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ARTICLE INFO ABSTRACT
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Removal of azo dyes from aquatic environments represents a global challenge. Herein, by utilizing the waste of
mandarin peels as a cellulose source (MP500), a bifunctional adsorbent-photocatalyst, TiO,@MP500, has been
prepared via a one-pot hydrothermal synthesis. Taking advantage of this dual role, remediation of methyl orange
(MO) has been successfully addressed. Characterization tools corroborated the anchoring of TiO3 and the suc-
cessful synthesis of TiOo,@MP500. SEM/EDX/TEM analyses confirmed the formation of TiO3 nanoparticles on the
carbonaceous surface. A substantial increase in the BET surface area following TiO, impregnation was perceived
(184.61 m?/g in the case of 3 %TiO,@MP500). Similarly, the thermal stability of the developed composite was
notably improved as reflected by the thermogravimetric analysis. XRD analysis corroborated the existence of
carbonaceous layer with anatase phase TiO. Optimization of the adsorbent-photocatalyst performance was
approached using the Box-Behnken design. Five factors were premeditated, pH of the MO solution, adsorbent
dose, reaction time, the concentration of TiOg, and [MO]. A maximum sorption capacity of 104.2 mg/g was
reckoned, with a pseudo-second-order isotherm. Furthermore, the 3 %TiO,@MP500 achieved a decolorization
efficiency of 98.87 % in ~30 min. The 3 %TiO,@MP500 nanocomposite was effectively revived and could be

exploited for 6 cycles, bolstering a decolorization efficiency of 90.91 %.

1. Introduction

Availability of clean water has streamed as a major concern that
escalates day after day. With human life’s advancements over the past
few decades, a concomitant improvement in living standards has been
glimpsed. Such an improvement has gone parallel with proportionate
progress in the textile industries and an increased consumption of dyes
and colorants. The textile industry has been held responsible for
~15-20 % of dyes polluted wastewater worldwide [1-4]. With ~10,000
dyes being synthesized annually, around 500,000 tons are dumped into
the environment [5,6]. Among the synthetic textile dyes, two-thirds are
azo dyes, thanks to their compelling tanning properties, fast colors, and
high aqueous solubility [7-9].

Methyl orange (MO) is extensively used for research purposes,
mainly as an acid-base indicator. Moreover, MO is highly pigmented
with a high tincturing ability and therefore commonly used for tanning,
leather, paper, and pulp industries. The chemical structure and the 3D
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model of MO, together with the physicochemical and toxicity data, are
displayed in Table S1. Yet, with all these fascinating attributes, the
complex structure of MO hampers its degradation, and the degradation
byproducts are well-known for being toxic for both humans and aquatic
organisms [4-6,10].

A number of techniques have been elaborated for the remediation of
the azo dyes polluted wastewater, for instance, coagulation-flocculation
[11], membrane filtration [12], microbial degradation [13], adsorption
[14,15], photocatalysis [16,17], and electrocatalytic degradation [18].
While many of the reported techniques, especially adsorption, are sus-
tainable and simple to operate, the comprehensive elimination of the
dye cannot be realized. Moreover, the concentration of the dye on the
adsorbent surface increases the risk of leaching and the potential of
secondary pollution, which requires further treatments [19,20].
Nevertheless, photocatalysis can completely irradicate the target dye,
but the high energy consumption and low selectivity are major concerns
[21]. Moreover, the sluggish kinetics of dye degradation and ‘electron-
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hole’ pair recombination can impede the effectiveness of photocatalysis
in wastewater with organic loads.

The synchronized application of adsorption and photocatalysis has
emerged as a revolutionary hybrid that coalesces the pluses of both
techniques. In this combination, adsorbent plays a role by acting as a
support material for the photocatalyst, allowing the concentration of the
dye on the adsorbent surface and facilitating the dye exposure to the
photocatalyst effect. Moreover, having the adsorbent backbone prevents
the agglomeration of the photocatalyst nanoparticles [22,23]. To that
end, this approach does not only make the removal process more
competent and cost-effective but environmentally friendly as well by
precluding the expected leaching into the environment while assisting
the reusability of the adsorbent-photocatalyst materials [24].

