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ABSTRACT
Batch adsorption experiments were carried out to evaluate the removal of Rhodamine B (RhB), a 
cationic dye, from synthetic wastewater using a multi-walled carbon nanotube/titanium dioxide 
(MWCNT/TiO2)-modified biochar composite (CBTM), with pristine biochar (CCB) as a reference. The 
effects of solution pH, contact time, adsorbent dosage, temperature, and initial dye concentration 
on adsorption performance were systematically investigated. Maximum RhB removal occurred at pH 
3, with equilibrium achieved after 180 min. Under these conditions, CBTM exhibited a higher 
adsorption capacity (31.43 mg·g−1) than CCB (17.31 mg·g−1) at 313 K. Equilibrium data were best 
described by the Freundlich isotherm, indicating multilayer adsorption on heterogeneous surfaces, 
while kinetic analysis showed that the pseudo-first-order model provided the most accurate fit, 
suggesting a physisorption-dominated process. Thermodynamic parameters (ΔG°, ΔH°, ΔS°) 
confirmed that the adsorption was spontaneous and endothermic. Interestingly, while CBTM 
demonstrated superior dye removal, antimicrobial assays revealed stronger bacterial inhibition by 
CCB. These results highlight the potential of CBTM for efficient dye removal and underscore the 
multifunctional capabilities of biochar-based adsorbents.

NOVELTY STATEMENT
This study presents a novel CNT/TiO2-modified biochar with enhanced dye adsorption capacity and 
explores its dual functionality by combining adsorption efficiency with antimicrobial activity. The 
integration of TiO2 nanomaterials onto biochar for RhB removal represents a promising advancement 
in multifunctional wastewater treatment materials.

Introduction

To attain a state of a healthy and pollutant-free aquatic eco-
system, global environmental policies are periodically modi-
fied to accommodate novel contaminants (Reid et  al. 2019). 
Hence, amplified consideration has been channeled to envi-
ronmental contamination in the last 10 years (Morin-Crini 
et  al. 2021). Additionally, intensive studies on the evaluation, 
chemistry, and amount of these contaminants in the water-
bodies have been conducted by numerous investigators 
(Rathi et  al. 2021). Hence, to mitigate irreversible damage to 
the ecosystem cycle, it is imperative to sequester or degrade 
hazardous organic chemicals to less harmful substances in 
the aquatic ecosystem (Morin-Crini et  al. 2022).

The release of untreated industrial and domestic wastewa-
ter into the water bodies has been identified as the major 
source of water contamination (Parida et  al. 2021). 
Meanwhile, a large fraction of wastewaters reflects the 
impact of color, suggesting concerns about dye-containing 

effluent (Al-Tohamy et  al. 2022). Interestingly, industries 
such as textiles, medicines, foods, paints, ceramics, pigments, 
and cosmetics are the major sources of dyestuff in the 
waterbodies (Samsami et  al. 2020). About 7 × 105 tons of 
dyestuff are manufactured yearly, and approximately 15% of 
these dyes are discharged as effluent (Dutta et  al. 2022; 
Shabir et  al. 2022). Owing to the structural architectures of 
these dyes, they are robustly stable and resistant to degrada-
tion (Waheed et  al. 2021). As a result, these persistent con-
taminants remain in industrial effluents, and once discharged, 
they render water bodies visibly polluted and unappealing 
(Shabir et  al. 2022; Khan et  al. 2023). On the other hand, 
light penetration into color-imparted waterbodies is impeded, 
resulting in significant alterations to aquatic ecosystems.

Rhodamine B (RhB) is a water-soluble basic red dye of 
the xanthene class (Vithalani and Bhatt 2022). It is a reddish 
violet powder that is significantly used as a water tracer flu-
orescent (Ratanpara et  al. 2025). Due to its massive 
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application in food and textiles, a study revealed that short 
exposure to RhB can cause respiratory tract, eyes, and skin 
irritation (Saravanan et  al. 2022). Meanwhile, a long-term 
exposure to RhB may result in persistent toxicity, carcinoge-
nicity, and reproductive impairment (Elliott et  al. 1990). 
Various biological and physicochemical treatment techniques 
have been employed for the elimination of colors from 
industrial effluents. Wastewater treatment techniques such as 
adsorption (Mousavi et  al. 2023), coagulation (Adeogun and 
Balakrishnan 2017), ion exchanges (Kumar 2019), advanced 
oxidation processes (Yang et al. 2019), biological (Abu Hasan 
et  al. 2020), electrochemical approaches (Wu et  al. 2019), 
precipitation, and membrane separation (Saleh and Ali 2018) 
have been significantly established for dye removal from 
aqueous media. Main drawbacks of the aforementioned tech-
niques include high volume chemical and reagent costs, sec-
ondary pollutant generation, easy degradation of the 
membrane, and complex operation (Saleh et  al. 2022; Sheng 
et  al. 2024).

Adsorption is recognized for its remarkable ability to 
remove synthetic dyes from wastewater. This method is 
widely regarded as both technically efficient and economi-
cally advantageous, enhancing the overall effectiveness of 
water treatment processes (Deng et al. 2021). Many research-
ers have reported on the application of adsorption in the 
removal of dyes (Wang et  al. 2020; Rathi and Kumar 2021). 
The efficacy of this technique is attributed to the nature and 
density of functional groups, the hierarchical pore structure, 
and the specific surface area of the adsorbent (Demiral et  al. 
2021; Feng et  al. 2021). Activated carbon has demonstrated 
superior potential in eliminating a variety of contaminants 
from wastewater and has gained popularity in the adsorp-
tion process (Jjagwe et  al. 2021; Azam et  al. 2022). However, 
a major drawback to the application of activated carbon is 
its cost of production and poor regeneration characteristics 
(Saputro et  al. 2020; Gkika et  al. 2022).

