for the formation of biochar. Bi-
ochar materials possess porous structures, abundant surface
functional groups, and good chemical stability, making them
attractive candidates for pollutant removal.15 However, pristine
biochar oen exhibits limited adsorption selectivity and rela-
tively moderate adsorption capacity, which restricts its practical
application in wastewater treatment systems. Extensive
research has focused on improving the adsorption performance
of biochar through surface modication, activation, or the
incorporation of functional nanomaterials.16,17 Among modi-
cation strategies, an effective technique to improve adsorption
capability is the incorporation of metal-based nanostructures
into biochar matrices.18

Metal tungstates (MWO4) such as ZnWO4 and MnWO4 have
gained increasing interest due to their excellent chemical
stability, structural robustness, and rich metal–oxygen surface
chemistry.19–22 These materials provide abundant active sites
that can interact with organic contaminants through surface
complexation, electrostatic attraction, and hydrogen bonding.
Furthermore, their semiconductor properties have been widely
studied in photocatalysis and environmental remediation
applications.23,24
© 2026 The Author(s). Published by the Royal Society of Chemistry
Monometallic tungstate systems may exhibit limitations
despite these benets, such as restricted access to the active site
and moderate adsorption capacity.25 Bimetallic tungstate
systems, particularly Zn–Mn–WO4 materials, have recently
attracted interest to overcome these drawbacks.26 The incorpo-
ration of two divalent metal ions into the tungstate lattice can
introduce structural defects, increase surface heterogeneity,
and generate additional adsorption sites, thereby improving
adsorption performance through synergistic interactions
between the metal centers. The resulting hybrid composites
may exhibit enhanced surface area, improved dispersion of
active components, and superior adsorption behavior when
such materials are supported on porous carbonaceous matrices
such as biochar.27–29 Dutta and co-workers reported the sorption
behavior of nanocrystalline MnWO4/MnMoO4 synthesized
through a sonochemical approach.30

Nevertheless, studies investigating tungstate–biochar hybrid
composites for dye adsorption remain limited, particularly for
bimetallic Zn–Mn–WO4 systems. In addition, the adsorption
performance of such materials under realistic conditions, such
as simulated wastewater containing competing ions, has rarely
been explored. The incorporation of Zn and Mn within the
tungstate structure supported on porous biochar is expected to
create a defect-rich and heterogeneous surface in order to
improve both adsorption capacity and interaction with anionic
dye molecules such as aniline blue.

In this context, the present study develops and evaluates
three loquat biochar-based composites: ZnWO4/loquat biochar
(ZW/LB), MnWO4/loquat biochar (MW/LB), and a bimetallic Zn–
Mn–WO4/loquat biochar (ZMW/LB). The adsorption perfor-
mance of these materials toward aniline blue was systematically
investigated under both deionized water and simulated waste-
water conditions to assess the effect of ionic competition and
solution complexity.

PH, contact time, initial dye concentration, adsorbent dose,
and temperature are the key operational parameters; their
impacts were methodically evaluated to identify the optimal
adsorption conditions. Comprehensive characterization (XRD,
FTIR, FESEM, BET, EDX, and ICP-OES) was conducted to
elucidate structural and surface properties. Adsorption
behavior was analyzed using kinetic, isotherm, and thermody-
namic models, complemented by multivariate statistical anal-
ysis, PCA31 and HCA32 to explore correlations between
physicochemical properties and adsorption performance.
Importantly, the study integrates mass balance evaluation,
regeneration analysis, and preliminary life cycle considerations
to provide a more realistic assessment of scalability and envi-
ronmental sustainability was assessed using green chemistry
metrics Eco-Scale,33 AGREE,34 and GAPI.35 This integrated
approach provides deeper insight into the structure–perfor-
mance relationship of tungstate–biochar composites and
highlights their potential as efficient and sustainable adsor-
bents for dye-contaminated wastewater treatment.

The novelty of this work lies not only in the development of
a bimetallic tungstate–biochar composite but also in the
comprehensive and application-oriented evaluation framework,
which bridges the gap between laboratory-scale performance
RSC Adv., 2026, 16, 28452–28481 | 28453
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and real-world applicability. The ndings provide critical
insight into the design of efficient, reusable, and environmen-
tally sustainable adsorbents for wastewater treatment.

2 Materials and methods
2.1 Materials

Analytical-grade chemicals and solvents were obtained from
Merck and Sigma-Aldrich, which were used without any addi-
tional purication. Zinc nitrate hexahydrate (Zn(NO3)2$6H2O),
sodium tungstate dihydrate (Na2WO4$2H2O), magnesium
sulfate hexahydrate (MgSO4$6H2O), calcium chloride dihydrate
(CaCl2$2H2O), sodium chloride (NaCl), ethanol (C2H2OH),
ammonia solution (NH4OH), nitric acid (HNO3), hydrochloric
acid (HCl), sodium hydroxide (NaOH). Deionized (DIW) water
was utilized throughout the investigation.

2.2 Synthesis of loquat seed biochar (LB)

Loquat seeds were washed thoroughly using DI water before
being dried at 80 °C for more than 12 hours. In a tube furnace
with nitrogen ow (100 mL min−1) and an average temperature
of 10 °C min−1 up to 500 °C, the dried seeds were pyrolyzed for
two hours. Aer cooling under nitrogen, the obtained biochar
was ground and sieved (200 mm), yielding approximately 30–
40%. For activation, the biochar was dispersed in DI water,
stirred for 15 min, ltered, and then dried overnight at 60–80 °
C. Chemical activation was performed by treating the dried bi-
ochar with a small amount of nitric acid, followed by drying to
eliminate any remaining moisture.16

2.3 Synthesis of mono- and bimetallic composites

2.3.1 Synthesis of MnWO4/biochar nanocomposite (MW/
LB). MnWO4/biochar nanocomposite was synthesized via
a hydrothermal in situ growth approach. MnCl2$4H2O (0.989 g,
5.0 mmol) and Na2WO4$2H2O (1.680 g, 5.0 mmol) were sepa-
rately dissolved in 35 mL of deionized water (DIW) to obtain two
clear precursor solutions undermagnetic stirring. The solutions
were subsequently combined while being continuously stirred
to facilitate the formation of MnWO4, and 0.1 MNaOHwas used
to adjust the pH of the resulting mixture to 8.0. Disperse 0.5 g
biochar into 30 mL DI water in a beaker; sonicate 20–30 min to
wet and deagglomerate. The prepared precursor solution was
then added dropwise to a well-dispersed suspension of acti-
vated biochar under vigorous stirring to promote in situ nucle-
ation and homogeneous deposition of MnWO4 nanoparticles
onto the biochar surface. To guarantee consistent interaction
between the metal precursors and the biochar matrix, the
suspension was further stirred for 15 min. To assist the
hydrothermal process to proceed, the prepared mixture was
placed in a 150 mL stainless-steel autoclave walled with Teon
and kept at 160 °C for 16 h. Aer completion, the autoclave was
le to cool to room temperature, and ltration was used to
separate the solid formed. The recovered material was washed
several times with DIW until the washings were free of chloride
ions, which was veried using a silver nitrate (AgNO3) test. To
further remove possible residual species, the product was
28454 | RSC Adv., 2026, 16, 28452–28481
additionally rinsed with ethanol. The puried solid was then
dried overnight at 70–80 °C. Subsequently, a thermal treatment
was carried out at 330 °C for 2 h under restricted oxygen
conditions to enhance the crystallinity of the material and
promote stronger interaction betweenMnWO4 particles and the
biochar support. The obtained composite was designated as
MW/LB.

2.3.2 Synthesis of ZnWO4/biochar nanocomposite (ZW/
LB). The ZnWO4/biochar nanocomposite was prepared via
a hydrothermal in situ growth method. Zn(NO3)2$6H2O (1.487 g,
5.00 mmol) and Na2WO4$2H2O (1.649 g, 5.00 mmol) were
separately dissolved in 50 mL of DIW, under continuous
magnetic stirring to obtain clear precursor solutions. The
tungstate solution was then slowly added to the zinc precursor
solution under vigorous stirring, to facilitate the formation of
ZnWO4. The pH of the mixture was adjusted to 8 using 0.1 M
NH4OH, and the resulting suspension was stirred at room
temperature to ensure complete precursor interaction. Disperse
0.5 g biochar into 30 mL DI water in a beaker; sonicate 20–
30 min to wet and deagglomerate. The prepared precursor
solution was then added dropwise to a well-dispersed suspen-
sion of activated biochar under vigorous stirring to promote in
situ nucleation and homogeneous deposition of ZnWO4 nano-
particles onto the biochar surface. To proceed with the hydro-
thermal process, the prepared mixture was placed in a 150 mL
stainless-steel autoclave walled with Teon and kept at 160 °C
for 16 h. Aer completion, the autoclave was le to cool to room
temperature, and ltration was used to separate the solid
formed. It was then extensively cleaned with deionized water to
get rid of any remaining ions before being rinsed with ethanol.
To improve crystallinity and fortify the bond between ZnWO4

nanoparticles and the biochar, the material was further dried at
70–80 °C for a whole night before being calcined at 330 °C for
two hours under low oxygen circumstances. ZW/LB was the
composite that was produced.

2.3.3 Synthesis of bimetallic Zn–Mn–WO4/biochar (ZMW/
LB). The bimetallic Zn–Mn–WO4/biochar nanocomposite was
synthesized via the same hydrothermal in situ growth proce-
dure. MnCl2$4H2O (0.890 g, 4.5 mmol) and Zn(NO3)2$6H2O
(0.149 g, 0.5 mmol) were separately dissolved in 20 mL DI water,
while Na2WO4$2H2O (1.683 g, 5.0 mmol) was dissolved in 30mL
DI water. This composition corresponds to a Zn0.1Mn0.9WO4

stoichiometry. The metal precursor solutions were combined
and stirred vigorously, aer which the tungstate solution was
slowly introduced while maintaining a pH of 8 using 0.1 M
NaOH. Disperse 0.5 g biochar into 30 mL DI water in a beaker;
sonicate for 20–30 min. The prepared precursor solution was
then added dropwise to a well-dispersed suspension of acti-
vated biochar and stirred for 20 min, promoting in situ nucle-
ation and uniform growth of Zn–Mn tungstate nanoparticles on
the biochar surface. The resulting suspension was transferred
into a 150 mL Teon-lined autoclave and heated at 170 °C for
24 h. Aer natural cooling, the solid product was ltered and
washed repeatedly with hot DIW to remove residual ions, fol-
lowed by ethanol washing. The composite was dried overnight
at 80 °C and nally calcined at 330 °C for 2 h under limited
oxygen conditions to obtain the ZMW/LB nanocomposite.
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Stoichiometric composition of the synthesized composites were
presented in Fig S1.
2.4 Materials characterization

The structural, chemical, and morphological properties of the
composites were comprehensively analyzed. X-ray diffraction
(XRD, Shimadzu 6000) was used to identify crystalline phases,
while Fourier-transform infrared spectroscopy (FTIR, Perki-
nElmer) revealed the surface functional groups. Field-emission
scanning electron microscopy (FESEM, Zeiss Auriga) provided
insights into the microstructure and surface morphology, and
the Brunauer–Emmett–Teller (BET) method (NOVA 4200e,
Quantachrome) was employed to assess the specic surface area
and pore characteristics. The metal content and elemental
composition were further quantied by inductively coupled
plasma (ICP-OES) analysis, ensuring precise determination of
the bimetallic ratios in the composites.
2.5 Batch adsorption experiments

In conical asks, 50 mL of aniline blue solution (100 mg L−1)
and 0.015 g of adsorbent were combined for batch adsorption
analysis. To achieve equilibrium, the suspensions were agitated
at 150 rpm for 120 minutes at room temperature. Following
adsorption, the mixtures were centrifuged, the residual dye
concentration (Ce) at lmax = 597 nm was measured using UV-vis
spectrophotometry. The following formulas were used to
calculate the equilibrium adsorption capacity (qe) and removal
effectiveness (R%), as shown in eqn (1) and (2):29,36

Removal %ðR%Þ ¼ C0 � Ce

C0

� 100 (1)

qe
�
mg g�1

� ¼ ðC0 � CeÞv
m

(2)

where C0 and Ce (mg L−1) are the initial and equilibrium
concentrations, m (g) is the adsorbent mass, and V (L) is the
solution volume.

Adsorption was methodically examined in accordance with
temperature (25–45 °C), adsorbent dose (10–200 mg), initial dye
concentration (5–300 mg L−1), and contact time (0–180 min). To
elucidate the process kinetics and isotherms models were
analyzed.

The point of zero charge (pHpzc) of the adsorbents was
determined by adding 50 mg of adsorbent to 50 mL of 0.01 M
NaCl solution, with the starting pH adjusted between 2 and 11.
The suspensions were shaken for 24 hours to estimate pHpzc,
and the nal pH values were noted.

The statistical analysis was performed to conrm the accu-
racy of the measurement results and good t of the experi-
mental adsorption data with the proposed models. The results
were examined using (SSE), the sum of the squared error and
(X2), the Chi-square test.37 Both metrics were determined
through the use of eqn (3) and (4), respectively. The equations of
all error functions used are expressed as follows:
© 2026 The Author(s). Published by the Royal Society of Chemistry
X 2 ¼
Xn

i¼1

�
qe � qc

qe

�2

(3)

SSE ¼
Xn

i¼1

ðqe � qcÞ2 (4)

where, qc and qe (mg g−1) are the theoretical and the experi-
mental adsorption capacity at equilibrium.

2.6 Adsorption in simulated wastewater (SWW)

Simulated wastewater was prepared by dissolving aniline blue
(100 mg L−1) in DI water containing NaCl (1000 mg L−1),
CaCl2$2H2O (100 mg L−1), and MgSO4$6H2O (100 mg L−1).
Adsorption experiments were conducted under identical
conditions as in DI water. The data are shown as mean ±

standard deviation, and each experiment was conducted in
triplicate.

2.7 Adsorption–desorption and reusability procedure

Through consecutive adsorption–desorption cycles, the adsor-
bent's reusability was evaluated in simulated wastewater to
mimic practical operating conditions. The spent adsorbent
aer each adsorption experiment was recovered by centrifuga-
tion, treated with 0.1MNaOH and subjected to a 2 h agitation to
desorb the dye. The desorption efficiency (%) and reusability
(%) were calculated by using eqn (5) and (6):

% desorption ¼ qdes

qads
� 100 (5)

% reusability ¼ qn

q1
� 100 (6)

The amounts of dye desorbed and adsorbed are represented
by qdes and qads, respectively, while the reusability% in the rst
cycle was % 100 as a ref. 38.