The choice of the adsorbent backbone is therefore crucial to both
allowing reusability and preventing secondary pollution via leaching.
Activated carbons, graphene, layered double hydroxides, bentonite clay,
and chitosan are the materials that have been reported as substrates for
the immobilization of photocatalysts [25-29]. Compared to these
commonly applied substrates, biochar — a carbonaceous material ob-
tained via pyrolysis of biomasses — is a more economical and eco-
friendly choice [30]. Implementing biochar as a substrate could
improve the photocatalytic performance of biochar-based catalysts by
increasing their ability to adsorb more dye molecules and minimize the
aggregation of photocatalyst nanoparticles [10,19].

Cellulose-based materials such as fruit peels are among the biode-
gradable polymers that have been extensively used as an effective source
of biochar [31]. The main objective of the current investigation is to
develop a model bifunctional adsorbent-photocatalyst via recycling of
the biochar of mandarin peels-a copiously available waste material rich
in pectin, cellulose, and hemicellulose into an adsorbent [32-34]. In this
regard, a semiconductor metal oxide, titanium oxide (TiO3) — anatase
form, was anchored on the surface via a simple hydrothermal approach
and with the aid of a surfactant to control the particle size. The porous
adsorbent-photocatalyst composite was used to remove the azo dye;
methyl orange (MO), via a synergetic adsorption-photocatalysis mech-
anism. The performance of the bifunctional adsorbent-photocatalyst was
explored in light of the findings of the Box-Behnken (BB) design.
Maximum performance towards MO removal with the minimum
possible consumption of resources was guaranteed by using the opti-
mum variable settings provided by the BB design [35,36]. The influence
of calcination on the stability of the developed photocatalyst was figured
out. The decolorization mechanism was analyzed considering the find-
ings of BB design, characterization, and the adsorption equilibrium and
kinetics. Our research, therefore, marks a significant step forward in
harnessing the potential of the integration of adsorption-photocatalysis
via an eco-friendly scheme for environmental remediation.

2. Experimental
2.1. Materials

Mandarin peels (MP) were obtained as home post-consumption
waste. All chemicals were of high purity, sourced from Sigma-Aldrich
(USA), and were used with no extra treatment steps. All experiments
were conducted using ultrapure deionized water with a resistivity of
18.2 MQ-cm at room temperature and a total organic carbon content of
<5 ppb, obtained from the Millipore-Q system. For adsorption studies —
batch mode, a stock aqueous solution of 100 ppm of MO (BDH Chemicals
Ltd) was prepared. A series of additional dilutions were prepared in
deionized water.

2.2. Preparation of mandarin peels (MP)-based sorbents
Mandarin fruits were first peeled, cleaned 10 times with tap water,

and then 10 more times with deionized water to remove any unclean
residues. Clean peels were left in the oven at 70 °C for 4 days. The dry
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peels were powdered in the blender and then sifted through a 125 mm
sieve. Afterward, the powder was burned for 1 h at 500 °C in a sealed
crucible and placed in the furnace (Thermolyne™, USA). The product of
this carbonization process was sealed in vials and marked as MP500.

2.3. Synthesis of TiO2@MP500 binary composites

Loading of TiO, nanoparticles onto the surface of MP500 was
accomplished using the hydrothermal synthesis [10]. Particle size was
regulated using oleylamine solution as a surfactant. In this regard, a 100
mL of 0.1 M surfactant solution was prepared by dissolving 3.2 mL
oleylamine in 2-propanol. The oleylamine solution was then mixed with
300 mL of deionized water. The resulting solution was mixed with 10 g
of MP500 and different volumes of 0.09 M TiCl4 solution (34, 68, and
102 mL) in separate batches, followed by heating at 80 °C and stirring at
500 rpm for a duration of 1 h. The pH of the resultant solution was
attuned to ~1.8 using NHjs solution (26 %). The prepared sample was
agitated for 2 h at 80 °C. Following this step, a 26 % NHj solution was
used to increase the mixture pH to ~8. The prepared sample was
agitated for 20 h at ambient temperature. The product was separated by
centrifugation (ThermoFisher Scientific, USA) using a rotation speed of
4000 rpm for 10 min, cleaned 5 times with 30 mL deionized water, and
then 5 times with 15 mL of ethanol. The resulting product was oven-
dried overnight at 80 °C. The product was then calcinated in the
furnace at 500 °C for 30 min. The final product has been labelled as
TiO2@MP500.