Hence, stakeholders have garnered greater attention 
toward the design of readily available and economically via-
ble adsorbents. Literature mining showed that a number of 
absorbents, including water chestnut peel (Khan et  al. 2013), 
red mud (Gupta et  al. 2004), Aleurites Moluccana (Postai 
et  al. 2016), composite beads (Hayeeye et  al. 2017), TiO2 
(Rajeev Jain et  al. 2007), nanoparticles (Motahari et  al. 
2015), walnut shells (Shah et  al. 2013) and activated carbon 
(Mousavi et  al. 2023) amongst others, have been employed 
for the elimination of RhB.

Biochar (BC) is a solid with a high carbon content that 
is produced by pyrolyzing biomass at high temperatures in a 
limited oxygen supply (Bella and Bendaikha 2022; Qin et  al. 
2022). Owing to its advantageous properties, including sur-
face modifiability, rapid synthesis, facile regeneration, and 
biocompatibility, biochar has found extensive applications 
across various industrial processes (Yang et al. 2020). Biochar 
has demonstrated excellent capacity for the removal of toxic 
pollutants via the adsorption technique (Ambaye et al. 2021). 
Prunus dulcis nuts are known for their massive health ben-
efits. Rosaceae, Prunus, and Plantae are the Family, Genus, 
and Kingdom of the Prunus dulcis plant (Gupta et  al. 2020; 
Khalid et  al. 2021). The nuts of Prunus dulcis are rich in 

calcium and phosphorus, which are essential for the wellness 
of bone health (Levent 2022). The nutshells of Prunus dulcis 
litter the environment after deshelling. On the contrary, 
Prunus dulcis nutshells exhibit good structural architecture 
that is beneficial for the fabrication of biochar (Shaikhiev 
et  al. 2021). Therefore, producing biochar from Prunus dul-
cis nutshells for environmental remediation not only valo-
rizes this biomass but also provides a sustainable adsorbent. 
It is important to note that the source of Prunus dulcis nut-
shells can influence reproducibility, as their chemical com-
position and structural properties may vary with geographic 
origin and cultivation conditions. In this study, we charac-
terized the physicochemical properties of the nutshells used, 
providing a reference for future research. This approach 
ensures comparability and reliability when using biomass 
from different regions. Titanium dioxide (TiO2), character-
ized by high thermal stability and low toxicity, is widely uti-
lized as an industrial pigment, disinfectant, and photocatalyst.
(Arun et  al. 2023). In environmental remediation practice, 
TiO2 has demonstrated excellent performance (Alsheheri 
2021; Krakowiak et  al. 2021). Hence, the fabrication of a 
composite using biochar and TiO2 is anticipated to sustain 
superior trapping capacity with disinfection characteristics.

This study aimed to examine the synergistic effect of syn-
thesized TiO2-supported Prunus dulcis nutshell biochar in 
the sequestration of RhB using varied adsorptive conditions 
for the sake of optimizing the uptake process. The investiga-
tion further probed into the antioxidants and antibacterial 
characteristics of the biochar and nanocomposite.

Materials and methods

Butyl titanate (Ti(OC4H9)4), sodium chloride, polyethylene 
glycol, rhodamine B, nitric acid, ethanol, acetic acid, hydro-
chloric acid, sulfuric acid, sodium hydroxide, and all other 
analytical reagent (AR) grade chemicals were procured from 
Sigma-Aldrich and used without further purification. Prunus 
dulcis nutshells, utilized as a precursor material, were 
obtained from Orieagu Market in Umuakagu-Nsu, located in 
the Ehime Mbano Local Government Area of Imo State, 
Nigeria.

Preparation of biomass

Ground Prunus dulcis nutshells were used as the biowaste 
for this process, and they were pyrolyzed for one hour at 
450 °C in a tubular furnace with a restricted air supply. The 
pyrolysis process was followed by thorough washing of the 
biochar (CCB) using acetone, ethanol, and deionized water, 
which was then dried in an oven. Finally, the biochar was 
crushed into fine particles, sieved, and stored for later use.

Nanocomposite fabrication

Under constant stirring (150 rpm) for 30 min, MWCNTs 
(1 g) were weighed into ethanol (100 cm3). Thereafter, 
50 cm3 butyl titanate was transferred into the mixture and 
stirred for a further 30 min to obtain mixture A. A separate 
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solution (B) consisting of polyethylene glycol (3 cm3), 
deionized water (5 cm3), ethanol (30 cm3), and acetic acid 
(15 cm3) was prepared. The composite was then fabricated 
from the dropwise addition of solution B into mixture A 
with continuous stirring for 30 min, and the dark homoge-
neous sol-gel was then allowed to age for 24 h. About 10 g 
of CCB was then weighed into the dark homogeneous 
sol-gel and stirred at 150 rpm for 60 min. The final mixture 
is allowed to age for 24 h, filtered, dried, and calcined for 
60 min at 350 °C to produce the MWCNTs/TiO2/BC com-
posites (CBTM).