The regenerated adsorbent was dried aer being washed
with DIW to neutral pH, and reused in a subsequent batch
under identical conditions. This cycle was repeated up to ve
times, and the adsorption efficiency was monitored aer each
run to assess the material's performance retention.

3 Result and discussion
3.1 Characterization of materials

3.1.1 XRD-phase formation and crystallinity. The XRD
patterns of LB, MW/LB, ZW/LB, and ZMW/LB are presented in
Fig. 1 and S1. Pristine LB exhibits a broad diffraction band
centered at ∼2q = 24.1° corresponding to the (002) plane and
a weak peak at ∼44.6° assigned to the (100) plane,39 conrming
it's amorphous and turbostratic carbon structure with low
crystallinity.

For the ZW/LB composite (reference code 96-210-1677), as
shown in Fig. 2, several sharp diffraction peaks were observed at
2q values of 18.5°, 23.1°, 28.8–29.0°, 30.6°, 34.6°, and 36.4°,
which are indexed to the (010), (100), (011), (110), (111), and
(021) planes of monoclinic ZnWO4. The disappearance of the
RSC Adv., 2026, 16, 28452–28481 | 28455
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Fig. 1 Random powder XRD pattern of LB, MW/LB, ZW/LB, and ZMW/LB.
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broad carbon hump indicates that the crystalline ZnWO4 phase
dominates the diffraction pattern.40,41 No secondary phases
such as ZnO or WO3 were detected, conrming phase purity.
Fig. 2 Random powder XRD pattern of LB, MW/LB, ZW/LB, and ZMW/L

28456 | RSC Adv., 2026, 16, 28452–28481
Similarly, the MW/LB composite (reference code 96-591-
0348), as shown in Fig. 2, exhibits characteristic peaks at 2q z
29.85° (111) along with reections at 18.4°, 23.55°, 30.25°,
35.95°, 40.25°, 40.85°, 44.1°, 53.4°, 60.5°, and 64.5° can be
B compared to the standard reference.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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indexed to the (100), (011), (111), (002), (102), (121), (112), (221),
(113), and (132) crystal planes, respectively, corresponding to
monoclinic MnWO4. Minor broad features at higher angles are
attributed to the amorphous biochar matrix.42

In the bimetallic ZMW/LB composite, the diffraction peaks
closely match both ZnWO4 and MnWO4 phases, with slight
peak shis and overlapping reections. Characteristic reec-
tions corresponding to both ZnWO4 and MnWO4 phases were
observed, with slight peak shis and overlapping features,
conrming the formation of a ZnxMn1−xWO4 solid solution.
The absence of peak splitting further supports the successful
incorporation of Zn2+ into the MnWO4 lattice. The formation of
the solid solution is consistent with the Hume-Rothery rules, as
the ionic radii of Zn2+ (∼74 pm) and Mn2+ (∼80 pm) differ by
less than 15%, allowing substitution within the same crystal
lattice.43,44 No impurity peaks were detected, conrming the
high purity of the synthesized materials, as shown in Fig. 2.
Overall, XRD analysis conrms the successful formation of
crystalline mono- and bimetallic tungstate phases uniformly
supported on amorphous biochar.

3.1.2 Structural model. Structurally, ZnWO4 and MnWO4

adopt a wolframite-type lattice composed of [WO6] octahedral
linked with [ZnO6] or [MnO6] octahedra through shared oxygen
atoms. In the bimetallic system, partial substitution of Mn2+ by
Zn2+ results in the formation of a ZnxMn1−xWO4 solid solution
while preserving the WO6 framework. The structure is stabilized
through Zn–O–W and Mn–O–W linkages.30,45 When supported
on biochar, these tungstate phases interact with surface
oxygenated functional groups, forming interfacial M–O–C
bonds (M = Zn, Mn, W), which enhance anchoring and struc-
tural stability.

3.1.3 Functional group analysis by FTIR spectroscopy. The
FTIR spectra of LB, MW/LB, ZW/LB, and ZMW/LB are shown in
Fig. 3. Pristine LB exhibits a broad O–H stretching band at
3132–3013 cm−1, attributed to hydroxyl groups and adsorbed
moisture. Bands at 1693 and 1572 cm−1 correspond to C]O
and aromatic C]C stretching, conrming the carbonaceous
structure. The peak at 1050 cm−1 is assigned to C–O stretching,
while bands at 872–749 cm−1 indicate aromatic C–H
Fig. 3 Fourier transformation infrared (FTIR) for LB, MW/LB, ZW/LB,
and ZMW/LB.

© 2026 The Author(s). Published by the Royal Society of Chemistry
bending.46,47 Aer metal incorporation, noticeable spectral
changes occur. In MW/LB, slight shis in O–H and C]O bands
indicate coordination between Mn2+ ions and oxygen-
containing functional groups. A new band at ∼575 cm−1

conrms Mn–O vibration, indicating MnWO4 formation. For
ZW/LB, broadened O–H bands and shis in the 1580–
1400 cm−1 region suggest Zn2+ coordination. The appearance of
bands at ∼572 and 469 cm−1 corresponds to Zn–O vibrations,
conrming ZnWO4 formation.48,49 The bimetallic ZMW/LB
spectrum combines features of both systems. Enhanced C–O
stretching (∼1057 cm−1) and overlapping bands in the 866–
421 cm−1 region conrm the coexistence of Zn–O, Mn–O, and
W–O bonds. Slight band shis further support the formation of
a ZnxMn1−xWO4 solid solution.50 Overall, FTIR results conrm
successful anchoring of mono- and bimetallic tungstate phases
onto the biochar surface through metal–oxygen interactions.

3.1.4 FESEM – morphology and dispersion. The surface
morphology of the prepared composites was investigated by
eld emission scanning electron microscopy (FESEM), as
illustrated in Fig. 4.

The FESEM images revealed that the biochar support
exhibits a rough and porous surface structure, which provides
abundant active sites for the deposition of metal tungstate
particles. Aer the hydrothermal synthesis, the metal tung-
states were successfully anchored onto the biochar matrix,
forming irregularly distributed nanoparticles on the surface.

In the MW/LB composite, MnWO4 particles appeared as
small aggregated clusters dispersed over the porous biochar
framework. For the ZW/LB material, ZnWO4 particles were
observed to be relatively well distributed, partially covering the
biochar surface while maintaining the porous structure. In the
case of the hybrid ZMW/LB composite, the morphology showed
a more compact structure with mixed Mn–Zn tungstate nano-
particles attached to the carbon matrix, indicating the
successful formation of the hybrid phase.

The MW/LB composite exhibited a highly porous and irreg-
ular structure characteristic of biochar, with the surface deco-
rated by granular and clustered particles.13 At higher
magnications, these particles appeared as nano- to
submicron-sized agglomerates distributed across the surface
and embedded within pores. This morphology indicates the
successful deposition of MnWO4 onto the biochar, although
some degree of particle aggregation was observed, which is
typical for metal oxide systems.

Similarly, the ZW/LB composite displayed a rough and
porous surface with uniformly distributed ne particles. The
ZnWO4 particles appeared as small agglomerates anchored on
the biochar surface and within its pores. Compared to MnWO4,
the ZnWO4 particles showed relatively improved dispersion,
although mild aggregation was still present. The deposition of
ZnWO4 increased the surface roughness, indicating the
successful functionalization of the biochar.

In contrast, the bimetallic ZMW/LB composite demonstrated
a more homogeneous and rened morphology. The surface was
densely covered with smaller and more uniformly distributed
nanoparticles, with signicantly reduced aggregation compared
to the monometallic counterparts.51 The particles were well
RSC Adv., 2026, 16, 28452–28481 | 28457
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Fig. 4 FESEM and particle size distribution for LB, MW/LB, ZW/LB, and ZMW/LB.
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anchored within the pores and surface defects of the biochar,
preserving its porous structure. This improved dispersion is
attributed to the synergistic effect between Zn and Mn during
the nucleation and growth process, which inhibits excessive
crystal growth and promotes uniform particle formation.

Overall, FESEM analysis conrms that the incorporation of
metal tungstates signicantly modies the surface morphology
of biochar. While monometallic composites exhibit noticeable
particle aggregation, the bimetallic ZMW/LB displays ner,
more uniformly distributed nanoparticles with reduced
agglomeration. This improved dispersion enhances surface
homogeneity and increases the availability of active adsorption
sites, which is expected to contribute to superior adsorption
performance.

3.1.5 EDX analysis. The elemental composition of the
produced biochar-based composites was examined, and the
effective integration of metal tungstate phases was veried,
using energy-dispersive X-ray (EDX) analysis.13,51 Fig. 5 high-
lights the heterogeneity of biochar and the composite, as well as
the EDX spectrum of LB, which consists mainly of carbon and
oxygen, along with minerals such as P, S, K, Mg, Cl, and Ca.

For the MW/LB composite, the EDX spectrum revealed the
presence of C, O, Mn, and W, as the main elements. The high
carbon content conrms the biochar matrix, while the simul-
taneous detection of Mn and W veries the successful forma-
tion of manganese tungstate. Oxygen was found to be the
dominant element, consistent with the oxide nature of MnWO4.
28458 | RSC Adv., 2026, 16, 28452–28481
In the case of the ZW/LB composite, the EDX results
conrmed the presence of Zn, W, O, and C. The relatively high
carbon percentage reects the dominance of the biochar
support, while the detection of Zn and W conrms the forma-
tion of zinc tungstate on the biochar surface. As in the Mn-
based composite, oxygen was the major element owing to the
oxide framework. The tungsten content appeared comparatively
lower than zinc, which is commonly observed due to the weaker
M-line emission of tungsten and the inuence of the carbon-
rich matrix. Trace chlorine was also detected, indicating
minor residual impurities from precursor salts.

For the bimetallic ZMW/LB composite, the EDX spectrum
demonstrated the coexistence of Zn, Mn, W, O, and C, con-
rming the successful incorporation of both metals within the
tungstate structure. Notably, the atomic percentages of (Mn and
W) were nearly equivalent, suggesting the formation of
a MnWO4-type framework. At the same time, the presence of Zn
indicates its effective substitution or incorporation into the
lattice, forming a ZnxMn1−xWO4 solid solution.45 This balanced
elemental distribution provides strong evidence for the
successful synthesis of a homogeneous bimetallic system rather
than a simple physical mixture of individual oxides.

The effective development of mono- and bimetallic tungstate
phases on the surface of the biochar is generally conrmed by
the EDX data. The efficiency of the synthesis process is shown
by the constant presence of C, O, and metal species as well as
the lack of notable contaminants. Minor discrepancies in
elemental percentages are attributed to the semi-quantitative
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 EDX for LB, MW/LB, ZW/LB, and ZMW/LB.
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nature of EDX analysis, gold coating, andmatrix effects. A direct
comparison between the mono- and bimetallic systems reveals
clear differences in elemental distribution. While both MW/LB
and ZW/LB composites conrm the successful incorporation of
their respective metal tungstates, the bimetallic ZMW/LB
exhibits a more balanced and homogeneous elemental
composition. The nearly equivalent atomic ratios of Mn and W,
along with the simultaneous presence of Zn, suggest the
formation of a true bimetallic ZnxMn1−xWO4 solid solution
rather than a physical mixture of individual phases. This
uniform elemental integration is expected to enhance the
physicochemical properties of the composite through syner-
gistic interactions between Zn and Mn species.

3.1.6 BET/BJH – surface area and porosity. The textural
characteristics of MW/LB, ZW/LB, and ZMW/LB were examined
using nitrogen adsorption–desorption isotherms recorded at 77
K, and the corresponding results are presented in Table 1 and
Fig. 6. Nitrogen physisorption analysis revealed a pronounced
enhancement in the textural properties of ZMW/LB compared
Table 1 A summary of the N2 adsorption–desorption isotherm study th

The physisorption property data

BET summary Specic surface area (m2 g−1)
BJH adsorption Surface area (m2 g−1)
Desorption Pore volume (cm3 g−1)
Summary Pore diameter (nm)
Langmuir Surface area (m2 g−1)

© 2026 The Author(s). Published by the Royal Society of Chemistry
with mono-metal counterparts. The BET surface area increased
from 9.832 m2 g−1 for MW/LB and 26.942 m2 g−1 for ZW/LB to
31.259 m2 g−1 for the bimetallic composite. BJH analysis
showed that all composites exhibited mesoporous structures
with comparable pore diameters (3.077–3.426 nm), indicating
that the biochar pore framework was preserved aer metal
tungstate incorporation.

The nitrogen adsorption–desorption isotherms of all
samples correspond to type IV isotherms, characteristic of
mesoporous materials.52 Furthermore, Langmuir surface area
analysis indicated enhanced monolayer adsorption capacity,
with ZMW/LB exhibiting the highest surface area (360.143 m2

g−1), followed by ZW/LB (297.065 m2 g−1) and MW/LB (137.585
m2 g−1). Langmuir surface area values were signicantly higher
than BET values, which is commonly observed due to differ-
ences in the theoretical assumptions of monolayer adsorption.
However, BET results are considered more representative of the
actual accessible surface area.
at used BET, BJH, and Langmuir methods

MW/LB ZW/LB ZMW/LB

9.832 26.942 31.259
13.429 30.318 32.245
0.068 0.163 0.107
3.077 3.826 3.392

137.585 297.065 360.143

RSC Adv., 2026, 16, 28452–28481 | 28459
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Fig. 6 The adsorption–desorption isotherms of N2 gas at 77 K for MW/LB, ZW/LB, and ZMW/LB.
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Despite the similar pore sizes, ZMW/LB displayed amarkedly
higher BET and Langmuir surface area than mono-metal
systems, conrming that the enhanced textural properties
arise from improved dispersion and synergistic interaction of
Mn and Zn tungstate species rather than pore enlargement.
These results conrm that co-synthesis effectively regulates
particle growth and pore architecture, yielding superior
adsorption–relevant properties.

The improved dispersion and reduced particle aggregation
in the bimetallic ZMW/LB composite contribute to a higher
specic surface area compared to the monometallic systems. In
contrast, partial pore blocking and particle clustering in
MnWO4/biochar and ZnWO4/biochar may limit surface acces-
sibility. The preservation of the porous biochar structure in the
bimetallic system, as evidenced by FESEM, supports the
enhanced textural properties obtained from nitrogen adsorp-
tion–desorption measurements.