2.4. Characterization and measurements

The prepared samples were fully characterized using a set of tech-
niques, including SEM/EDS, TEM, FTIR, TGA, BET and XRD analyses.
Instrumental specifications are detailed in Text S1. The point of zero
charges (pHpzc) of MP500 and TiO,@MP500 were determined using
NacCl (0.01 M) aqueous solution and following the reported procedure in
the literature [37]. Additionally, the pH of the dye solution was regu-
lated using 0.1 M solutions of NaOH and HCI.

2.5. MO batch adsorption procedures

BB design was utilized to inspect the effect of five factors, including
pH, adsorbent dose, reaction time, %TiO, loaded on the biochar, and the
MO concentration on the removal efficiency (%R) of MO onto MP500
and TiO,@MP500, Table 1. Eq. (1) was operated to work out the %R.
%R = 100x% €h)

0

Where C represents the initial concentration of MO (ppm), C. corre-
sponds to the equilibrium concentration of MO (ppm).

Table S2 details the experimental setup, which included 46 runs over
two blocks. Each run has adhered to the specified conditions in Table S2,
and the resulting %R was computed. In a typical experiment, the mass of
the adsorbent was taken as illustrated for each run, and [MO] was then
added. Subsequently, an adjusted pH (buffer) solution was added until
the total volume = 13 mL. The samples were then shaken in an auto-
matic shaker at a constant rotation speed of 160 rpm for the reaction

Table 1

BB design: Dependent and independent variables.
Variables -1 0 +1
(A) pH (pH unit) 2 6 10
(B) Adsorbent dose of TiO, 10 65 120
(C) Reaction time, RT (min) 10 80 150
(D) %TiO, added to Biochar 1% 2% 3%
(E) MO concentration, [MO] (ppm) 10 35 60

Dependent variable Removal percentage, %R
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time specified in Table S2. The obtained samples were then filtered using
a 0.45 pm syringe filter and the absorbance was recorded at Apyqx 462 nm
for samples at pH 6 and pH 10 and at Apax 502 nm for the sample pre-
pared at pH 2.

For optimizing the assessed response, the d value (individual vari-
ables desirability function) available in Minitab® was utilized. Besides,
the results obtained from the analysis of variance (ANOVA) were
compared with the results of the other quality tools. Regression analyses
were performed, examining metrics like R?, adjusted R? (R%-adj), and
the predicted R? (R%pred) to evaluate the models’ linearity and pre-
dictive efficiency. Predicted values are shown in Table S2.

2.6. Equilibrium and kinetic investigations

Adsorption of MO onto 3 %TiO,@MP500 was studied using four
equilibrium models, and the samples were prepared using an initial MO
stock solution, 500-ppm. Firstly 0.1000 + 0.0001 g of 3 %TiO,@MP500
was added in eleven (13 mL) centrifuge tubes. This was followed by the
addition of MO with different dilutions within the range of 2-250 ppm,
and the pH was precisely controlled to 6.00 £ 0.01. These tubes were
then shaken at 160 rpm in an automatic shaker for 24 h. The mixtures
were filtered using a 0.45 pm syringe filter, and the absorbances of the
resulting solutions were recorded.

To study adsorption kinetics, 0.500 + 0.001 g of 3 %TiO,@MP500
was mixed with 200 mL of a 100-ppm MO solution. The solution pH was
tuned to 6.00 + 0.01. The prepared solution was then agitated at 750
rpm at ambient temperature. Over a span of 120 min, 10 mL samples
were periodically taken, filtered through a 0.45 pm syringe filter, and
their absorbance was recorded.

2.7. Photocatalytic activity of TiO,@MP500: reaction kinetics

An experiment was executed to evaluate the photocatalytic perfor-
mance of TiO,@MP500. Initially, 0.500 + 0.001 g of the adsorbent,
incorporating 1 %, 2 %, and 3 % TiO,, was combined with a volume of
150 mL of a 100-ppm MO solution, adjusting the pH to 6.00 & 0.01. The
mixture was then agitated continuously at 650 rpm under the illumi-
nation of a UV lamp emitting short-wavelength radiation at 254 nm.
Throughout the irradiation period, 10 mL samples were systematically
taken at constant intervals and filtered using a 0.45 pm syringe filter
over 120 min. The absorbance of these filtrates was measured. The same
procedures were repeated with the direct photolysis of MO solution
(without adsorbent) and similarly following the addition of 0.500 +
0.001 g of MP500. Pure TiO5 (without a biochar-support) was similarly
(0.500 £ 0.001 g) applied for the decolourization of MO. The data ob-
tained from the experiment were processed through second-order
polynomial fitting to determine the photocatalyst’s decolorization effi-
ciency (%DE) towards MO, calculated according to Eq. (2).