Characterization

Powder X-ray diffraction (XRD) patterns of CBTM and 
CCB were recorded in the 2θ range of 10–80° using a 
Bruker D8 Advance diffractometer (Bruker, USA). Fourier 
transform infrared (FTIR) spectra of CBTM, CBTM-RhB, 
CCB, and CCB-RhB were obtained with a ThermoFisher 
Scientific spectrophotometer (Waltham, MA, USA) in ATR 
mode over the range 4000–400 cm−1 at a resolution of 
2 cm−1. The surface morphology of the samples was exam-
ined using scanning electron microscopy (SEM, JSM-7500F; 
JEOL, Tokyo, Japan). Thermogravimetric analysis (TGA) 
was performed to evaluate the thermal stability of the 
adsorbents under a nitrogen atmosphere, with a heating 
rate of 10 °C/min, using a PerkinElmer STA6000 simulta-
neous thermal analyzer (USA). The point of zero charge 
(pHₚzc) for CBTM and CCB was determined following the 
procedure outlined by Mondal and Basu (Mondal and 
Basu 2019).

Antioxidant assay

The antioxidant potential of the synthesized biochar (CCB) 
and nanocomposites (CBTM) was quantitatively evaluated 
using the 2,2-diphenyl-1-picrylhydrazyl (DPPH) free radical 
scavenging assay. This method is based on the reduction of 
the DPPH radical, a stable free radical characterized by a 
deep violet color, upon interaction with antioxidant com-
pounds. To perform the assay, a DPPH working solution 
was first prepared at a concentration of 0.3 mM in methanol. 
Aliquots of this solution (0.5 cm³) were then added to 
2.5 cm³ of methanolic suspensions of CCB or CBTM at 
varying concentrations (25, 50, 100, 200, and 400 g cm–³). 
These concentrations were chosen to evaluate the 
dose-dependent radical scavenging behavior of the materials. 
The mixtures were vortexed gently to ensure homogeneity 
and subsequently incubated in the dark at a controlled tem-
perature of 25  ±  1 °C for 30 min to prevent photo-degradation 
of the DPPH radical. The absorbance of each mixture was 
measured at 517 nm using a UV-Vis spectrophotometer 
against a methanol blank. A decrease in absorbance at this 
wavelength indicates the scavenging of DPPH radicals by the 
test samples (Begum et  al. 2022). All measurements were 
performed in triplicate to ensure the accuracy and reproduc-
ibility of the results. The percentage inhibition of DPPH 
radicals was calculated using Eq. (1).
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Antibacterial activity

The antimicrobial efficacy of CCB and CBTM was investigated 
using the agar-well diffusion technique. This assay was designed 
to evaluate the inhibitory effects of the materials against selected 
pathogenic bacteria, specifically Staphylococcus aureus 
(Gram-positive) and Escherichia coli (Gram-negative). 
Ciprofloxacin, a broad-spectrum antibiotic, was used as the 
positive control to validate the assay. Bacterial cultures were 
first prepared by inoculating standard strains of S. aureus and 
E. coli into sterile nutrient broth, followed by incubation at 
37  ±  1 °C for 18–24 h to attain active growth phases. The 
microbial suspensions were subsequently standardized to match 
the 0.5 McFarland turbidity standard, ensuring uniformity in 
bacterial load across all test plates. Sterile Petri dishes contain-
ing solidified Mueller-Hinton Agar (MHA) were uniformly 
seeded with the bacterial suspensions using sterile cotton swabs 
to ensure a confluent lawn of microbial growth. Wells approx-
imately 10 mm in diameter were carefully bored into the agar 
using a sterile cork borer. Into each well, 250 μg of either 
CBTM or CCB sample, prepared in sterile distilled water, was 
introduced. Control wells containing ciprofloxacin (5 μg per 
well) served as positive references for antimicrobial activity. The 
inoculated plates were incubated at 37  ±  1 °C for 24 h under 
aerobic conditions. Post incubation, the antimicrobial activity 
was determined by measuring the diameter of the clear zones 
(zones of inhibition (ZOI)) formed around each well using a 
digital caliper. The size of these zones indicated the extent of 
bacterial growth suppression and was directly correlated with 
the antimicrobial potential of the test samples. All tests were 
carried out in triplicate to ensure statistical reliability, and the 
results were expressed as mean values with standard deviations 
(Qamar et  al. 2017).

Sorption experiments of RhB on CBTM and CCB

The adsorption of RhB onto CBTM and CCB was evaluated 
using 100 mg·dm-³ RhB solutions (25 cm³) with 0.05 g of 
CBTM and CCB placed in stoppered amber glass bottles 
and agitated in a thermostatic shaker at 150 rpm for speci-
fied time intervals. The effect of solution pH on RhB 
adsorption was examined by varying the initial pH from 2.0 
to 12, using an initial RhB concentration of 100 mg·dm-³, an 
adsorbent dose of 0.03 g, a temperature of 25 °C, and a con-
tact time of 180 min. pH adjustments were made with 0.1 M 
NaOH and 0.1 M HCl solutions. The optimum pH identified 
from this study was used for subsequent experiments. 
Equilibrium adsorption studies were conducted over a RhB 
concentration range of 10 to 100 mg·dm-³, with an adsorbent 
dose of 0.03 g, initial pH of 3, and a 180-minute agitation 
period at room temperature. Adsorption kinetics were inves-
tigated at an initial RhB concentration of 100 mg·dm-³, 0.03 g 
adsorbent, pH 3, and contact times ranging from 5 to 
180 min at 25 °C. After the adsorption period, the 
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suspensions were filtered, and the residual RhB concentra-
tions were quantified using a UV–Visible spectrophotometer 
(Shimadzu UV-3600) at a wavelength of 650 nm. All experi-
ments were carried out twice. Eqs. (2) and (3) were used to 
determine the adsorption capacity (mg g−1) and adsorption 
efficiency (% adsorbed) of CBTM and CCB, respectively:
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where V is the volume of the adsorbate. Ci is the initial 
adsorbate concentration (mg dm−3), Ceq is the equilibrium 
concentration (mg dm−3) of the adsorbate after adsorption, 
and m is the mass (g) of CBTM or CCB. Models of intra-
particle diffusion, pseudo-second order, pseudo-first order, 
and Elovich kinetics were used to fit experimental data from 
the contact time experiments into non-linear kinetic models 
(see Table 1). To ascertain the efficacy and mechanism 
underlying RhB adsorption onto CBTM and CCB, the 
Freundlich and Langmuir isotherms were used to analyze 
the isotherm data (see Table 2).