3.1.7 ICP-OES analysis. The bulk elemental composition of
the bimetallic composite was quantitatively determined using
ICP-OES,53 and the results are presented in Table 2. The
measured concentrations of Mn and Zn were 30 270 and 4029
mg L−1, respectively, indicating that Mn is the dominant metal
species in the composite. At the same time, Zn is present in
a lower proportion. Based on molar calculations, the composi-
tion of the material was determined to be Zn0.10Mn0.90(WO4)/
LB, conrming that Zn is incorporated as a partial substituent
within the MnWO4 lattice rather than forming a separate phase.
This nding is consistent with the XRD results, which showed
Table 2 ICP-OES elemental composition of ZnxMnx−1(WO4)/LB compo

Element
Wavelength
(nm)

Concentration
(mg mL−1)

Mn 257.610 30 270
Zn 213.857 4029

28460 | RSC Adv., 2026, 16, 28452–28481
peak shis indicative of lattice distortion and solid solution
formation. The difference in Zn and Mn incorporation can be
attributed to their relative precursor concentrations and
possible differences in nucleation and growth kinetics during
hydrothermal synthesis. The lower Zn content suggests limited
substitution efficiency, with Zn2+ ions occupying a fraction of
the Mn2+ lattice sites, generating structural defects and
heterogeneity within the crystal framework. Such partial
substitution plays a critical role in tuning the composite's
physicochemical properties. The presence of Zn in the MnWO4

structure is expected to induce lattice distortion, modify surface
charge distribution, and create additional active sites. These
changes are benecial for adsorption performance, as they
enhance surface reactivity and promote stronger interactions
with dye molecules.
3.2 Correlation and comparative discussion

A comprehensive physicochemical characterization of the
synthesized composites was carried out using XRD, FTIR, EDX,
FESEM, BET, and ICP-OES to establish a clear structure property
relationship. XRD patterns conrmed the successful formation
of MW/LB and ZW/LB phases in the monometallic systems,
while the bimetallic ZMW/LB exhibited slight peak shis,
indicative of lattice distortion and the formation of a Znx-
Mn1−xWO4 solid solution. This observation conrms the
incorporation of both metal ions into a unied crystalline
framework rather than the coexistence of separate phases. FTIR
analysis further supported these ndings by revealing
site

Molar concentration
(mol L−1) Mole fraction

5.51 × 10−4 0.90
6.16 × 10−5 0.10

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Optimum pH for MW/LB, ZW/LB, and ZMW/LB.
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characteristic metal–oxygen vibrations (M–O and W–O), along-
side oxygen-containing functional groups (–OH and –COOH)
associated with the biochar matrix. These functional groups
serve as active sites for both metal anchoring and subsequent
adsorption interactions. Elemental analysis by EDX conrmed
the presence of C, O, Mn, Zn, andW; however, due to its surface-
sensitive nature, ICP-OES was employed for bulk quantication.
The ICP results veried the successful incorporation of Zn and
Mn within the bimetallic structure and conrmed the expected
Zn0.1Mn0.9WO4 stoichiometry, indicating the formation of
a true bimetallic system. Morphological evaluation via FESEM
revealed distinct differences between mono- and bimetallic
composites. The monometallic samples exhibited noticeable
particle aggregation, whereas the ZMW/LB composite showed
smaller, well-dispersed nanoparticles with reduced agglomera-
tion. This improved dispersion is attributed to the synergistic
interaction between Zn andMn, which regulates nucleation and
suppresses excessive crystal growth. These observations are
consistent with BET analysis, where the bimetallic composite
demonstrated a higher specic surface area and improved pore
accessibility.

These structural and textural enhancements directly govern
the adsorption performance of the composites. The ZMW/LB
composite exhibited superior removal efficiency toward
aniline blue, which can be attributed to the increased density of
accessible active sites, enhanced surface reactivity, and
improved mass transfer facilitated by its porous structure. In
contrast, aggregation in monometallic composites limits active
site accessibility, resulting in lower adsorption efficiency.
Overall, the combined results from structural, compositional,
morphological, and textural analyses demonstrate that bime-
tallic engineering signicantly enhances the physicochemical
properties of biochar-based composites. The synergistic effect
between Zn and Mn improves particle dispersion, increases
surface area, and optimizes active site availability, thereby
leading to enhanced adsorption performance. These ndings
highlight the effectiveness of bimetallic modication as
a rational strategy for designing high-performance adsorbents
for environmental remediation applications.
3.3 Adsorption properties

3.3.1 Effect of pH and its relation to pHpzc. The pH of the
solution signicantly inuences the adsorption of AB onto MW/
LB, ZW/LB, and ZMW/LB composites because it controls both
the adsorbent's surface charge and the dye's ionization state.
The removal efficiency arises considerably from pH 2 to around
pH 5–6, peaks in this range, and then gradually decreases at
higher pH values, as seen in Fig. 7. This behavior allows a clear
interpretation of the composites' point of zero charge (pHpzc).
Plots of DpH (pHnal – pHinitial) vs. initial pH were used to
calculate the pHpzc values. DpH = 0 is the point that represents
the pHpzc. For MW/LB, ZW/LB, and ZMW/LB, the resultant
pHpzc values were around 8.2, 6.8, and 8.66, respectively (Fig. 8).
At pH values above pHpzc, the adsorbent's surface becomes
negatively charged, while at pH values below pHpzc, the surface
is positively charged. For all composites, the surfaces are
© 2026 The Author(s). Published by the Royal Society of Chemistry
positively charged at the optimum pH of 5, which is lower than
the pHpzc, promoting strong electrostatic attraction with the
anionic form of aniline blue, which leads to the maximum
adsorption efficiency for all materials.

At highly acidic conditions (pH 2–3), although the surface
remains positively charged, the adsorption efficiency is rela-
tively low. This can be explained by the competition for the
available adsorption sites between the increased H+ ions
concentrations, with dye molecules, which restricts the
adsorption process. When the pH rises over pHpzc, the surface
of adsorbent and the anionic dye molecules experience elec-
trostatic repulsion because the surface charge becomes nega-
tive. The presence of OH− ions under alkaline conditions may
cause additional competition for active sites, resulting
a decrease in adsorption effectiveness. Slight differences in
adsorption behavior among the composites can be attributed to
variations in their pHpzc values.54 ZW/LB, having a lower pHpzc,
exhibits relatively lower positive surface charge at pH 5
compared to MW/LB and ZMW/LB. In contrast, the improved
performance of ZMW/LB indicates a synergistic effect between
Zn and Mn species, which enhances surface characteristics and
increases the active adsorption sites availability. Overall, elec-
trostatic interactions, which are strongly inuenced by the
association between solution pH, adsorbent pHpzc, and the
ionic character of the dye, control the adsorption process.

3.3.2 Contact time effect. Fig. 9A, inuence the contact
time effect of AB adsorption onto MW/LB, ZW/LB, and ZMW/LB
composites. All adsorbents exhibit a gradual approach to
equilibrium, followed by rapid initial uptake, which is due to
adsorption proles. In the early stage (0–10 min), adsorption
capacity (qt) increases sharply, particularly for ZW/LB and ZMW/
LB, where qt rises instantly to about 75–80 mg g−1. This quick
increase in adsorption is caused by the signicant concentra-
tion difference between the dye molecules and the adsorbent
surface, as well as the amount of accessible active sites on the
adsorbents' external surface. As contact duration rises (10–60
min), the adsorption rate decreases due to the start of diffusion-
RSC Adv., 2026, 16, 28452–28481 | 28461
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Fig. 8 pHpzc for MW/LB, ZW/LB, and ZMW/LB.
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controlled processes and occupation of more active sites.
During this phase, dye molecules gradually penetrate the pore
structure of the composites, leading to a slower rise in qt. For all
composites, equilibrium is nearly accomplished during
extended contact times ($90 min), with only minor increases in
adsorption capacity. The equilibrium adsorption capacities are
approximately: 80 mg g−1 for MW/LB, 88–90 mg g−1 for ZW/LB,
and 89–91 mg g−1 for ZMW/LB. Among composites, ZW/LB and
Fig. 9 (A) Impact of contact time on the adsorption of AB onto the MW/L
from0.025–0.20 on AB adsorption onto theMW/LB, ZW/LB, and ZMW/LB
(D) temperatures effects the adsorption of AB onto the MW/LB, ZW/LB,

28462 | RSC Adv., 2026, 16, 28452–28481
ZMW/LB, compared to MW/LB shows a better performance, due
to better dispersion of metal tungstate phases on the biochar
matrix, which conrms enhanced surface activity and improved
availability of adsorption sites.55 The adsorption process
involves surface adsorption followed by intraparticle diffusion,
and the equilibrium time is around 90–120 minutes, in accor-
dance with the initial fast adsorption followed by a plateau
behavior. The observed adsorption behavior indicates the
B, ZW/LB, and ZMW/LB at 25 °C; (B) the influence of adsorbent dosage
, (C) the effect of initial concentration of AB from 25 to 300mg L−1, and
and ZMW/LB.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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efficiency of the prepared composites for rapid dye removal by
demonstrating that surface interactions initially control the
process and are subsequently governed by diffusion into
internal pores, with equilibrium achieved within a relatively
short time. These ndings led to the selection of 120 min as the
optimum contact time for subsequent adsorption experiments
to guarantee complete equilibrium.

3.3.3 Adsorbent dosage effect. Fig. 9B and S2 illustrates the
effect of adsorbent dosage on the removal of AB by MW/LB, ZW/
LB, and ZMW/LB composites. The decline of the adsorption
capacity per unit mass (qe, mg g−1) for all composites, and an
increase in the total dye removal efficiency occur when the
adsorbent dose was increased from (0.025–0.20 g L−1). The
larger functional surface area and the increased number of
accessible active sites, which facilitate more frequent dye-
adsorbent interactions, are responsible for the enhancement
in removal efficiency at higher doses.56,57 Conversely, the
reduction in qe with increasing dosage arises from the distri-
bution of a xed amount of dye over a greater number of
adsorption sites, resulting in partial underutilization. At higher
adsorbent concentrations, particle aggregation can limit the
accessible surface area and block active sites, further decreasing
the adsorption capacity per gram. This effect is compounded by
site overlapping and a reduced driving force for mass transfer.
Among the composites, ZMW/LB, when compared to MW/LB
and ZW/LB, consistently displayed superior adsorption perfor-
mance across all dosages. As conrmed by BET, FESEM, and
ICP analyses, this performance improvement is ascribed to
synergistic interactions between Zn and Mn species, which
increase surface heterogeneity and the density of active
adsorption sites. With the goal of balancing high removal effi-
ciency with efficient adsorbent usage, an optimal adsorbent
dosage of 0.10–0.15 g L−1 was chosen for subsequent
experiments.

3.3.4 Initial dye concentration effect. Fig. 9C demonstrate
how the initial concentration of AB inuences the adsorption
performance of MW/LB, ZW/LB, and ZMW/LB composites. The
equilibrium adsorption capacity (qe, mg g−1) for all composites
steadily rose with an increase in the initial concentration of the
dye. The increasing pushing force for mass transfer at higher
dye concentrations is the primary cause of this trend. Adsorp-
tion capacity decreased at lower concentrations of dye since
there are fewer dye molecules than there are active sites on the
adsorbent surface. More dye molecules can occupy active sites
as concentration rises, increasing adsorption.58 In particular,
the bimetallic ZMW/LB composite, the nearly linear rise in qe
within the studied range suggests that the adsorption sites were
not saturated, conrming a strong adsorption potential and
abundant accessible active sites. Among the composites, ZMW/
LB continuously demonstrated the highest adsorption capacity,
followed by ZW/LB, whereas MW/LB indicated relatively lower
performance, as shown in Fig. S3. ZMW/LB demonstrated
superior performance due to synergistic interactions between
Zn and Mn species, which create a heterogeneous surface with
a greater density of active sites and improved adsorption
affinity. The performance difference between ZMW/LB and ZW/
LB is minimal at lower dye concentrations, indicating
© 2026 The Author(s). Published by the Royal Society of Chemistry
adsorption at easily accessible surface sites. However, at higher
concentrations, the bimetallic composite exhibits greater utili-
zation of internal pores and more efficient intraparticle diffu-
sion, underscoring its structural advantage. These ndings are
consistent with BET and ICP analyses, which conrm a higher
density of active, heterogeneous adsorption sites in ZMW/LB,
thereby explaining its enhanced adsorption efficiency.

3.3.5 Temperature effect. The effect of temperature on AB
adsorption by MW/LB, ZW/LB, and ZMW/LB is shown in
Fig. 9D. All composites exhibit a consistent increase in the
removal efficiency when the temperature is varied from 298 to
338 K, which conrms that an endothermic mechanism was
responsible for adsorption. More adsorption is observed at
higher temperatures, thereby enhancing the interaction
between dye molecules and the adsorbent surface. Among the
studied materials, ZMW/LB outperformed MW/LB in terms of
removal efficiency through the entire temperature range, fol-
lowed by ZW/LB. This trend further supports the synergistic
effect of Zn and Mn, which increases surface reactivity and the
availability of active sites.59 The increased mobility of dye
molecules, which accelerated diffusion from the bulk solution
to the adsorbent surface and improves overall mass transfer and
adsorption efficiency, is responsible for the enhanced adsorp-
tion at higher temperatures.
3.4 Adsorption in deionized water (DIW)

3.4.1 Kinetic analysis in DIW. The adsorption kinetics of
aniline blue adsorption (100 mg L−1) onto MW/LB, ZW/LB, and
ZMW/LB composites were assessed by applying the pseudo-
rst-order (PFO), pseudo-second-order (PSO), and intra-
particle diffusion (IPD) models to better understand the rate
and themechanism of the adsorption process (Fig. 10 and Table
3).

The PFO model, which is expressed by eqn (7), makes the
assumption that the adsorption rate is proportional to the
number of unoccupied sites.60

qt = qe(1 − e−K1t) (7)

where qt and qe (mg g−1) are the adsorption capacities at time t
and at equilibrium, respectively, and k1 (min−1) is the rate
constant. The model yielded equilibrium capacities of 78.32,
86.37, and 87.03 mg g−1 for MW/LB, ZW/LB, and ZMW/LB,
respectively, with strong correlation values (R2 = 0.991–0.992).
Nevertheless, the relatively higher error values (SSE = 122.12–
206.16 and c2 = 1.508–2.283) indicate that the PFO model does
not adequately describe the overall adsorption behavior,
particularly for the Zn-containing composites.