C, — G

o

%DE = 100x

(2)

2.8. Regeneration of the adsorbent 3 %TiO2@MP500

To assess the reusability of the adsorbent, 2.000 + 0.001 g of 3 %
TiO2@MP500 was initially saturated with 150 mL of a 100-ppm solution
containing MO for 2 h, followed by filtration using an ashless Whatman
filter paper (size 42). MO-loaded 3 %TiO2@MP500 was rinsed 5 times
with 10 mL of deionized water to remove residual non-adsorbed MO and
dried at 80 °C for 24 h. The elution study utilized five different eluents,
0.1 M of HCl, HySO4, and NayCOs3, 10 % ethanol, and deionized (DI)
water. For the desorption tests, 0.1000 £ 0.0001 g of the adsorbent
laden with MO was treated with 10 mL of each eluent and agitated for
60 min before being filtered using an ashless Whatman filter paper (size
42). These desorption tests were replicated thrice, with the mean des-
orbed amount noted and variations depicted through error bars.

International Journal of Biological Macromolecules 306 (2025) 141753

In the recovery experiment, 0.1 M HCI was utilized for MO elution
from MO-loaded 3 %TiO2@MP500. A mass of 0.5000 + 0.0001 g of 3 %
TiO,@MP500 was immersed in 50 mL of a 50-ppm dye solution (pH 6.0
+ 0.2) for 30 min, then the mixture was filtered using an ashless
Whatman filter paper (size 42), and absorbance of the produced filtrate
was recorded. After being eluted with 0.1 M HCI, the adsorbent was
dried at 80 °C for an hour before reuse in subsequent MO adsorption
processes. This procedure was repeated six times, with the adsorption
efficiency (%R) calculated after each cycle.

3. Results and discussion
3.1. Characterization

3.1.1. Morphology analysis using SEM, EDX, and TEM techniques

The SEM analysis, presented in Fig. 1, was used to investigate the
microstructural attributes and the morphology of MP500 and the
TiO,@MP500 nanocomposites. Fig. 1(a, b) showcases the morphology
of MP500, highlighting a plane surface that is free from particles. MP500
exhibits a layered pore configuration with finely granulated particles
and small intra-pores. Conversely, Fig. 1(c, d) displays the SEM image of
the 1 %TiO,@MP500 nanocomposite, revealing the presence of tiny
particles of TiO that cover small areas on the surface of MP500, and the
presence of MP500 as a support for these fine particles. Furthermore, the
SEM images of the 2 %TiO2@MP500 nanocomposite, Fig. 1(e, f), show
also the presence of TiO, nanoparticles. However, the nanoparticles
have accumulated in certain areas on the MP500 substrate and showed
the presence of MP500 carbonaceous layers. Furthermore, Fig. 1(g, h)
shows the micrographs of the 3 %TiO,@MP500 nanocomposite, which
reveal a dense layer of uniformly arranged blocks of TiO, nanoparticles
covering almost all the surface of MP500.

The elemental structure of MP500 and the TiO;@MP500 nano-
composites were examined using EDX, Fig. 2. The primary constituents
of the pristine MP500 were identified as carbon and oxygen, along with
smaller amounts of potassium, calcium, and magnesium, Fig. 2a. The
obtained data were further confirmed using mapping images of MP500
for carbon, oxygen, and potassium, as shown in Fig. 2b, ¢, and d,
respectively.

For the 1 %TiO,@MP500 nanocomposite, analysis showed the
presence of the same elements previously shown in the MP500 sample,
in addition to chloride (1.47 %), and titanium (0.88 %), Fig. 2e. The
incidence of chloride in the TiOy-impregnated sample could have orig-
inated from using titanium chloride solution during the synthesis of
TiOs. The findings of the EDX analysis were confirmed using mapping
images. The resulting data showed the presence of carbon, Fig. 2f, ox-
ygen, Fig. 2g, and titanium, Fig. 2h, and confirmed the presence of
titanium.