Data analysis

Nonlinear regression analysis was performed using the NLS 
(Nonlinear Least Squares) function within the R statistical 
computing environment to fit the experimental data obtained 
from the temperature, concentration, and time-dependent 
studies to their respective kinetic models. This approach 
enabled the estimation of model parameters by minimizing 
the residual sum of squares between the observed data and 
the predicted values, thereby facilitating a robust evaluation 
of the underlying mechanisms governing the system behavior. 
The suitability and reliability of the models employed in this 
study were assessed by calculating the sum of squared resid-
uals (SSR). This statistical metric quantifies the discrepancy 
between observed and predicted values, serving as an 

indicator of the model’s goodness-of-fit. A lower SSR value 
signifies a better model performance, reflecting minimal devi-
ation of the model predictions from the experimental data.

Results and discussions

This section presents a comprehensive characterization of 
the synthesized biochar and its nanocomposite, focusing 
on their structural, morphological, and surface properties. 
It further details the outcomes of batch adsorption exper-
iments conducted to optimize key operational parameters 
influencing the materials’ adsorption efficiency. Beyond 
their performance as adsorbents, the biochar and nano-
composite were also assessed for their antioxidant and 
antimicrobial properties, highlighting their potential for 
multifunctional applications. Additionally, the reusability 
and long-term stability of the adsorbents were investigated 
through multiple adsorption–desorption cycles, providing 
insight into their practical viability for sustainable envi-
ronmental remediation.

Surface morphology

Figure 1 shows the SEM micrograph of CCB, CCB-RhB, 
CBTM, and CBTM-RhB. The walls of the biochar (CCB) 
appear smooth with isolated pores distributed on it, suggest-
ing complete carbonization. After the adsorption of RhB, 
however, the carbonization is broken down, as seen in the 
rough surfaces of the CCB-RhB micrograph. The CBTM 
micrograph shows the intertwined, tubular, fibrous struc-
tures of MWCNTs embedded on the biochar surface. 
Aggregation due to pore blockage by RhB on the CBTM 
surface is observed on the CBTM-RhB micrograph.

FTIR analysis

FTIR analysis of CBTM and CCB was carried out to charac-
terize the functional groups present in these adsorbents. The 
FTIR spectra of CBTM, CBTM-RhB, CCB, and CCB-RhB 
are presented in Figure 2. The broad absorption band 
observed at approximately 3,473 cm−1 is associated with O–H 
stretching vibrations, indicative of hydroxyl groups in pheno-
lic compounds and hydrogen-bonded water molecules. The 
band at about 2855 cm−1 in CCB and CCB-Rh is associated 
with the weak C–H stretch of aliphatic groups, which shifts 
to approximately 2900 cm−1 in CBTM and CBTM-Rh, possi-
bly as a result of MWCNT and TiO2 incorporation. In the 

Table 1.  Kinetics models used to assess the uptake of RhB onto CBTM and CCB.

Kinetic models Equations Parameters References
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(Ofomaja et  al., 
2009)

Elovich dq

d
exp qt

t

t
= −( )α β

α β, (Omorogie et  al., 
2016)

α, adsorption rate constant (mg g-1 min-1); k1, pseudo-first order rate constant 
(min-1);. kid, intraparticle diffusion rate constant (mg g-1 min0.5); qe, quantity of 
adsorbate adsorbed at equilibrium (mg g-1); l, is a constant related to the 
boundary layer thickness (mg g-1); k2, pseudo-second order rate constant 
(g  mg-1 min-1) qt, quantity of adsorbate adsorbed at time t (mg g-1); β, desorp-
tion rate constant (g mg-1).

Table 2.  Isotherm equations and parameters used to describe the uptake of 
RhB onto CBTM and CCB.

Isotherm model Equation Parameters References

Langmuir
q

q bC

bC
e

max e

e

=
+1

q
max

, b (Langmuir, 1918)

Freundlich
q K C
e F e

n=
1 k n

F
,

(HMF Freundlich 
1906)

qeq, adsorption capacity (mg g−1) of CBTM and CCB; Ceq, equilibrium concentra-
tion of RhB in solution (mg dm−3); qmax, maximum monolayer potential  
(mg g−1) of CBTM and CCB; b, Langmuir isotherm constant (dm3 mg−1); KF, 
Freundlich isotherm constant (mg g−1) (dm−3 mg−1) n, adsorption intensity.
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CBTM and CBTM-Rh spectra, the peaks at approximately 
1637 cm−1 are due to Ti-OH stretching (L. S. Chougala et  al. 
2017). The peak at approximately 1560 cm−1 may be attributed 
to a C = C stretching vibration caused by the aromatic struc-
ture, which has higher intensity for CBTM and CBTM-Rh 
due to the incorporation of MWCNTs. Phenolic and carbox-
ylic groups are responsible for the peaks at approximately 
1440 cm−1. The high intensity peaks at around 1000 cm−1 for 
CCB and CCB-Rh are attributed to the –C–O–C– stretching 
vibrations of polysaccharides or the bending vibrations of 
–C–OH (Firet and Smith 2017; Smith 2017). The intensity of 
this peak decreases in the nanocomposite due to the incor-
poration of MWCNTs and TiO2. The CBTM and CBTM-Rh 
spectra show strong peaks of Ti–O–Ti lattice vibrations at 
approximately 489 cm−1, confirming the presence of titanium 
dioxide in the nanocomposite (Raguram and Rajni 2022).