In contrast, the PSO model, as described in eqn (8), offers
amore realistic interpretation of the data found by experiments,
which assumes that the adsorption is controlled by chemi-
sorption involving electron sharing or exchange between
adsorbent and adsorbate.61

qt ¼ qe
2k2t

1þ qek2t
(8)
RSC Adv., 2026, 16, 28452–28481 | 28463
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Fig. 10 (A) Pseudo-first-order and (B) Pseudo-second-order models for the adsorption of AB dye DIW solution on the surfaces of MW/LB, ZW/
LB and ZMW/LB composite.
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where k2 (g mg−1 min−1) is the rate constant. For MW/LB, ZW/
LB, and ZMW/LB, the calculated equilibrium capacities were
(79.23, 88.23, and 89.00 mg g−1), respectively.

In comparison to the PFO model, the PSO model provided
a better t to the experimental data, with higher correlation
coefficients (R2 = 0.994–0.998) and signicantly lower error
values (SSE = 46.40–63.82 and c2 = 0.531–0.798). This indicates
that the PSO model offers a more accurate representation of the
adsorption kinetics. However, it should be emphasized that the
applicability of the PSO model does not necessarily imply that
chemisorption is the dominant mechanism. Kinetic models are
primarily mathematical representations and cannot indepen-
dently conrm the nature of adsorption interactions. Therefore,
the adsorption mechanism is more appropriately interpreted as
a combination of processes, including electrostatic attraction,
surface complexation, hydrogen bonding, and p–p interac-
tions. This interpretation is supported by FTIR spectral changes
and the heterogeneous surface characteristics observed in BET
and FESEM analyses.
Table 3 Kinetic parameter for the adsorption of 100 mg per L aniline bl

Isotherm model Parameters

Pseudo-rst-order Qmax (mg g−1)
K1 (min−1)
Q(calc) (mg g−1)
R2

SSE
X2

Pseudo-second-order K2 (g mg−1 min−1)
Q(calc) (mg g−1)
R2

SSE
X2

Intra-particle diffusion kid (mg g−1 min−1/2)
C (mg g−1)
R2

SSE
X2

28464 | RSC Adv., 2026, 16, 28452–28481
The intra-particle diffusion model (IPD), as described in eqn
(9), was used to gain extra insight into the rate-controlling
mechanism.62

qt = kidt
1/2 + C (9)

where C is the thickness of the boundary layer, and kid (mg g−1

min−1/2) is the rate constant.
The intra-particle diffusion (IPD) model was further applied

to investigate diffusion mechanisms. The plots in Fig S4 of qt
versus t1/2 exhibited multilinear behavior, indicating that
adsorption proceeds through multiple stages: (i) rapid external
surface adsorption, (ii) gradual intra-particle diffusion, and (iii)
equilibrium stage. The fact that the plots do not pass through
the origin (C s 0) conrms that intra-particle diffusion is not
the sole rate-controlling step and that boundary layer diffusion
also contributes signicantly.

Additional analysis of the IPD variables demonstrated that
ZMW/LB exhibited the highest R2 (0.994), and lowest SSE (1.78)
and c2 (0.021), ZW/LB also displayed signicant tting (R2 =
ue dye on the surfaces of MW/LB, ZW/LB and ZMW/LB in DIW

MW/LB ZW/LB ZMW/LB

81.326 90.251 91.247
0.576 0.381 0.376
78.319 86.373 87.028
0.991 0.992 0.991
122.12 173.29 206.16
1.508 1.940 2.283
0.027 0.011 0.010
79.231 88.234 89.003
0.994 0.998 0.997
63.82 46.40 52.23
0.798 0.531 0.591
0.703 1.113 1.172
72.19 75.99 76.13
0.978 0.991 0.994
3.41 2.12 1.78
0.043 0.026 0.021

© 2026 The Author(s). Published by the Royal Society of Chemistry
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0.991, SSE = 2.12, c2 = 0.026), and MW/LB demonstrated
comparatively lower accuracy (R2 = 0.978, SSE = 3.41, c2 =

0.043). Higher intercept values (C) for ZW/LB and ZMW/LB
indicate faster initial adsorption and more noticeable
boundary-layer effects. Furthermore, the improved dispersion
of metal tungstate particles on the biochar matrix, which
enhances access to active sites, is responsible for the larger kid
value for ZMW/LB, suggesting accelerated diffusion of dye
molecules within its porous network.

Overall, the adsorption process follows a multi-step mecha-
nism involving surface interactions and diffusion processes,
with ZMW/LB exhibiting enhanced performance due to
improved active site availability and pore accessibility.

3.4.2 Isotherm analysis in DIW. The Langmuir and
Freundlich isotherm models were used to analyze equilibrium
adsorption behavior of aniline blue onto MW/LB, ZW/LB, and
ZMW/LB composites63 (Fig. 11 and Table 4).

The Langmuir model assumes monolayer adsorption on
relatively uniform active sites and is expressed as in eqn (10):63

qe ¼ qmaxKLCe

1þ KLCe

(10)

where KL is the Langmuir constant associated with the affinity
of the adsorbent surface, and Ce (mg L−1) is the dye's equilib-
rium concentration.

The model showed good agreement with experimental data
(R2 = 0.982–0.987) and relatively lower error values SSE (1702–
21 603) and c2 (12.6–107), indicating a tendency toward
monolayer adsorption. The calculated maximum adsorption
capacities (Qmax) were 276.90, 597.99, and 586.97 mg g−1 for
MW/LB, ZW/LB, and ZMW/LB, respectively. The enhanced
performance of Zn-containing composites is attributed to
increased surface reactivity and improved accessibility of active
sites.

The Freundlich model as in eqn (11):64

qe ¼ kfCe

1
n (11)

where the adsorption intensity is represented by 1/n, and the
capacity of adsorption is represented by Kf. The Freundlich
Fig. 11 Adsorption isotherms plot for the adsorption of AB dye (A) Freund
LB, ZW/LB and ZMW/LB adsorbents.

© 2026 The Author(s). Published by the Royal Society of Chemistry
model also described the adsorption behavior (R2 = 0.975–
0.984), indicating surface heterogeneity and the presence of
adsorption sites with varying energies. The obtained Kf values
(10.56–11.27 mg g−1 (L mg−1)1/n) demonstrate a signicant
affinity of the adsorbents toward aniline blue, while 1/n values
(0.608–0.775) show good adsorption with moderate surface
heterogeneity. The obtained parameters suggest favorable
adsorption and non-ideal surface behavior. However, higher
SSE and c2 values compared to the Langmuir model indicate
a less accurate t.

To further assess adsorption favorability,65 the dimension-
less separation factor (RL) was calculated by using eqn (12):

RL ¼ 1

1þ KLCe

(12)

The separation factor (0 < RL < 1) conrms that adsorption is
favorable for all composites. Moreover, the gradual decrease in
RL with increasing initial dye concentration reects a stronger
driving force and enhanced adsorbate–adsorbent interactions
at higher concentrations.

Overall, the results suggest that adsorption predominantly
follows Langmuir-type behavior with contributions from
heterogeneous surface interactions, including electrostatic
attraction, p–p stacking with the biochar matrix, and surface
complexation with metal–oxygen functional groups.

3.4.3 Thermodynamic analysis in DIW. Van't Hoff plots
(Fig. 12 and Table 5) were employed to evaluate the impact of
temperature on the adsorption of aniline blue onto MW/LB,
ZW/LB, and ZMW/LB composites, with the ndings displayed
in Table 5. The following equations were employed to determine
the thermodynamic parameters, such as enthalpy change (DH°),
entropy change (DS°), and Gibbs free energy change (DG°) (eqn
(13)–(15)):66,67

Kd ¼ qe

Ce

(13)

ln Kd ¼ DH�

RT
� DS

R
(14)
lich adsorption isotherm, (B) Langmuir adsorption isotherm onto MW/
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Table 4 Data of Langmuir and Freundlich isotherms adsorption of aniline blue dye on the surfaces of MW/LB, ZW/LB and ZMW/LB in DIW

Isotherm model Parameters MW/LB ZW/LB ZMW/LB

Langmuir Qmax (mg g−1) 276.899 597.985 586.969
KL (L mg−1) 0.016 0.012 0.014
R2 0.982 0.985 0.987
RL 0.862–0.385 0.893–0.455 0.877–0.416
SSE 21 603 2688 1702
X2 107 39.6 12.6

Freundlich Kf (mg g−1). (L mg−1)1/n 10.556 11.066 11.268
1/n 0.608 0.775 0.770
R2 0.984 0.975 0.979
SSE 25 435 85 842 82 725
X2 402 1856 1624

Fig. 12 Van't Hoff curve for AB dye onto MW/LB, ZW/LB and ZMW/LB
adsorbents.

Table 5 Thermodynamic parameters data at different temperatures of
aniline blue adsorption on MW/LB, ZW/LB and ZMW/LB in DIW

Adsorbent T (K)
DG°
(kJ mol−1) Kd

DS°
(J mol−1 K)

DH°
(kJ mol−1)

MW/LB 298 −2.571 1.093 64.678 16.703
308 −3.217 1.252
318 −3.864 1.309
328 −4.511 1.730
338 −5.157 1.857

ZW/LB 298 −4.604 1.841 51.735 10.813
308 −5.121 2.064
318 −5.638 2.108
328 −6.155 2.176
338 −6.673 2.432

ZMW/LB 298 −4.613 1.837 53.999 11.477
308 −5.152 2.084
318 −5.692 2.121
328 −6.232 2.234
338 −6.772 2.448
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DG˚ = −RT lnKd (15)

where Kd is the adsorption distribution constant, R is the gas
constant (8.314 J mol−1 K−1), and T is the absolute temperature
28466 | RSC Adv., 2026, 16, 28452–28481
(K). The slope and intercept of the linear plot of ln Kd versus 1/T
were utilized to calculate the enthalpy (DH°) and entropy (DS°).
The endothermic character of the process was conrmed by
a linear relationship that was observed for all composites,
which indicates that adsorption becomes more benecial at
higher temperatures. This observation aligns with the positive
DH° values (10.813–16.703 kJ mol−1), which suggest that heat
energy promotes diffusion into internal pores and enhances dye
mobility to facilitate adsorption. The adsorption is spontaneous
and thermodynamically effective, particularly at elevated
temperatures, as evidenced by the negative DG° values across
the studied temperature range (298–338 K), which become
increasingly negative with temperature. The increased
randomness at the interface of solid–liquid is demonstrated by
positive DS° values (51.735–64.678 J mol−1 K−1), likely due to
the water molecules displacement and rearrangement of the
structure on the adsorbent surface during dye uptake. Among
the composites, ZMW/LB and ZW/LB exhibited more negative
DG° values than MW/LB, reecting stronger adsorption affinity
and enhanced thermodynamic favorability, which can be
attributed to the synergistic interactions between Zn and Mn
species and increased surface activity. Overall, the thermody-
namic study consistent with the Van't Hoff plot and the deter-
mined thermodynamic parameters conrms that the
adsorption of aniline blue is spontaneous, endothermic, and
entropy-driven.

3.5 Adsorption in simulated wastewater (SWW)

To evaluate the performance of the developed composites under
realistic conditions, adsorption experiments were conducted in
simulated wastewater (SWW) containing common competing
ions (Na+, Ca2+, and Mg2+). The effects of pH, adsorbent dosage,
contact time, and temperature were investigated. The overall
trends observed in SWW were consistent with those in deion-
ized water, indicating that the fundamental adsorption mech-
anism remains largely unchanged, as shown in Fig S5 and S6.

The optimal pH remained around 5, conrming that elec-
trostatic interactions play a dominant role even in complex
matrices. Increasing adsorbent dosage enhanced removal effi-
ciency due to the greater availability of active sites, although the
effect was less pronounced compared to DIW due to partial site
occupation by competing ions. A slight reduction in adsorption
© 2026 The Author(s). Published by the Royal Society of Chemistry
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performance was observed in SWW, which can be attributed to
ionic competition and electrostatic screening effects. Kinetic
studies showed rapid adsorption followed by equilibrium
within 90–120 min, indicating that mass transfer processes are
not signicantly hindered. Temperature-dependent results
conrmed that adsorption remains endothermic under SWW
conditions.68–70 These ndings demonstrate that the developed
composites maintain high efficiency and stability in complex
systems, supporting their potential applicability in real waste-
water treatment.

3.5.1 Kinetic analysis. The adsorption kinetics in simu-
lated wastewater were analyzed using PFO, PSO, and IPD
models (Table 6 and Fig. 13). Both PFO and PSOmodels showed
good agreement with experimental data; however, the PSO
model exhibited higher correlation coefficients (R2 = 0.991–
0.998) and lower error values (SSE = 6.03–12.74; c2 = 0.071–
0.152), indicating superior tting accuracy. Compared to DIW,
the differences between models were less pronounced, sug-
gesting increased complexity of adsorption under multicom-
ponent conditions. This behavior reects the inuence of
competing ions on diffusion pathways and active site accessi-
bility.68 The IPD model further conrmed a multi-step adsorp-
tion mechanism. The kid values (0.49–0.63 mg g−1 min1/2)
indicate relatively fast diffusion, while the non-zero intercept
values (C s 0) conrm that intra-particle diffusion is not the
sole rate-limiting step. Instead, adsorption is governed by
a combination of surface interactions, boundary layer diffusion,
and intra-particle diffusion,70 as shown in Fig. S7. Overall, the
kinetic analysis demonstrates that adsorption proceeds via
a multi-step mechanism, inuenced by surface interactions,
diffusion limitations, and ionic competition, this increase
complexity in simulated wastewater.

3.5.2 Isotherm analysis. The equilibrium adsorption
behavior in simulated wastewater was analyzed using Langmuir
and Freundlich isotherm models (Table 7 and Fig. 13). The
Langmuir model provided a better overall t for MW/LB and
ZW/LB, with relatively higher R2 values (0.972–0.977) and lower
error values (SSE = 98.7–125.4; c2 = 1.45–1.92), suggesting that
Table 6 Kinetic model parameters and error analysis in SWW

Isotherm model Parameters

Pseudo-rst-order Qmax (mg g−1)
K1 (min−1)
Q(calc) (mg g−1)
R2

SSE
X2

Pseudo-second-order K2 (g mg−1 min−1)
Q(calc) (mg g−1)
R2

SSE
X2

Intra-particle diffusion kid (mg g−1 min−1/2)
C (mg g−1)
R2

SSE
X2

© 2026 The Author(s). Published by the Royal Society of Chemistry
adsorption predominantly occurs through monolayer coverage
on energetically uniform sites.70 In contrast, ZMW/LB exhibited
a slightly better t with the Freundlich model (R2 = 0.972),
indicating increased surface heterogeneity in the bimetallic
system. The maximum adsorption capacities (Qmax) decreased
under SWW conditions compared to deionized water, with
values of 291.43, 426.42, and 318.86 mg g−1 for MW/LB, ZW/LB,
and ZMW/LB, respectively. This reduction reects the effect of
competing ions, which occupy active sites and reduce adsorp-
tion efficiency.71

The calculated separation factor (RL = 0.244–0.312) conrms
that adsorption remains favorable for all composites under
simulated conditions. However, slightly higher RL values
compared to DIW indicate reduced adsorption affinity in the
presence of ionic species. The Freundlich constants further
support this observation, where variations in 1/n values suggest
moderate surface heterogeneity and non-ideal adsorption
behavior, particularly for ZMW/LB. Overall, the isotherm anal-
ysis demonstrates that adsorption remains effective in complex
systems but deviates from ideal monolayer behavior due to
competitive adsorption and surface heterogeneity.