Similarly, the EDX analysis of 2 %TiO,@MP500 showed the presence
of carbon, oxygen, and 1.69 % titanium, Fig. 2i, and it was then
confirmed using the mapping images, Fig. 2j-1. The EDX analysis of 3 %
TiO,@MP500 revealed the presence of titanium (3.36 %), Fig. 2m, and
was further affirmed by mapping, Fig. 2n-p. The mapping analysis,
Fig. 2p, shows that titanium covers all the surface of the carbonaceous
backbone in alignment with the SEM findings. These results verify the
successful impregnation of the biochar with TiO,.

Fig. 3 showcases the TEM images of the MP500 and TiO,@MP500
nanocomposites. The image obtained for pristine MP500, Fig. 3a, shows
the presence of a carbonaceous layer of biochar with a plain surface, in
agreement with the SEM findings. The bright-field TEM images for 1 %
TiO2@MP500, Fig. 3b and c, show the presence of TiO nanoparticles on
the surface. The particle size distribution, Fig. 3d, reveals that the TiO,
particle size was 13.87 + 3.11 nm. The obtained images for 2 %
TiO,@MP500, Fig. 3e-g, show the presence of TiO5 nanoparticles with
particle size distribution of 3.01 4+ 0.52 nm, Fig. 3h. The small standard
deviation calculated for the 155 particles denotes the formation of
uniform TiOy nanoparticles on the biochar surface. For the 3 %
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Fig. 1. SEM micrographs with magnification of 20,000x of MP500 (a, b), 1 %TiO,@MP500 (c, d), 2 %TiO,@MP500 (e, f), and 3 %TiO,@MP500 (g, h).

TiO2,@MP500, the TEM images in Fig. 3i-k indicate the presence of TiO2
nanoparticles that cover the surface of the biochar. Fig. 3j shows the
bright field image of the TiOy nanoparticles and the corresponding
selected area electron diffraction pattern (inset of Fig. 3j). The particle
size distribution (Fig. 31) indicates the presence of 2.74 + 0.43 nm
nanoparticles, revealing a smaller particle size and lower standard de-
viation. The high-resolution TEM image in Fig. 3k shows the lattice
imaging of the TiOy nanoparticles with the corresponding (011) lattice

planes.

3.1.2. Analysis of specific surface area

Fig. 4 and Table S3 display the analysis results for the surface area
and pore size of the prepared samples. Fig. 4a shows a notable increase
in the multi-point BET surface area of the sample following the TiO2
impregnation. The surface area was noted to increase from 2.19 m?/g for
MP500 to 54.69 m?/g, 111.87 m?/g, and 184.61 m?/g for the 1 %, 2 %,
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(d)

Fig. 2. EDX and mapping of MP500 (a-d), 1 %TiO,@MP500 (e - h), 2 %TiO,@MP500 (i - 1), and 3 %TiO,@MP500 (m - p).

and 3 %TiO,@MP500, respectively. This significant increase in surface
area has resulted from the distribution of TiOy nanoparticles on the
surface of the nanocomposite, fostering the surface area affecting the
adsorption efficiency and the photocatalytic decolourization towards
the adsorbed MO molecules.

The mesoporosity of the surface structure of all prepared samples
was proven by the pore size distribution, Fig. 4b, which revealed the
presence of pores with a diameter of 2-50 nm. Table S3 illustrates that
the average pore radius decreased from 162.7 A for MP500 to 20.4 A for
3 %TiO,@MP500, a change resulting from the deposition of the TiOg
nanoparticles inside the pore, resulting in a lower pore radius.

3.1.3. Assessment of thermal stability of the prepared adsorbents
Thermal stability plays a critical role in determining the suitability of
materials for manufacturing and use under different environmental
conditions. Thermogravimetric analysis (TGA) has been utilized to
assess the thermal stability and decomposition temperatures of MP500
before and after impregnation with different concentrations of TiOs.
According to the TGA curve shown in Fig. 5, all samples have two
distinct phases of weight loss. For the biochar sample, MP500, the initial
phase, occurring between 50 and 150 °C, results in a 5.53 % weight loss
that could be attributed to the removal of the adsorbed surface water
[38,39]. The second phase, between 300 and 900 °C, reveals a 33.33 %
loss in mass, likely due to the dehydration and the breakdown of the
MP500 polymeric material and the formation of a carbonaceous

material [40]. The data also shows that 61.14 % of the MP500 mass
remained after heating the sample to 900 °C.