Thermogravimetric analysis

The thermograms from thermogravimetric analysis are 
presented in Figure 3. Both thermograms showed decom-
position at 30–105 °C due to moisture loss. The mass 
losses at 350 °C and 300 °C on the CCB and CBTM ther-
mograms are associated with the hemicellulose and cellu-
lose content of the biochar. Approximately 18% weight of 
the remaining biochar in CCB is attributed to residual ash 
minerals. In the CBTM thermogram, about 40% remaining 

weight is associated with TiO2 due to the incombustible 
metal oxide.

Phase analysis

The XRD patterns of the CCB biochar and CBTM nanocom-
posite are shown in Figure 4. The biochar prepared by conven-
tional pyrolysis shows distinct peaks at 25.5° and 40.7°. The 
25.5° peak is commonly associated with the (002) plane of gra-
phitic carbon. It indicates the presence of ordered carbon struc-
tures, which might result from the pyrolysis process during 
biochar production (Liu et  al. 2018; Yoo et  al. 2018). The other 
peak at 40.7° corresponds to the (100) or (101) planes of hex-
agonal graphite or other crystalline phases. It may also indicate 
the presence of minerals or inorganic compounds derived from 
the plant material. CBTM XRD pattern shows peaks at 25.7°. 
This corresponds to the primary (002) reflection of turbo-
stratic/graphitic carbon, which is common in biochar and 
MWCNTs (Jafari et  al. 2012; Yan et  al. 2024). The slight shift 
from ideal graphite (26.5°) could be due to disorder, defects, or 
oxygen functional groups. The higher intensity of the peak is 
typically due to MWCNTs and TiO2 (anatase) compared with 
biochar alone. The peaks 38.4°, 48.4°, 54.4°, 55.7°, 63.4°, 69.3 
70.9°, and 75.5° are associated to the planes (004), (200), (105), 
(211), (204), (116), (220), and (215) respectively and are char-
acteristics of anatase TiO2 (JCPDS card no. 21–1272) (L. 
Chougala et  al. 2017).

Figure 1.  SEM micrographs of CCB, CCB-RhB, CBTM, and CBTM-RhB.
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Sorption experiments

This section highlights the optimization of Rhodamine B 
adsorption onto CCB and CBTM, taking into account key 
adsorption parameters such as pH, adsorbent dosage, solu-
tion temperature, and contact time. It also evaluates the 
reusability of the adsorbents, along with their antioxidant 
and antimicrobial properties, to assess their overall effective-
ness as water treatment agents.

The effect of pH
The surface of CCB and CBTM exhibited a pHPZC of 5.68 
and 5.01, respectively (see Figure 5). This shows that at pH 
values greater and lesser than these values, the surface of the 
adsorbents will be negatively and positively charged, respec-
tively. From the graph depicted below (see Figure 6), which 
elucidates the relationship between the adsorption capacity 
of CCB and CBTM and the initial solution pH of Rhodamine 
B. The adsorption capacity of CBTM exhibited a gradual 
increase from 25 mg·g−1 to 33 mg·g−1 as the solution pH rose 
from 1 to 3. Similarly, the uptake capacity of CCB increased 
from 12.5 mg·g−1 to 17.5 mg·g−1 within the same pH range. 
However, beyond this optimal pH value, a noticeable 
decrease in the adsorption performance of both CBTM and 
CCB was recorded. The observed phenomenon may be 

attributed to the cationic nature of rhodamine B, which 
forms monomeric molecules that are smaller in size. The 
reduced sizes of these molecules enable them to enter the 
pores of the CCB and CBTM. On the other hand, a reduc-
tion in the trapping capacity of the adsorbent was observed 
as the pH increased above 3. This may be due to the 
increasing formation zwitterionic form of rhodamine B with 
increased pH. The higher the amount of zwitterions formed, 
the greater the tendency for the formation of dimers. The 
dimers are bigger molecules that find it difficult to attach 
themselves to the pores of the adsorbent. Hence, a 
size-dependent screening effect is observed with increased 
solution pH. From the result, the adsorption of rhodamine 
B by CCB and CBTM is best at pH 3; hence, pH 3 is used 
for further study.

Influence of dosage on adsorption
The role of adsorbent dosage in the removal of rhodamine B 
by CBTM and CCB was systematically examined by varying 
the adsorbent mass from 0.01 g to 0.10 g, while maintaining 
constant solution concentration, pH, temperature, and other 
relevant adsorption conditions. As depicted in Figure 7, the 
percentage of RhB adsorbed onto both CBTM and CCB 
increased progressively with higher adsorbent doses. 
Specifically, as the adsorbent amount was raised from 0.01 g 
to 0.06 g, the RhB removal efficiency increased from 15% to 
45% for CBTM and from 10% to 30% for CCB. The increase 
in the efficiency of the removal of rhodamine B by the 

Figure 2. FT IR spectra of CBTM, CBTM-RhB, CCB, and CCB-RhB.