3.5.3 Thermodynamic analysis. Thermodynamic parame-
ters for aniline blue adsorption under simulated wastewater
conditions were calculated using Van't Hoff analysis (Table S3
and Fig. S8). The positive DH° values (12.658–16.591 kJ mol−1)
indicate that the adsorption process remains endothermic in
the presence of competing ions, suggesting that elevated
temperatures enhance dye mobility and facilitate adsorption.71

Themagnitude of DH° falls within the range typically associated
with physical adsorption or weak chemical interactions, sup-
porting the conclusion that adsorption is not purely chem-
isorptive. Negative DG° values across the studied temperature
range conrm that the adsorption process is spontaneous, with
increasing negativity at higher temperatures indicating
enhanced thermodynamic favorability. Notably, ZW/LB exhibi-
ted the most negative DG° values, consistent with its superior
adsorption performance under simulated conditions. The
positive DS° values (58.804–66.753 J mol−1 K) suggest increased
MW/LB ZW/LB ZMW/LB

85.713 91.007 86.831
0.540 0.650 0.434
83.631 89.246 82.641
0.996 0.997 0.982
18.42 15.66 29.85
0.221 0.174 0.362
0.024 0.041 0.012
84.564 89.819 83.797
0.998 0.998 0.991
7.12 6.03 12.74
0.087 0.071 0.152
0.58 0.63 0.49
77.3 84.5 72.8
0.987 0.991 0.978
3.21 2.74 5.62
0.039 0.031 0.067
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Fig. 13 Kinetic and Isotherm analysis in SWW for the adsorption of AB dye on the surfaces of MW/LB, ZW/LB and ZMW/LB composite: (A)
Pseudo-first-order and (B) Pseudo-second-order models, (C) Freundlich adsorption isotherm, (D) Langmuir adsorption isotherm.

Table 7 Isotherm parameters and error analysis in SWW

Isotherm model Parameters MW/LB ZW/LB ZMW/LB

Langmuir Qmax (mg g−1) 291.426 426.420 318.861
KL (L mg−1) 0.031 0.025 0.022
R2 0.972 0.977 0.963
RL 0.244 0.286 0.312
SSE 125.4 98.7 142.8
X2 1.92 1.45 2.11

Freundlich Kf (mg g−1) (L mg−1)1/n 20.268 18.205 15.363
1/n 0.537 0.663 0.603
R2 0.926 0.956 0.972
SSE 382.6 310.2 210.4
X2 4.87 3.66 2.98
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randomness at the solid–liquid interface, likely due to
displacement of water molecules and structural rearrangements
during adsorption.

Compared to deionized water, slight variations in thermo-
dynamic parameters were observed, reecting the inuence of
ionic strength and competitive adsorption. These ndings
28468 | RSC Adv., 2026, 16, 28452–28481
conrm that adsorption remains thermodynamically favorable
under realistic conditions, although the mechanism becomes
more complex.

3.6 Effect of water matrix: DIW versus SWW

A comparative evaluation of adsorption performance in DIW
and SWW was conducted to assess the robustness of the
developed composites under realistic conditions. Overall,
adsorption trends in SWW closely followed those in DIW,
indicating that the fundamental adsorption mechanism is
largely preserved despite the presence of competing ions. In
both systems, adsorption was strongly pH-dependent, with
maximum removal observed at pH z 5, conrming that elec-
trostatic interactions remain dominant. However, a slight
reduction in removal efficiency was observed in SWW, which
can be attributed to ionic competition and electrostatic
shielding by coexisting ions (Na+, Ca2+, Mg2+).68 Increasing
adsorbent dosage enhanced removal efficiency in both systems
due to greater availability of active sites, although the effect was
less pronounced in SWW, reecting partial site occupation and
reduced accessibility.69
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Kinetic analysis showed rapid adsorption followed by equi-
librium within 90–120 min in both media, indicating that mass
transfer processes are not signicantly hindered by ionic
strength. Nevertheless, slightly lower equilibrium capacities in
SWW suggest moderate effects on diffusion and surface inter-
actions. Thermodynamic behavior remained consistent in both
systems, conrming the endothermic nature of adsorption and
indicating that the process is thermodynamically stable under
complex conditions.71 Among the composites, ZW/LB exhibited
the highest removal efficiency in both DIW and SWW, demon-
strating superior resistance to ionic interference. In contrast,
ZMW/LB, although highly effective in DIW, showed slightly
greater sensitivity to competing ions, likely due to increased
surface heterogeneity. MW/LB displayed lower adsorption
capacity but more stable performance, suggesting stronger but
fewer active binding sites. Overall, these results conrm that
while competing ions slightly reduce adsorption efficiency, the
developed composites maintain high performance and stability,
supporting their applicability in real wastewater systems.

3.7 Practical applicability and mass balance evaluation

To evaluate the practical feasibility and scale-up potential of the
developed adsorption system, a comprehensive mass balance
analysis was performed using both experimentally determined
equilibrium adsorption capacities (qe) and theoretical Lang-
muir maximum capacities (Qmax). This dual approach provides
a realistic assessment of adsorbent demand under actual
operating conditions while also dening the theoretical
performance limits of the prepared composites. The required
adsorbent dosage under real conditions was estimated using
equilibrium capacities as in eqn (16) according to ref. 72:

Adsorbent dose
�
g L�1� ¼ C0

qe
(16)

where C0 is the initial dye concentration (mg L−1) and qe is the
equilibrium adsorption capacity (mg g−1) obtained under
simulated wastewater (SWW) conditions. At an initial dye
concentration of 100 mg L−1, the experimentally derived qe
values were 84.56 mg g−1 for MW/LB, 89.82 mg g−1 for ZW/LB,
and 83.80 mg g−1 for ZMW/LB. Accordingly, the calculated
adsorbent dosages were 1.18, 1.11, and 1.19 g L−1, respectively,
corresponding approximately to (1180, 1110, and 1190 gm−3) of
wastewater treatment capacity. Among the tested materials,
ZW/LB exhibited the lowest dosage requirement, conrming its
superior adsorption efficiency under realistic conditions. The
slightly higher demands for MW/LB and ZMW/LB may be
attributed to variations in surface accessibility and interaction
strength with the dye molecules, as illustrated in Table 8.
Table 8 Comparison of equilibrium adsorption capacity (qe) and estimat
(SWW) at C0 = 100 mg L−1

Adsorbent qe (DIW) (mg g−1) Dose (DIW) (g L

MW/LB 79.23 1.27
ZW/LB 88.23 1.14
ZMW/LB 89.00 1.12

© 2026 The Author(s). Published by the Royal Society of Chemistry
For comparison, theoretical dosage requirements were also
estimated using Langmuir maximum adsorption capacities
under ideal monolayer coverage, as in eqn (17):73

Adsorbent dose
�
g L�1� ¼ C0

Qmax

(17)

Under this assumption, the required dosages at 100 mg L−1

were signicantly lower, estimated as 0.343 g L−1 for MW/LB,
0.235 g L−1 for ZW/LB, and 0.314 g L−1 for ZMW/LB (equiva-
lent to 235–343 g m−3). However, these theoretical values
represent idealized conditions and do not account for mass
transfer limitations, incomplete site utilization, or ionic
competition typically present in real wastewater systems.

A comparison between Qmax- and qe-based calculations
clearly demonstrates that equilibrium-derived values provide
a more realistic basis for process design. While Qmax reects
maximum adsorption potential, qe better captures actual
system performance under operational constraints. This
discrepancy highlights the importance of using experimentally
validated parameters for reliable scale-up and engineering
applications.74

When both DIW and SWW conditions were considered, the
required adsorbent dosage remained relatively consistent,
ranging from 1.12–1.27 g L−1 in DIW and 1.11–1.19 g L−1 in
SWW. This narrow variation indicates that the presence of
competing ions hasminimal inuence on adsorption efficiency,
conrming the stability of the prepared composites in complex
aqueous matrices. In practical terms, this corresponds to
approximately 1.1–1.2 kg of adsorbent per m3 of wastewater
containing 100 mg L−1 of aniline blue.

Overall, the mass balance evaluation conrms that the
developed materials are practically viable for wastewater treat-
ment at realistic loading levels. ZW/LB consistently demon-
strates the most favorable performance, combining high
adsorption efficiency with the lowest material requirement.
Importantly, the close agreement between DIW- and SWW-
based calculations further validates the robustness of the
system and its suitability for real environmental conditions.
These ndings bridge the gap between laboratory adsorption
performance and full-scale application, providing a solid
foundation for future engineering design and scale-up studies.

3.8 Cost efficiency based on adsorption capacity

To further evaluate the economic performance of the developed
adsorbents, the cost per unit mass of dye removed was esti-
mated by normalizing the adsorbent cost to the maximum
adsorption capacity (Qmax), as illustrated in eqn (18).75 The
ed adsorbent dose in deionized water (DIW) and simulated wastewater

−1) qe (SWW) (mg g−1) Dose (SWW) (g L−1)

84.56 1.18
89.82 1.11
83.80 1.19

RSC Adv., 2026, 16, 28452–28481 | 28469
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calculated values were approximately 145, 75, and 73 USD per kg
of dye removed for MW/LB, ZW/LB, and ZMW/LB, respectively,
as shown in Table 9.

Cost efficiency ¼ Cost of adsorbent ðUSD per kg adsorbentÞ
Adsorption capacityðkg Dye per kg adsorbentÞ

(18)

These results indicate that, despite similar synthesis costs,
the signicantly higher adsorption capacities of Zn-containing
composites lead to substantially improved cost efficiency.

In particular, ZMW/LB exhibited the lowest cost per unit dye
removal, reecting an optimal balance between material cost
and adsorption performance, while MW/LB showed the least
favorable economic performance due to its lower adsorption
capacity. This analysis highlights that adsorption capacity is
a key factor governing not only environmental impact but also
economic feasibility, further supporting the advantage of Zn-
based and bimetallic systems for practical wastewater treat-
ment applications.

It should be noted that the cost estimation presented in this
study primarily reects the contribution of precursor materials,
which represent the dominant cost factor particularly Na2WO4.
Additional contributions from energy consumption, NaOH
used in regeneration, and biochar support were considered
qualitatively. Energy consumption, although relatively high at
laboratory scale, is expected to decrease signicantly under
large-scale production due to improved process efficiency and
heat integration. Similarly, NaOH consumption is distributed
over multiple adsorption–desorption cycles, reducing its overall
contribution to operational cost. Biochar, derived from low-cost
biomass, contributes minimally to the total material cost.
Therefore, the calculated cost per unit mass of dye removed
represents a realistic approximation of economic performance,
while acknowledging that full techno-economic evaluation
would require large-scale operational data.
3.9 Structure–performance relationship

The adsorption performance of MW/LB, ZW/LB, and ZMW/LB
composites was interpreted by correlating experimental
adsorption results with physicochemical properties and multi-
variate analysis. Among the studied materials, ZW/LB exhibited
the highest removal efficiency toward aniline blue, followed by
ZMW/LB and MW/LB. This tendency is primarily controlled by
differences in textural properties, where higher BET surface
area and pore volume provide a greater number of accessible
Table 9 Cost Effectiveness and economic performance expressed as
cost per kg dye removed

Adsorbent
Qmax

(mg g−1)
Cost
(USD per kg)

Cost (USD per kg dye
removed) (USD per kg)

MW/LB 276.90 40 145
ZW/LB 597.99 45 75
ZMW/LB 586.97 43 73

28470 | RSC Adv., 2026, 16, 28452–28481
adsorption sites. MW/LB exhibits comparatively better reus-
ability but slightly lower removal efficiency, conrming a more
stable structure with fewer active sites. This trend, which is
commonly observed in porous adsorbent systems, suggests
a trade-off between adsorption capacity and structural dura-
bility. Kinetic analysis is well described by the pseudo-second-
order model; however, this does not imply a single rate-
limiting mechanism but rather reects the combined contri-
bution of surface interactions and diffusion processes.

Both Langmuir and Freundlich isotherms were supported by
equilibrium data, suggesting that adsorption occurs through
a combination of monolayer coverage and heterogeneous
surface interactions.

Morphological and structural analyses further support these
ndings. FESEM images showed a porous biocharmatrix coated
with well-dispersed metal tungstate nanoparticles, enhancing
surface roughness and facilitating dye diffusion. XRD patterns
veried the crystalline phase's development, indicating struc-
tural stability of the composites. Additionally, BET analysis
demonstrated that enhanced adsorption effectiveness depends
on surface area and pore structure.

Overall, the results demonstrate that adsorption perfor-
mance is mainly governed by the availability and accessibility of
active sites, which are directly inuenced by pore structure and
surface area. Meanwhile, surface chemistry contributes to ne-
tuning adsorption behavior under different conditions. This
structure–performance relationship provides valuable insight
for the rational design of efficient biochar-based adsorbents.
3.10 Mechanism of adsorption

The adsorption of aniline blue onto the synthesized composites
is governed by synergistic physicochemical interactions. At pH
5, the surfaces of all composites are mostly positively charged,
which promotes strong electrostatic attraction toward anionic
dye molecules, enhancing rapid initial uptake. In addition, the
biochar matrix provides abundant oxygen-containing func-
tional groups (–OH and –COOH) that can form hydrogen bonds
with AB molecules, thereby enhancing adsorption stability and
surface affinity.6,76

The incorporated metal ions provide additional active sites:
Mn2+ in MW/LB and Zn2+ in ZW/LB serve as Lewis acidic centers
capable of coordinating with electron-rich sites of the dye. In
the bimetallic ZMW/LB, the partial substitution of Mn by Zn
introduces slight structural heterogeneity, enhancing the
variety of surface sites. However, since ZMW/LB is predomi-
nantly Mn (90% Mn, 10% Zn), its adsorption behavior mainly
reects the characteristics of MnWO4. Moreover, the aromatic
framework of AB can interact with the graphitic domains of all
biochar composites via p–p stacking, further improving
adsorption capacity, as shown in Fig. 14.

The FTIR analysis before and aer adsorption supports the
aforementioned interaction, as shown in Fig. 15, the broad –OH
band at 3200–3500 cm−1 shows shis and changes in intensity
post-adsorption, indicating hydrogen bonding; peaks around
1600–1650 cm−1 (C]C aromatic/C]O) demonstrate p–p

interactions; and modications in the 1000–1200 cm−1 region
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 14 Adsorption mechanisms of AB dye onto MW/LB, ZW/LB and ZMW/LB adsorbents.
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(C–O stretching) signal the involvement of oxygen-containing
functional groups. Slight variations in the low-wavenumber
range (500–800 cm−1) suggest integration interactions with
metal active sites.77 In general, adsorption on MW/LB, ZW/LB,
Fig. 15 FTIR for AB and prepared composites before and after
adsorption.

© 2026 The Author(s). Published by the Royal Society of Chemistry
and ZMW/LB is governed by electrostatic attraction, hydrogen
bonding, p–p interactions, and metal-dye surface complexa-
tion. Variations in performance among the composites are
attributed to their metal content, surface heterogeneity, and
accessible active sites, as evidenced by pre-adsorption charac-
terizations (XRD, BET, and ICP) and FTIR results. This mecha-
nism aligns with kinetic and isotherm analyses, conrming the
robustness of the proposed interactions in governing AB
removal. It is important to note that no single interaction
dominates the adsorption process; instead, the overall perfor-
mance arises from the combined and synergistic contribution
of multiple mechanisms.
3.11 Application in simulated wastewater: adsorption
efficiency, desorption, and reusability

The practical applicability of MW/LB, ZW/LB, and ZMW/LB
composites was evaluated using simulated wastewater (SWW)
containing common competing ions (Na+, Ca2+, and Mg2+) in
the presence of aniline blue. All composites maintained high
removal efficiencies under these complex conditions, conrm-
ing their potential for real wastewater treatment (Table 10 and
Fig. 16).

However, a slight reduction in performance compared to
DIWwas observed, which can be attributed to ionic competition
and electrostatic screening effects that limit the accessibility of
active adsorption sites.76 Among the investigated materials,
ZMW/LB exhibited the highest removal efficiency in DIW
(89.16% ± 0.72), while ZW/LB demonstrated the best perfor-
mance in SWW (89.33% ± 1.92), indicating superior resistance
to ionic interference. In contrast, MW/LB showed comparatively
lower removal efficiencies (80.73%± 1.10 in DIW and 83.07%±

1.56 in SWW) but exhibited more stable behaviour in the
RSC Adv., 2026, 16, 28452–28481 | 28471
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Table 10 Removal efficiency of adsorbents (MW/LB, ZW/LB, and
ZMW/LB) in removing AB from DIW and SWWa

Composite % removal (DIW) � SD* % removal (SWW) � SD*

MW/LB 80.73 � 1.1015 83.07 � 1.5653
ZW/LB 87.05 � 0.4802 89.33 � 1.9269
ZMW/LB 89.16 � 0.7287 85.98 � 0.3905

a Each experiment was repeated three times.

Fig. 16 Removal efficiency of adsorbents (MW/LB, ZW/LB, and ZMW/
LB) for removing AB from DIW and SWW.
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presence of competing ions. The slight decrease in ZMW/LB
performance in SWW (85.98% ± 0.39) suggests that bimetallic
systems, despite their high adsorption capacity, are more
sensitive to ionic competition due to increased surface
heterogeneity.

To further assess practical applicability, adsorption–
desorption experiments were conducted over ve successive
cycles using 0.1 M NaOH as the desorbing agent (Fig. 17). All
composites exhibited relatively high desorption efficiencies (75–
90%), indicating that the adsorption process is largely revers-
ible and governed predominantly by weak interactions such as
electrostatic attraction, p–p interactions, and hydrogen
bonding.77

The reusability study revealed a gradual decrease in removal
efficiency across repeated cycles, commonly attributed to
incomplete desorption and progressive occupation of active
Fig. 17 Reusability and desorption of adsorbents (MW/LB, ZW/LB, and Z

28472 | RSC Adv., 2026, 16, 28452–28481
sites. As shown in Fig. 17, the adsorbents retained more than
95% of their initial removal efficiency aer ve adsorption–
desorption cycles, demonstrating excellent structural stability
and regeneration capability. A clear trade-off between adsorp-
tion capacity and regeneration behavior was observed. ZMW/LB
showed superior adsorption performance under ideal condi-
tions due to enhanced surface heterogeneity and synergistic
interactions between Zn and Mn active sites. However, this
heterogeneity also results in increased sensitivity to ionic
competition and slightly reduced regeneration efficiency. In
contrast, ZW/LB exhibited the most stable performance in SWW
and the highest reversibility, suggesting more uniform and
accessible active sites. MW/LB, although less efficient, demon-
strated stronger dye binding and lower desorption efficiency,
indicating a greater contribution of surface complexation
mechanisms.

From a practical and environmental perspective, the regen-
eration process involves the use of NaOH, leading to the
generation of secondary alkaline effluent containing desorbed
dye and dissolved ions.77 While regeneration reduces solid
adsorbent consumption and enhances sustainability, appro-
priate treatment of this effluent is necessary to prevent
secondary environmental contamination.76 Furthermore, it
should be noted that the present study is limited to ve
regeneration cycles, and extended cycling is required to fully
evaluate long-term stability and performance.

Overall, these ndings demonstrate that ZW/LB offers the
most favorable balance between adsorption efficiency, stability,
and resistance to ionic interference under realistic conditions,
while ZMW/LB provides higher adsorption capacity under
controlled environments. These results are consistent with the
mass balance and life cycle assessment analyses, highlighting
the importance of optimizing both adsorption performance and
operational stability for practical wastewater treatment
applications.
3.12 Multivariate interpretation: PCA analysis, correlation
matrix, and hierarchical cluster analysis

Multivariate statistical analysis was conducted to elucidate the
correlation between the physicochemical characteristics and
MW/LB) for removing AB from SWW.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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the performance of adsorption of the MW/LB, ZW/LB, and
ZMW/LB composites. According to Principal Component Anal-
ysis (PCA),78 the system can be reliably interpreted in a two-
dimensional multivariate space, as illustrated in Table 11, the
rst principal component PC1 explaining 76.24% of the total
variance and the second principal component PC2 corre-
sponding to 23.76%, both PC1 and PC2 fully represent the
dataset. PC1 was primarily associated with dye removal effi-
ciency in both pure aqueous and simulated wastewater solu-
tions, as well as textural characteristics such as BET surface
area, total pore volume, and average pore diameter.32,79 The
dominance of structural parameters observed in PC1 is
consistent with previous studies reporting that the adsorption
efficiency of biochar-based adsorbents is strongly governed by
surface area, pore structure, and functional groups that facili-
tate electrostatic attraction and p–p interactions with dye
molecules.80,81

In contrast, reusability showed a strong negative loading,
suggesting an inverse relationship between adsorption effi-
ciency and material stability. These results reveal the presence
of a typical efficiency recyclability trade-off commonly observed
in porous adsorbent systems. PC2 was mainly inuenced by
pHpzc, highlighting the signicance of surface charge and
electrostatic interactions in controlling adsorption behavior,
particularly in the presence of competing ions in simulated
wastewater. The investigated materials were clearly distin-
guished by the PCA score plot (Fig. 18A), ZW/LB was positioned
in the positive PC1 region, conrming its notable adsorption
ability, which is due to its well-developed pore structure and
high surface area. Conversely, MW/LB appeared in the negative
PC1 region, reecting lower removal efficiency but higher
reusability. ZMW/LB occupied an intermediate position with
relatively higher PC2 values, indicating that its adsorption
Table 11 PCA score and loading value for MW/LB, ZW/LB, and ZMW/
LB

PCA score PC1 PC2

MW/LB −2.54 −0.46
ZW/LB 1.98 −1.00
ZMW/LB 0.56 1.46

Loading PC1 PC2

BET surface area 0.3790 0.3743
Total pore volume 0.4116 −0.2398
Average pore
diameter

0.4131 −0.2314

Removal water 0.3679 0.4085
Removal simulated 0.4191 −0.1934
Reusability −0.3822 −0.3640
pHpzc −0.2429 0.6418
Eigenvalue 5.34 1.66
Cumulative
percentage

76.24 23.76

Cumulation 76.24 100

© 2026 The Author(s). Published by the Royal Society of Chemistry
behavior is more strongly affected by surface chemistry and
electrostatic interactions.

The correlation matrix analysis81 further veried the results
obtained, as shown in Fig. 18B, which revealed extremely strong
positive correlations between structural parameters and
removal efficiency, while reusability showed strong negative
correlations with most adsorption-related variables. These
relationships conrm that surface accessibility and pore struc-
ture are strongly dependent on adsorption capacity.

Hierarchical cluster analysis (HCA) was performed82 to
evaluate the similarity relationships among the materials. The
dendogram (Fig. 18C) showed that ZW/LB and ZMW/LB cluster
together, indicating a high degree of similarity in their struc-
tural characteristics and adsorption performance. In contrast,
MW/LB formed a separate cluster at a higher linkage distance,
conrming its distinct physicochemical properties and
adsorption ability. The clustering pattern is completely consis-
tent with the PCA results. From a mechanistic perspective,
multivariate analysis indicates that dye removal is primarily
governed by pore-lling and surface adsorption processes
related to textural characteristics (PC1). On the other hand, the
adsorption mechanism enhances electrostatic interactions
related to surface charge characteristics (PC2).

As a result, the adsorption process is probably involved in
a combination of electrostatic attraction or repulsion based on
the pH, physical adsorption inside the porous structure, and
potential p–p interactions between dye molecules and the
carbon-based framework. These ndings support the consistent
with adsorption behavior described by pseudo-second-order
kinetics and Langmuir–Freundlich isotherm models, suggest-
ing the coexistence of monolayer adsorption and heterogeneous
surface interactions. The robustness of the PCA model was
veried using Hotelling's T2 statistics and Q residual analysis.83

All samples exhibited T2 values of approximately 1.33, which are
signicantly below the critical limit at the 95% condence level,
conrming the absence of outliers, as illustrated in Fig. 18D. In
addition, Q residual values were negligible due to the complete
variance explanation by the rst two principal components,
indicating an excellent model t. The Hotelling's T2 versus Q
residual plot further conrmed that all observations lie within
the acceptable model boundaries, demonstrating that the
multivariate model is statistically reliable and stable.

Overall, the combined PCA, correlation matrix, and hierar-
chical clustering analyses consistently demonstrate that
textural properties represent the dominant factors governing
adsorption efficiency, while surface chemistry plays a secondary
but important role in regulating adsorption behavior and
recyclability of the investigated composites.
3.13 Comparison with previously reported adsorbents

The adsorption performance of the synthesized composites was
compared with previously reported tungstate-based and
biochar-based adsorbents, as summarized in Table 12. Litera-
ture reports indicate that tungstate materials such as ZnWO4,
ZnWO4@BCN/N,25 and MnWO4 (ref. 30) typically exhibit
RSC Adv., 2026, 16, 28452–28481 | 28473
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Fig. 18 (A) PCA Loading score PC1 and PC2, (B) correlation heatmap, (C) hierarchical cluster analysis (HCA), and (D) Hotelling's T2 vs. Q residuals
plot for PCA model validation.
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adsorption capacities in the range of (218–251 mg g−1) for
cationic dyes.

In contrast, conventional adsorbents such as magnesium
silicate nanoparticles,6 magnetic biochar,84 activated carbon,85

and modied biochar86 generally show lower adsorption
capacities (27.10–86.95 mg g−1) for dyes such as aniline, aniline
blue, and methylene blue.

In comparison, the composites developed in this study
exhibited signicantly enhanced adsorption performance
toward anionic aniline blue, with maximum adsorption capac-
ities of 276.90 mg g−1 for MW/LB, 597.99 mg g−1 for ZW/LB, and
586.97mg g−1 for ZMW/LB. The superior performance of ZW/LB
and ZMW/LB can be attributed to the synergistic combination
Table 12 Comparison of the maximum adsorption capacities of differen

Adsorbent Dye
Qmax

(mg g−1)

Magnesium silicate nanoparticles Aniline blue 27.32
Magnetic biochar Aniline 38.67
Activated carbon Aniline 27.10
Modied biochar Methylene blue 86.95
ZnWO4 Malachite green 218.64
ZnWO4@BCN/N Malachite green 251.75
MnWO4 Methylene blue 250

Rhodamine B 230
MW/LB Aniline blue 276.90
ZW/LB Aniline blue 597.99
ZMW/LB Aniline blue 586.97

28474 | RSC Adv., 2026, 16, 28452–28481
of metal tungstate nanoparticles and the porous biochar matrix,
which enhances surface reactivity, increases the number of
accessible adsorption sites, and improves mass transfer
through the porous structure.