Figure 3. T he TGA thermograms of CBTM and CCB.
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adsorbent is attributed to the increased number of available 
active sites and pores for sequestration of rhodamine B with 
increased dosage. On the other hand, the uptake potentials of 
CBTM and CCB were observed to decline with the increase 
in dosage; this could be due to increased agglomeration of 
the sorbent and the accumulation of unsaturated sites.

The effect of contact time
One crucial factor in comprehending the adsorption mecha-
nism is the contact period between the adsorbent and adsor-
bate. The connection between adsorption capacity and 
contact time for both CBTM and CCB is shown in Figure  8. 
A 100 mg·L−1 RhB solution (25 cm³) at 298 K and pH 3 was 
used for the investigation. An adsorbent dosage of 0.05 g 
and an agitation speed of 120 rpm were also used. From 0 
to 180 min, the adsorption process was observed. A signifi-
cant increase in RhB uptake was observed within the first 5 
to 80 min for both materials, indicating rapid adsorption 
during the initial phase. Beyond 80 min, the rate of adsorp-
tion slowed noticeably, likely due to the saturation of avail-
able binding sites and pore spaces, suggesting that equilibrium 
had been reached. However, to ensure the saturation of the 
adsorbent surface, 180 min was employed for further studies.

Kinetics of the adsorption process
To elucidate the adsorption mechanism of rhodamine B 
onto CBTM and CCB, the uptake kinetics and rate-limiting 
steps were analyzed using four established models: 
pseudo-first-order (PFO), pseudo-second-order (PSO), 
Elovich, and intraparticle diffusion. Key kinetic parameters 
obtained from these models are summarized in Table 3 
using the equation in Table 1. Nonlinear regression analysis 
was performed using the R statistical environment to ensure 
accurate model fitting. The sum of squared residuals (SSR) 
was employed as a quantitative measure of goodness-of-fit. 
Among the models evaluated, the one with the lowest SSR 
value was considered the most appropriate for describing the 
kinetic behavior. Based on this criterion, the PFO model was 
found to best characterize the adsorption of RhB onto both 
CBTM and CCB. Hence, it shows that the uptake of RhB 
onto CBTM and CCB followed a physisorptive process. This 
is in good agreement with the deduction made on the effect 
of the solution pH experiment. The intraparticle diffusion 
model (Wu et  al. 2009) was applied to identify the 
rate-limiting step in the adsorption. It has been established 
that film or external diffusion, pore diffusion, or the 

Figure 4.  XRD pattern of CBTM and CCB.

Figure 5.  pHPZC plots of CBTM and CCB.

Figure 6. T he influence of solution pH on the ability of CBTM and CCB to 
sequester RhB.
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adsorption on the pore could be responsible for the 
rate-controlled step. In addition to the assertion, a combina-
tion of more than one step could also be responsible for the 
uptake of the adsorbate onto the adsorbent. To determine 

the rate-limiting step in the uptake process of RhB onto 
CBTM and CCB, a plot of qe vs t0.5 was obtained. The lin-
ear plots revealed a nonzero intercept, and this indicates that 
the adsorption of RhB onto CBTM and CCB was controlled 
by a series of steps (Wang et  al. 2024).

Adsorption isotherms
Figure 9 illustrates how variations in solution temperature 
and initial RhB concentration influence the adsorption per-
formance of CBTM and CCB. The study employed an ini-
tial dye concentration range of 5–50 mg·dm–³, while other 
experimental conditions were held constant. The tests were 
conducted at four different temperatures: 298, 303, 308, and 
313 K. Results showed that the adsorption capacity of both 
CBTM and CCB increased with higher initial RhB concen-
trations, likely due to a steeper concentration gradient that 
enhances the diffusion of dye molecules into the adsorbent 
pores. A similar enhancement in uptake was observed with 
rising temperatures, which may be attributed to decreased 
solution viscosity, thereby facilitating faster molecular diffu-
sion and improved access to active adsorption sites (Bello 
et  al. 2020). To evaluate the interaction of RhB molecules 
with CBTM and CCB surfaces, equilibrium adsorption data 
were applied to two frequently used isotherm models, 
detailed in Table 2. The corresponding nonlinear isotherm 
curves were fitted and analyzed using the R statistical envi-
ronment, and the extracted model parameters are summa-
rized in Table 4. Based on the SSR values, the Freundlich 
model fitted the isotherm data obtained for CBTM and 
CCB. The fitting of isotherm data by the Freundlich model 
indicates that RhB adsorption by CBTM and CCB was a 
heterogeneous multilayer process. This heterogeneous nature 
of the adsorption is in good agreement with the porous, 
rough, and 2D structure of CBTM and CCB As shown in 
the SEM images in Figure 1, the dimensionless Freundlich 
constant (n) serves as an empirical indicator of the hetero-
geneity of adsorption sites present on the surface of the 
adsorbents.(Freundlich 1906). Additionally, the value of 
1/n < 1 (see Table 4) indicates favorable uptake of RhB onto 

Figure 7.  Variation of RhB adsorption with adsorbent dosage for CBTM and CCB: (a) % Adsorbed and (b) Adsorption Capacity.

Figure 8.  Contact time impact on RhB sequestration by CBTM and CCB.

Table 3.  Kinetic parameters derived from RhB adsorption onto CBTM and CCB.