Furthermore, adsorption occurs under mild conditions (pH
z 5, 298 K) and reaches equilibrium within 120 min, support-
ing the practical applicability of the developed materials.
Although the Langmuir model provided a good t to the equi-
librium data, indicating predominant monolayer adsorption,
the overall adsorption behavior is governed by a combination of
surface interactions and diffusion processes rather than
a single mechanism.
t adsorbents for dye removal reported in the literature

pH
Contact time
(min) T(K)

Surface area
(m2 g−1) Reference

4 30 298 90.75 6
3 300 318 118 84
7 120 308 1070 85
7 30 300 323.04 86
8 50 323 24.74 25
8 50 323 45.44
3 10 298 42 30
3 2 298 42
5 120 298 9.83 This study
5 120 298 26.942 This study
5 120 298 31.2 This study

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Overall, the results demonstrate that the synthesized
composites, particularly ZW/LB and ZMW/LB, outperformmany
previously reported adsorbents, highlighting their strong
potential as efficient and sustainable materials for wastewater
treatment.
4 Greenness of the adsorption
method and life cycle assessment

To evaluate the environmental sustainability of the proposed
adsorption system, a combination of green analytical chemistry
metrics (Eco-Scale, AGREE, and GAPI) and a simplied life cycle
perspective was applied. While Eco-Scale, AGREE, and GAPI
provide valuable insight into the greenness of the analytical and
experimental procedures, they do not fully capture the overall
environmental impact of material synthesis and application.
Therefore, additional discussion on energy consumption,
chemical usage, and lifecycle considerations is included to
provide a more comprehensive sustainability assessment.
4.1 Eco-scale assessment

The Eco-scale approach, which determine a numerical score
based on ideal green conditions (100) minus penalty points for
non-green aspects, was used to further quantify the greenness
of the method.33 The penalties for the current study were
assigned for: the use of moderately hazardous dye (5 points),
inorganic salts (4 points), energy consumption (2 points), waste
generation (4 points), instrumental usage (1 point), and energy-
intensive adsorbent preparation (8 points). As illustrated in
Table 13, the total penalty points amounted to 24, resulting in
an Eco-scale score of 76, this score classies the method as
excellent green. However, it is important to note that the major
contribution to the penalty score arises from the synthesis
stage, particularly the hydrothermal treatment at 160–170 °C,
which requires signicant energy input.
Fig. 19 AGREE and GAPI diagrams illustrating the greenness profile of
the adsorption method.
4.2 AGREE assessment

The AGREE metric was used, which is based on the 12 princi-
ples of green analytical chemistry method to evaluate the
method.34 As shown in Fig. 19, the calculated AGREE score was
0.74, indicating good environmental performance. The method
exhibits several environmentally favorable aspects, including
the use of water as a solvent, elimination of complex sample
Table 13 Echo scale for the proposed method

Category

(1) Chemical used Aniline blue
Salts (NaCl, CaC

(2) Energy consumption Stirring/shaking
(3) Waste generation Aqueous waste
(4) Instrumentation Simple batch se
(5) Adsorbent synthesis Biochar + metal
Excellent green >75 Total penalty

Echo scale

© 2026 The Author(s). Published by the Royal Society of Chemistry
preparation steps, and minimal chemical consumption.
However, certain limitations affecting the score include: use of
synthetic dye and inorganic salts, energy consumption during
adsorbent synthesis, and generation of regeneration effluent.
Despite these factors, the high reusability of the adsorbents
(>90% removal efficiency aer multiple cycles) signicantly
improves the overall sustainability by reducing material
consumption.
4.3 GAPI assessment

The environmental impact across all procedural steps is
graphically displayed utilizing GAPI. A traffic-light color scheme
(red = high impact, yellow = moderate impact, green = low
impact) was used to evaluate each of the 15 aspects, including
sample type, sample size, reagent type, solvent type, energy
consumption, waste production, and occupational hazard.35

The GAPI evaluation provides a qualitative visualization of
environmental impact across the entire procedure. Most stages
were classied as green, particularly solvent use, sample prep-
aration, and waste volume. Moderate environmental impact
(yellow zones) was associated with: reagent toxicity (aniline
blue), energy requirements during synthesis, and waste treat-
ment aer adsorption/desorption, as shown in Fig. 19. Overall,
GAPI conrms that the method has a low-to-moderate envi-
ronmental footprint, with the synthesis step representing the
main environmental burden.

The combined evaluation using AGREE, Eco-Scale, and GAPI
demonstrates that the proposed adsorption-based method is
efficient, environmentally sustainable, and appropriate for
Penalty

5
l2, MgSO4) 4

2
(no organic solvents) 3
tup 1
s (Zn, Mn) heating/calcination 8

24
76
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Table 14 Environmental impact per functional unit and life cycle assessment

Adsorbent Qmax (mg g−1) Qmax (g g−1) CO2 (kg per kg adsorbent) CO2 per g dye removed (kg kg−1)

MW/LB 291.43 0.291 4.0025 13.75
ZW/LB 426.42 0.426 4.0027 9.39
ZMW/LB 318.86 0.319 4.0025 12.55
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green wastewater treatment applications. The use of water as
a solvent, minimal chemical consumption, energy-efficient
operation, and high adsorbent reusability collectively enhance
the environmental performance of the method. The overall
assessment conrms that the methodology is in good align-
ment with the principles of green chemistry, while certain steps,
such as material synthesis and the use of moderately hazardous
dyes, slightly reduce greenness.
4.4 Life cycle assessment (LCA)

To provide a more comprehensive evaluation of environmental
sustainability beyond green analytical metrics, a simplied life
cycle assessment (LCA)87 was conducted by considering both
energy consumption and chemical inputs during adsorbent
synthesis. This approach allows for a more realistic assessment
of environmental impact compared to Eco-Scale, AGREE, and
GAPI, which primarily focus on procedural greenness. The total
energy consumption for the synthesis of the adsorbents was
estimated at approximately 8 kWh, including pyrolysis (4 kWh),
hydrothermal treatment (3 kWh), and drying (1 kWh), as shown
in Table S4.

In addition, the consumption of precursor chemicals such as
MnCl2, Zn(NO3)2, Na2WO4, and NaOH was taken into account
using standard CO2 emission factors88 (Table S5). Based on
these inputs, the total carbon footprint for all synthesized
composites was calculated to be approximately 4.00 kg CO2 per
kg adsorbent, with negligible variation among MW/LB, ZW/LB,
and ZMW/LB. Although the total CO2 emissions per unit mass
of adsorbent are nearly identical (Table S6), signicant differ-
ences emerge when the environmental impact is normalized to
adsorption performance.

By relating CO2 emissions to the maximum adsorption
capacity (Qmax), the environmental efficiency of each material
was evaluated in terms of kg CO2 per kg dye removed. The
calculated values were 13.75 kg CO2 per kg dye for MW/LB, 9.39
kg CO2 per kg dye for ZW/LB, and 12.55 kg CO2 per kg dye for
ZMW/LB, as shown in Table 14. These results demonstrate that
adsorption capacity is the primary factor controlling environ-
mental performance, rather than synthesis-related emissions.
The superior environmental efficiency of ZW/LB is attributed to
its higher adsorption capacity, which reduces the required
adsorbent dosage and overall material consumption. In
contrast, MW/LB exhibits the highest environmental impact per
functional unit due to its lower adsorption efficiency, despite
having a similar synthesis footprint. The bimetallic ZMW/LB
composite shows intermediate behavior, reecting a balance
between enhanced adsorption performance and increased
28476 | RSC Adv., 2026, 16, 28452–28481
compositional complexity. It should be noted that the present
LCA represents a simplied estimation and does not include all
lifecycle stages, such as large-scale production, transportation,
or end-of-life treatment. Furthermore, the regeneration process
involving NaOH may contribute to secondary environmental
impacts through the generation of alkaline wastewater con-
taining desorbed dye and dissolved ions.87,89

Overall, the results indicate that ZW/LB offers the most
favorable environmental performance when adsorption effi-
ciency and lifecycle considerations are jointly evaluated. These
ndings highlight that improving adsorption capacity and
optimizing material utilization are key strategies for mini-
mizing the environmental footprint of adsorption-based
wastewater treatment systems.
5 Conclusion

Three biochar-based nanocomposites, MW/LB, ZW/LB, and the
bimetallic ZMW/LB (Zn0.1Mn0.9WO4/biochar), were successfully
synthesized via a simple and cost-effective route and evaluated
for the removal of aniline blue from aqueous systems. The
incorporation of MnWO4 and ZnWO4 into the biochar matrix
signicantly enhanced adsorption performance through
improved surface functionality, increased porosity, and greater
accessibility of active sites. The adsorption behavior was
strongly inuenced by water chemistry. Under ideal conditions
(deionized water), ZMW/LB exhibited the highest removal effi-
ciency due to synergistic effects between Zn and Mn species.
However, under simulated wastewater conditions, ZW/LB
demonstrated superior performance, indicating greater resis-
tance to ionic interference. MW/LB showed lower adsorption
efficiency but more stable behavior, suggesting stronger yet
fewer active binding sites. All composites exhibited good reus-
ability, retaining more than 95% of their initial removal effi-
ciency aer ve cycles, with desorption efficiencies ranging
from 75% to 90%.

The results indicate that adsorption is predominantly gov-
erned by reversible interactions, enabling effective regenera-
tion. From a practical perspective, mass balance analysis
conrmed that Zn-containing composites require lower adsor-
bent dosages, while preliminary cost estimation supports their
economic feasibility. Environmental assessment further
revealed that, although synthesis-related impacts are similar,
signicant differences arise when normalized to adsorption
performance. In this context, ZW/LB exhibited the lowest envi-
ronmental footprint per unit of dye removed, highlighting the
critical role of adsorption efficiency in determining overall
sustainability. Overall, ZW/LB emerges as the most promising
© 2026 The Author(s). Published by the Royal Society of Chemistry
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material for practical wastewater treatment, offering an optimal
balance between adsorption efficiency, stability, and environ-
mental performance. This study underscores the importance of
integrating material design, operational conditions, and life-
cycle considerations in the development of sustainable
adsorption systems.
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J. Namieśnik, Analytical Eco-Scale for assessing the
greenness of analytical procedures, TrAC, Trends Anal.
Chem., 2012, 37, 61–72, DOI: 10.1016/j.trac.2012.03.013.

34 F. Pena-Pereira, W. Wojnowski and M. Tobiszewski, AGREE-
Analytical GREEnness Metric Approach and Soware, Anal.
Chem., 2020, 92, 10076–10082, DOI: 10.1021/
acs.analchem.0c01887.

35 J. Płotka-Wasylka, A new tool for the evaluation of the
analytical procedure: Green Analytical Procedure Index,
Talanta, 2018, 181, 204–209, DOI: 10.1016/
j.talanta.2018.01.013.

36 S. Soudagar, S. Akash, M. Sree Venkat, V. Rao Poiba and
M. Vangalapati, Adsorption of methylene blue dye on nano
graphene oxide-thermodynamics and kinetic studies,
Mater. Today Proc., 2022, 59, 667–672, DOI: 10.1016/
j.matpr.2021.12.199.
© 2026 The Author(s). Published by the Royal Society of Chemistry

https://doi.org/10.1007/s13738-025-03300-1
https://doi.org/10.1038/s41598-025-97588-x
https://doi.org/10.1039/D5EM00404G
https://doi.org/10.1039/D5EM00404G
https://doi.org/10.1016/j.molliq.2025.128278
https://doi.org/10.1039/D5RA08890A
https://doi.org/10.1016/j.snb.2024.135478
https://doi.org/10.1016/j.vibspec.2011.12.010
https://doi.org/10.1016/j.vibspec.2011.12.010
https://doi.org/10.1016/j.jphotochem.2020.113002
https://doi.org/10.1016/j.colcom.2022.100591
https://doi.org/10.1016/j.electacta.2025.145895
https://doi.org/10.1016/j.electacta.2025.145895
https://doi.org/10.1016/j.ccr.2025.217521
https://doi.org/10.1016/j.ccr.2025.217521
https://doi.org/10.1016/j.heliyon.2023.e19167
https://doi.org/10.1016/j.heliyon.2023.e19167
https://doi.org/10.1016/j.jpowsour.2025.238287
https://doi.org/10.1016/j.jpowsour.2025.238287
https://doi.org/10.3390/w10020182
https://doi.org/10.3390/w10020182
https://doi.org/10.1016/j.heliyon.2024.e29573
https://doi.org/10.1016/j.cap.2015.03.022
https://doi.org/10.1016/j.cap.2015.03.022
https://doi.org/10.1039/C4RA07618D
https://doi.org/10.1007/s10924-025-03700-7
https://doi.org/10.3390/gels8070447
https://doi.org/10.1016/j.trac.2012.03.013
https://doi.org/10.1021/acs.analchem.0c01887
https://doi.org/10.1021/acs.analchem.0c01887
https://doi.org/10.1016/j.talanta.2018.01.013
https://doi.org/10.1016/j.talanta.2018.01.013
https://doi.org/10.1016/j.matpr.2021.12.199
https://doi.org/10.1016/j.matpr.2021.12.199
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ra02562e


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
M

ay
 2

02
6.

 D
ow

nl
oa

de
d 

on
 5

/2
9/

20
26

 6
:4

5:
52

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
37 A. A. kaka Mohammed, K. J. J. Al-Salihi and R. F. HamaRawf,
Synthesis, characterization, and application of low-cost Mg-
Al/CO3 and Ni-Al/CO3 layered double hydroxides (LDHs) as
adsorbents for the removal of aniline blue dye from
aqueous solutions: adsorption isotherms, kinetics, and
thermodynamic studies, RSC Adv., 2025, 15, 27630, DOI:
10.1039/D5RA04856G.

38 H. Ouachtak, A. El Guerdaoui, R. El Haouti, R. Haounati,
H. Ighnih, Y. Toubi, F. Alakhras, R. Rehman, N. Had,
A. A. Addi and M. L. Taha, Combined molecular dynamics
simulations and experimental studies of the removal of
cationic dyes on the eco-friendly adsorbent of activated
carbon decorated montmorillonite Mt@AC, RSC Adv.,
2023, 13, 5027, DOI: 10.1039/D2RA08059A.

39 D. Rallet, A. Paltahe, C. Tsamo and B. Loura, Synthesis of
clay-biochar composite for glyphosate removal from
aqueous solution, Heliyon, 2022, 8, e09112, DOI: 10.1016/
j.heliyon.2022.e09112.

40 J. O. Tijani, M. N. Abdullahi, M. T. Bankole, S. Mustapha,
T. C. Egbosiuba, M. M. Ndamitso, A. S. Abdulkareem and
E. Muzenda, Photocatalytic and toxicity evaluation of local
dyeing wastewater by aluminium/boron doped WO3
nanoparticles, J. Water Process Eng., 2021, 44, 102376, DOI:
10.1016/j.jwpe.2021.102376.

41 S. Karthikadevi, S. Mullainathan, N. Jabena Begum,
S. Manimaran, N. Muruganantham, R. Govindharaju and
K. Ravichandran, Multiple synergistic benets of the
composite partners ZnWO4 and activated carbon:
Augmented photocatalytic performance, Inorg. Chem.
Commun., 2025, 181, 115204, DOI: 10.1016/
j.inoche.2025.115204.

42 S. L. Prabavathi, K. Saravanakumar, G. Mamba and
V. Muthuraj, 1D/2D MnWO4 nanorods anchored on g-
C3N4 nanosheets for enhanced photocatalytic degradation
ooxacin under visible light irradiation, Colloids Surf., A,
2019, 581, 123845, DOI: 10.1016/j.colsurfa.2019.123845.

43 Y. Verma, M. Naushad, A. Garćıa-Peñas, A. Kumar,
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adsorption onto mesoporous materials: pH inuence,
28480 | RSC Adv., 2026, 16, 28452–28481
kinetics and equilibrium in buffered and saline media, J.
Environ. Manag., 2014, 146, 355–361, DOI: 10.1016/
j.jenvman.2014.07.041.
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82 J. Lladó, F. López, J. M. Rossell, C. Lao-Luque, R. R. Gil,
E. Fuente and B. Ruiz, Multivariate analysis of
pharmaceutical pollutants adsorption in aqueous media
with tailored waste-based carbonaceous adsorbent
materials and commercial activated carbons, Sustain.
Chem. Pharm., 2024, 38, 101453, DOI: 10.1016/
j.scp.2024.101453.

83 A. Zaffar, M. R. Prabhakar, S. Jayaraman, C. Liu and
P. Balasubramanian, Multivariate Optimization of
Electrochemical Struvite Precipitation from Wastewater
Using Principal Component Analysis, ACS ES&T Water,
2025, 5, 2361–2372, DOI: 10.1021/acsestwater.4c01254.

84 S. Sutar and J. Jadhav, A comparative assessment of the
methylene blue dye adsorption capacity of natural biochar
versus chemically altered activated carbons, Bioresour.
Technol. Rep., 2024, 25, 101726, DOI: 10.1016/
j.biteb.2023.101726.
© 2026 The Author(s). Published by the Royal Society of Chemistry
85 Y. Gu, Y. Xue and D. Zhang, Adsorption of aniline by
magnetic biochar with high magnetic separation efficiency,
Environ. Pollut. Bioavailab., 2021, 33, 66–75, DOI: 10.1080/
26395940.2021.1920469.

86 H. Li, L. Liu, J. Cui, J. Cui, F. Wang and F. Zhang, High-
efficiency adsorption and regeneration of methylene blue
and aniline onto activated carbon from waste edible
fungus residue and its possible mechanism, RSC Adv.,
2020, 10, 14262, DOI: 10.1039/D0RA01245A.

87 J. Artz, T. E. Müller, K. Thenert, J. Kleinekorte, R. Meys,
A. Sternberg, A. Bardow and W. Leitner, Sustainable
Conversion of Carbon Dioxide: An Integrated Review of
Catalysis and Life Cycle Assessment, Chem. Rev., 2018, 118,
434–504, DOI: 10.1021/acs.chemrev.7b00435.

88 R. G. Grim, A. Badgett, W. A. Braunecker, M. T. Guarnieri,
S. E. Habas, C. Hahn, K. Neyerlin, A. Prajapati, D. A. Ruddy
and R. Z. Walker, The Chemistry of CO2 Conversion: A
Review, Chem. Rev., 2026, 126, 5028–5082, DOI: 10.1021/
acs.chemrev.5c00361.

89 J. Saleem, Z. Khalid Baig Moghal, F. Tahir, T. Al-Ansari,
A. I. Osman and G. McKay, Life cycle assessment of high-
value activated carbon production based on mass and
functional performance metrics, Sci. Rep., 2025, 15, 32797,
DOI: 10.1038/s41598-025-16300-1.
RSC Adv., 2026, 16, 28452–28481 | 28481

https://doi.org/10.1039/D3RA00680H
https://doi.org/10.1039/D3RA00680H
https://doi.org/10.3390/gels9040327
https://doi.org/10.1016/j.scp.2024.101453
https://doi.org/10.1016/j.scp.2024.101453
https://doi.org/10.1021/acsestwater.4c01254
https://doi.org/10.1016/j.biteb.2023.101726
https://doi.org/10.1016/j.biteb.2023.101726
https://doi.org/10.1080/26395940.2021.1920469
https://doi.org/10.1080/26395940.2021.1920469
https://doi.org/10.1039/D0RA01245A
https://doi.org/10.1021/acs.chemrev.7b00435
https://doi.org/10.1021/acs.chemrev.5c00361
https://doi.org/10.1021/acs.chemrev.5c00361
https://doi.org/10.1038/s41598-025-16300-1
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ra02562e

	Synergetic mono- and bimetallic tungstatetnqh_x2013biochar composites for efficient adsorptive removal of aniline blue from simulated wastewater: reusability, multivariate analysis, and greenness assessment
	Synergetic mono- and bimetallic tungstatetnqh_x2013biochar composites for efficient adsorptive removal of aniline blue from simulated wastewater: reusability, multivariate analysis, and greenness assessment
	Synergetic mono- and bimetallic tungstatetnqh_x2013biochar composites for efficient adsorptive removal of aniline blue from simulated wastewater: reusability, multivariate analysis, and greenness assessment
	Synergetic mono- and bimetallic tungstatetnqh_x2013biochar composites for efficient adsorptive removal of aniline blue from simulated wastewater: reusability, multivariate analysis, and greenness assessment
	Synergetic mono- and bimetallic tungstatetnqh_x2013biochar composites for efficient adsorptive removal of aniline blue from simulated wastewater: reusability, multivariate analysis, and greenness assessment
	Synergetic mono- and bimetallic tungstatetnqh_x2013biochar composites for efficient adsorptive removal of aniline blue from simulated wastewater: reusability, multivariate analysis, and greenness assessment
	Synergetic mono- and bimetallic tungstatetnqh_x2013biochar composites for efficient adsorptive removal of aniline blue from simulated wastewater: reusability, multivariate analysis, and greenness assessment
	Synergetic mono- and bimetallic tungstatetnqh_x2013biochar composites for efficient adsorptive removal of aniline blue from simulated wastewater: reusability, multivariate analysis, and greenness assessment
	Synergetic mono- and bimetallic tungstatetnqh_x2013biochar composites for efficient adsorptive removal of aniline blue from simulated wastewater: reusability, multivariate analysis, and greenness assessment
	Synergetic mono- and bimetallic tungstatetnqh_x2013biochar composites for efficient adsorptive removal of aniline blue from simulated wastewater: reusability, multivariate analysis, and greenness assessment
	Synergetic mono- and bimetallic tungstatetnqh_x2013biochar composites for efficient adsorptive removal of aniline blue from simulated wastewater: reusability, multivariate analysis, and greenness assessment
	Synergetic mono- and bimetallic tungstatetnqh_x2013biochar composites for efficient adsorptive removal of aniline blue from simulated wastewater: reusability, multivariate analysis, and greenness assessment
	Synergetic mono- and bimetallic tungstatetnqh_x2013biochar composites for efficient adsorptive removal of aniline blue from simulated wastewater: reusability, multivariate analysis, and greenness assessment

	Synergetic mono- and bimetallic tungstatetnqh_x2013biochar composites for efficient adsorptive removal of aniline blue from simulated wastewater: reusability, multivariate analysis, and greenness assessment
	Synergetic mono- and bimetallic tungstatetnqh_x2013biochar composites for efficient adsorptive removal of aniline blue from simulated wastewater: reusability, multivariate analysis, and greenness assessment
	Synergetic mono- and bimetallic tungstatetnqh_x2013biochar composites for efficient adsorptive removal of aniline blue from simulated wastewater: reusability, multivariate analysis, and greenness assessment
	Synergetic mono- and bimetallic tungstatetnqh_x2013biochar composites for efficient adsorptive removal of aniline blue from simulated wastewater: reusability, multivariate analysis, and greenness assessment
	Synergetic mono- and bimetallic tungstatetnqh_x2013biochar composites for efficient adsorptive removal of aniline blue from simulated wastewater: reusability, multivariate analysis, and greenness assessment
	Synergetic mono- and bimetallic tungstatetnqh_x2013biochar composites for efficient adsorptive removal of aniline blue from simulated wastewater: reusability, multivariate analysis, and greenness assessment
	Synergetic mono- and bimetallic tungstatetnqh_x2013biochar composites for efficient adsorptive removal of aniline blue from simulated wastewater: reusability, multivariate analysis, and greenness assessment
	Synergetic mono- and bimetallic tungstatetnqh_x2013biochar composites for efficient adsorptive removal of aniline blue from simulated wastewater: reusability, multivariate analysis, and greenness assessment
	Synergetic mono- and bimetallic tungstatetnqh_x2013biochar composites for efficient adsorptive removal of aniline blue from simulated wastewater: reusability, multivariate analysis, and greenness assessment
	Synergetic mono- and bimetallic tungstatetnqh_x2013biochar composites for efficient adsorptive removal of aniline blue from simulated wastewater: reusability, multivariate analysis, and greenness assessment
	Synergetic mono- and bimetallic tungstatetnqh_x2013biochar composites for efficient adsorptive removal of aniline blue from simulated wastewater: reusability, multivariate analysis, and greenness assessment
	Synergetic mono- and bimetallic tungstatetnqh_x2013biochar composites for efficient adsorptive removal of aniline blue from simulated wastewater: reusability, multivariate analysis, and greenness assessment
	Synergetic mono- and bimetallic tungstatetnqh_x2013biochar composites for efficient adsorptive removal of aniline blue from simulated wastewater: reusability, multivariate analysis, and greenness assessment
	Synergetic mono- and bimetallic tungstatetnqh_x2013biochar composites for efficient adsorptive removal of aniline blue from simulated wastewater: reusability, multivariate analysis, and greenness assessment
	Synergetic mono- and bimetallic tungstatetnqh_x2013biochar composites for efficient adsorptive removal of aniline blue from simulated wastewater: reusability, multivariate analysis, and greenness assessment
	Synergetic mono- and bimetallic tungstatetnqh_x2013biochar composites for efficient adsorptive removal of aniline blue from simulated wastewater: reusability, multivariate analysis, and greenness assessment
	Synergetic mono- and bimetallic tungstatetnqh_x2013biochar composites for efficient adsorptive removal of aniline blue from simulated wastewater: reusability, multivariate analysis, and greenness assessment
	Synergetic mono- and bimetallic tungstatetnqh_x2013biochar composites for efficient adsorptive removal of aniline blue from simulated wastewater: reusability, multivariate analysis, and greenness assessment
	Synergetic mono- and bimetallic tungstatetnqh_x2013biochar composites for efficient adsorptive removal of aniline blue from simulated wastewater: reusability, multivariate analysis, and greenness assessment
	Synergetic mono- and bimetallic tungstatetnqh_x2013biochar composites for efficient adsorptive removal of aniline blue from simulated wastewater: reusability, multivariate analysis, and greenness assessment
	Synergetic mono- and bimetallic tungstatetnqh_x2013biochar composites for efficient adsorptive removal of aniline blue from simulated wastewater: reusability, multivariate analysis, and greenness assessment
	Synergetic mono- and bimetallic tungstatetnqh_x2013biochar composites for efficient adsorptive removal of aniline blue from simulated wastewater: reusability, multivariate analysis, and greenness assessment
	Synergetic mono- and bimetallic tungstatetnqh_x2013biochar composites for efficient adsorptive removal of aniline blue from simulated wastewater: reusability, multivariate analysis, and greenness assessment
	Synergetic mono- and bimetallic tungstatetnqh_x2013biochar composites for efficient adsorptive removal of aniline blue from simulated wastewater: reusability, multivariate analysis, and greenness assessment
	Synergetic mono- and bimetallic tungstatetnqh_x2013biochar composites for efficient adsorptive removal of aniline blue from simulated wastewater: reusability, multivariate analysis, and greenness assessment
	Synergetic mono- and bimetallic tungstatetnqh_x2013biochar composites for efficient adsorptive removal of aniline blue from simulated wastewater: reusability, multivariate analysis, and greenness assessment
	Synergetic mono- and bimetallic tungstatetnqh_x2013biochar composites for efficient adsorptive removal of aniline blue from simulated wastewater: reusability, multivariate analysis, and greenness assessment
	Synergetic mono- and bimetallic tungstatetnqh_x2013biochar composites for efficient adsorptive removal of aniline blue from simulated wastewater: reusability, multivariate analysis, and greenness assessment
	Synergetic mono- and bimetallic tungstatetnqh_x2013biochar composites for efficient adsorptive removal of aniline blue from simulated wastewater: reusability, multivariate analysis, and greenness assessment
	Synergetic mono- and bimetallic tungstatetnqh_x2013biochar composites for efficient adsorptive removal of aniline blue from simulated wastewater: reusability, multivariate analysis, and greenness assessment
	Synergetic mono- and bimetallic tungstatetnqh_x2013biochar composites for efficient adsorptive removal of aniline blue from simulated wastewater: reusability, multivariate analysis, and greenness assessment
	Synergetic mono- and bimetallic tungstatetnqh_x2013biochar composites for efficient adsorptive removal of aniline blue from simulated wastewater: reusability, multivariate analysis, and greenness assessment

	Synergetic mono- and bimetallic tungstatetnqh_x2013biochar composites for efficient adsorptive removal of aniline blue from simulated wastewater: reusability, multivariate analysis, and greenness assessment
	Synergetic mono- and bimetallic tungstatetnqh_x2013biochar composites for efficient adsorptive removal of aniline blue from simulated wastewater: reusability, multivariate analysis, and greenness assessment
	Synergetic mono- and bimetallic tungstatetnqh_x2013biochar composites for efficient adsorptive removal of aniline blue from simulated wastewater: reusability, multivariate analysis, and greenness assessment
	Synergetic mono- and bimetallic tungstatetnqh_x2013biochar composites for efficient adsorptive removal of aniline blue from simulated wastewater: reusability, multivariate analysis, and greenness assessment
	Synergetic mono- and bimetallic tungstatetnqh_x2013biochar composites for efficient adsorptive removal of aniline blue from simulated wastewater: reusability, multivariate analysis, and greenness assessment

	Synergetic mono- and bimetallic tungstatetnqh_x2013biochar composites for efficient adsorptive removal of aniline blue from simulated wastewater: reusability, multivariate analysis, and greenness assessment
	Synergetic mono- and bimetallic tungstatetnqh_x2013biochar composites for efficient adsorptive removal of aniline blue from simulated wastewater: reusability, multivariate analysis, and greenness assessment
	Synergetic mono- and bimetallic tungstatetnqh_x2013biochar composites for efficient adsorptive removal of aniline blue from simulated wastewater: reusability, multivariate analysis, and greenness assessment
	Synergetic mono- and bimetallic tungstatetnqh_x2013biochar composites for efficient adsorptive removal of aniline blue from simulated wastewater: reusability, multivariate analysis, and greenness assessment
	Synergetic mono- and bimetallic tungstatetnqh_x2013biochar composites for efficient adsorptive removal of aniline blue from simulated wastewater: reusability, multivariate analysis, and greenness assessment