Model Parameter CBTM CCB

experimental qexp (mg g-1) 32.45 16.89
Pseudo first order K1 (min-1) 0.03396 0.02776

qeq (mg g-1) 30.8632 16.39324
SSR 9.881 6.249
RSE 1.1111 0.8838

Pseudo-second order K2 (g mg-1 min-1) 9.9 × 10-4 0.00131
qeq (mg g-1) 37.14 20.58927
SSR 17.84 13.32
RSE 1.495 1.290

Intraparticle diffusion Kid (mg g-1 min-0.5) 2.794 1.424
l (mg g-1) – –
SSR 148.1 47.92
RSE 4.057 2.307

Elovich α (mg g-1 min-1) −8.187 −6.989
β (g mg-1) 8.038 4.744
SSR 31.25 13.32
RES 1.977 1.289
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CBTM and CCB. However, the adaptability of the Freundlich 
model is significant at higher solution temperatures (308 
and 313 K) as deduced from n values that are greater than 
1. On the other hand, 17.26 and 31.25 mg g−1 maximum 
monolayer adsorption capacities were obtained at 313 K 
from the Langmuir model for CBTM and CCB, respectively. 
The removal capacity of CBTM was observed to be higher 
than CCB and other reported sorbent materials (see 
Table  5). An increase in solution temperature resulted in a 
linear rise in the uptake potential of both CBTM and CCB, 
suggesting that the adsorption of RhB onto these materials 
is an endothermic process. Previous studies on biochar-based 
materials have primarily focused on either adsorption per-
formance or antimicrobial activity in isolation. In contrast, 
the present study integrates both functionalities by develop-
ing a multi-walled carbon nanotube/titanium dioxide 

(MWCNT/TiO2)-modified biochar composite (CBTM), 
which simultaneously enhances Rhodamine B removal from 
wastewater and retains moderate antibacterial activity, high-
lighting its potential as a multifunctional material for waste-
water treatment.

Adsorption thermodynamics
To gain deeper insight into the underlying mechanism of 
RhB removal from solution, temperature-dependent experi-
mental data were analyzed to determine key thermodynamic 
parameters, including changes in Gibbs free energy (ΔG˚), 
enthalpy (ΔH˚), and entropy (ΔS˚). These parameters were 
calculated using Equations 4 and 5.

	 ∆G RT K° = − ln 	 (4)

	 lnK
H

RT

S

R
= −

°
+

°∆ ∆ 	 (5)

In this context, T represents the absolute temperature in 
Kelvin, R is the universal gas constant (8.314 J·mol−1·K−1), 
and K denotes a thermodynamic constant derived by multi-
plying the Langmuir constants qmax and b (expressed in 
dm³·mol−1), and scaling the result by 1000 to render it 
dimensionless (Milonjić 2007). The negative values of ΔG° 
obtained for both CBTM and CCB indicate that the adsorp-
tion of RhB onto these materials is thermodynamically 
favorable and occurs spontaneously (see Table 6). Meanwhile, 
the uptake of RhB onto CBTM and CCB was endothermic 
and was achieved at a higher degree of freedom. The 
acquired results are consistent with the report of other 
authors (Li et  al. 2022; Amaku and Taziwa 2023).

Regeneration studies

An additional environmental issue arises when an adsorbent 
laden with RhB is disposed of, necessitating extra treatment. 
Consequently, it is important to regenerate adsorbent materials 

Figure 9.  Impact of RhB Concentration on Uptake by (a) CBTM and (b) CCB at different temperatures.

Table 4.  Parameters of Adsorption Isotherms for RhB Uptake on CBTM and 
CCB.

Parameters Temperature

Adsorbent Isotherm 298 K 303 K 308 K 313K

CBTM Freundlich KF 1.2313 1.54916 2.8332 4.2330
n 0.92169 0.96152 1.1556 1.33765
SSR 213 277 415 467

Langmuir qmax 29.412 30.323 30.895 31.4325
b 0.28429 0.2568 0.26785 0.2942
SSR 589 278 414 465

CCB Freundlich KF 0.13264 0.2567 0.65658 0.88984
n 0.77075 0.87256 1.11895 1.2067
SSR 5.617 8.1384 5.7818 1.7766

Langmuir qmax 15.4127 16.1353 16.8975 17.3211
b 0.18429 0.2037 0.21037 0.2037
SSR 2056 2268 5.9884 1.8073

Table 5.  Comparison of the uptake potential of rhodamine B.

Adsorbent
Adsorption capacity/

mg g-1 Reference

Fe-N-BC 12.41 (Li et  al. 2022)
Acid-treated biomass 7.003 (Adekola et  al. 2019)
Alkaline-treated biomass 6.878 (Adekola et  al. 2019)
Alkaline-modified biochar 20.23 (Ibrahim et  al. 2021)
CCB 17.32 This study
CBTM 31.43 This study
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by desorbing the dye. Desorption plays a crucial role in deter-
mining the degree of recovery of the adsorbed dye molecule 
from the surface of CBTM and CCB, as well as the subse-
quent reusability of these materials. Before reuse, RhB was 
desorbable from the surface of CBTM and CCB using 100% 
ethanol as an eluting agent. Figure 10 presents the findings. 
Following the fifth cycle, CBTM and CCB showed adsorption 
efficiencies of about 67% and 52%, respectively. In line with 
the results, ethanol demonstrated good efficiency for adsor-
bents’ regeneration, and CBTM maintained its excellent ability 
to remove dyes from wastewater.

Antimicrobial and antioxidant activity

The result revealed that both materials show higher activity 
against S. aureus (Gram+) than E. coli (Gram–). However, 
CCB exhibits double the inhibition of CBTM for S. aureus, 
suggesting CCB has stronger antimicrobial properties 
(Table  7). The larger ZOI of the control confirms the validity 
of the assay and highlights that CCB and CBTM have mod-
erate activity compared to clinical antibiotics. In contrast, the 
lower antimicrobial activity of CBTM relative to CCB may be 
due to surface modification altering the functional groups 
responsible for bacterial inhibition. In pristine biochar (CCB), 
oxygen-containing groups such as hydroxyl and carboxyl 
groups are abundant and can disrupt bacterial cell mem-
branes or generate reactive oxygen species, contributing to 
higher antibacterial effects. The deposition of TiO2 and 
MWCNTs in CBTM may partially block these functional 
groups or reduce their accessibility, thereby diminishing 
direct interactions with microbial cells. Consequently, while 
CBTM is optimized for adsorption efficiency, its antimicro-
bial activity is somewhat compromised compared to unmod-
ified biochar. As a rapid, simple, and convenient method, the 
DPPH assay effectively assesses compound antioxidant activ-
ity. The antioxidant activity of the adsorbent materials is pre-
sented in Figure 11. The biochar CCB and nanocomposite 
CBTM possess mild radical scavenging activity as the con-
centration increases, although CBTM performs better than 
CCB. Ascorbic acid is used as the standard, while the DPPH 

solution is the control. It can be said that the CCB and 
CBTM, in addition to their capacity to adsorb pollutants, 
have considerable antioxidant and antibacterial capacity.

Adsorption mechanism

The adsorption of Rhodamine B (RhB) onto CCB and CBTM 
is governed by a combination of physicochemical interac-
tions, as supported by kinetic, isotherm, thermodynamic, and 
pH-dependent studies. The point of zero charge (pHPZC) 
values of CCB (5.68) and CBTM (5.01) indicate that at solu-
tion pH below these values, the surfaces are positively 
charged, while they become negatively charged at higher pH. 
Maximum adsorption occurred at pH 3, where RhB exists 
primarily as small monomeric cations that diffuse easily into 
the adsorbent pores and interact electrostatically with nega-
tively charged functional groups. At higher pH values, RhB 
tends to form zwitterions and dimers, which, due to their 
larger size, experience steric hindrance and reduced pore 
accessibility, leading to a decline in adsorption capacity. 
Kinetic analysis showed that the process followed the 
pseudo-first-order model, confirming a physisorption- 
dominated mechanism, while intraparticle diffusion plots 
revealed that adsorption proceeded through multiple sequen-
tial steps involving both film diffusion and pore diffusion. 
The Freundlich isotherm provided the best fit to equilibrium 
data, suggesting multilayer adsorption on heterogeneous sur-
faces, consistent with SEM images that showed smooth, 
porous CCB surfaces and fibrous CNT networks in CBTM. 
Thermodynamic parameters further revealed that the adsorp-
tion was spontaneous (negative ΔG°), endothermic (positive 
ΔH°), and accompanied by increased interfacial randomness 
(positive ΔS°). The superior uptake capacity of CBTM com-
pared to CCB is attributed to the synergistic effects of 
MWCNTs and TiO2, which enhance surface heterogeneity, 
pore connectivity, and adsorption affinity through additional 

Table 6. T hermodynamic factors for absorption of RhB onto CBTM and CCB.

Adsorbents T/K ΔG°/kJ mol-1 ΔH/ kJ mol-1
ΔS/J K-1 

mol-1

CBTM 298 −22.3772 5.535 93.25
303 −22.5733
310 −23.1015
318 −23.7656

CCB 298 −19.5037
303 −20.5985 10.20 100.9
310 −20.9377
318 −21.5977

Figure 10. R eusability of CBTM and CCB for the uptake of RhB after ethanol 
washing (100 cm3 of a 100 mg dm−3 of RhB solution adjusted to pH 6 and 
30 mg of CBTM and CCB at 298 K).

Table 7. A ntimicrobial activity of CBTM and CCB against Staphylococcus 
aureus and Escherichia coli.

Samples

Zone of inhibition (mm)

S. aureus E.Coli
CCB 8.0 1.3
CBTM 4.0 1.0
Control 20.0 15.0
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π–π stacking, hydrogen bonding, and electrostatic interac-
tions. Overall, RhB adsorption onto CCB and CBTM is a 
physisorptive, diffusion-driven, multilayer process, with 
enhanced performance achieved through surface modification 
of biochar with TiO2 and CNTs.

Conclusions

This study has demonstrated that a considerably more effec-
tive adsorbent for the removal of RhB was fabricated from 
the combination of MWCNTs/TiO2 with biochar to create a 
composite. The uptake potential of the nanocomposite 
increased as the adsorbent dose, solution temperature, and 
RhB concentration increased, with the optimum adsorption 
taking place at pH 3. The adsorption equilibrium data for 
both CBTM and CCB were best interpreted using the 
Freundlich isotherm, indicating multilayer adsorption on 
heterogeneous surfaces. Langmuir analysis at 313 K revealed 
maximum adsorption capacities of 31.43 mg/g for the CBTM 
composite and 17.32 mg/g for CCB, suggesting a stronger 
affinity of RhB for the composite material. Rapid adsorption 
was observed for both materials, with equilibrium achieved 
within 180 min. Among the kinetic models evaluated, the 
pseudo-first-order model aligned most closely with the 
experimental data. Thermodynamic parameters confirmed 
that the adsorption process occurred spontaneously and was 
primarily influenced by an increase in system entropy. In 
addition to improving the adsorbent’s dye-binding capabili-
ties, the combination of MWCNTs and TiO2 increases the 
mechanical robustness of the nanocomposite. As a result, the 
composite can be utilized in demanding industrial settings. 
All things considered, this composite is a desirable and pro-
spective substitute for environmental contamination control, 
wastewater purification, and as an antioxidant.
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