On the other hand, the TiO, nanoparticles-impregnated sample re-
veals higher thermal stability where in the first stage a weight loss of
8.82 %, 8.13 %, and 7.64 % for 1, 2, and 3 %TiO,@MP500, corre-
spondingly, was observed and could be resulting from the loss of phys-
ical water adsorbed on the surface of the nanocomposite. The second
phase showed losses of 29.03 %, 27.48 %, and 25.98 %, respectively,
resulting from the carbonization of the polymeric material. It also shows
a broad endothermic DTA peak, which illustrates the degradation of
hemicellulose and the cellulose present in the MP500 biomass [40]. The
obtained data show that the residual weight (%) of the impregnated
samples after heating to 900 °C were 62.15 %, 64.39 %, and 66.38 % for
1 %, 2 %, and 3 %TiO,@MP500, respectively, revealing that impreg-
nation with TiO enhances the thermal stability of the developed com-
posite, thus the thermal stability increases as the concentration of loaded
TiO4 nanoparticles increases.

3.1.4. XRD analysis

The crystallinity of the MP500 and TiO,@MP500 nanocomposites
was examined using X-ray diffraction (XRD) analysis, Fig. 6. The XRD
spectrum indicates that the samples possess well-defined crystallinity, as
evidenced by the increased intensity of the observed peaks. The XRD
pattern for the MP500 exhibits a broad peak ranging from 26: 20° to 28°.
This peak shows the manifestation of the graphitic carbon amidst the



M. Ezzine et al. International Journal of Biological Macromolecules 306 (2025) 141753

Mean = 13.87
Std. dev. = 3.11
N =80

(a)

Frequency

8 10 12 14 16 18 20 2
Particle size distribution (nm)

l? Mean =3.01
\ Std. dev. = 0.52]
N=155

>
3
c
s
3
4
&
w

2 H
Particle size distribution (nm)

Mean =2.74
Std. dev. = 043
N=77

Particle size distribution (nm)

Fig. 3. TEM image of MP500 (a), 1 %TiO,@MP500 (b, c), 2 %TiO,@MP500 (e - g), and 3 %TiO>,@MP500 (i - k) and particle size distribution of 1 %TiO,@MP500
(d), 2 %TiO,@MP500 (h), and 3 %TiO,@MP500 (1).

0.025

140 —=— MP500-PR
—3— MP500-SA (b) N
o —e— 1% Ti0,@MP500-SA (a) —8— 1i0,@MP500-PR
= 120 4——2% Ti0,@MP500-SA — —A— ZEOZ@MPSOO-PR
:i —=— 3% TiO,@MP500-SA € 0.020 4 —¥— 3i0,@MP500-PR
> <
o 100 . o
s ! o geees o
]
~ € 0.015
° o f
3 S I
/
s £ |
2 S 00104 |/
< ° /
2 > |
= e | il
] 5 00054/ /
=1 o |
g /
|
0.0 0.2 0.4 0.6 0.8 1.0 -0.5 0.0 0.5 1.0 1.5 2.0 25 3.0 3.5

log,o(Pore diameter) (nm)

Relative Pressure (P/P)

Fig. 4. (a) Measured surface area and (b) pore volume for MP500, 1 %TiO,@MP500, 2 %TiO,@MP500, and 3 %TiO,@MP500.
corroborates the presence of the anatase TiO3 nanoparticles. Addition-

ally, the XRD patterns of the TiO,@MP500 demonstrate that the com-
posite is of high purity with clearly defined diffraction peaks.

amorphous carbon, which is typical of biochar (ICSD:426931) [41]. This
broad peak persists in the spectra for TiOo@MP500 samples, suggesting
the presence of the carbonaceous layer alongside TiO, nanoparticles
[42,43]. The XRD patterns for TiO, in the as-prepared samples 1 %TiO,
2 %TiOg, and 3 %TiO2@MP500 reveal peaks at 20 values of 28.47°,
32.81°, 40.73°, and 50.44°, attributed to the anatase phase of TiO5 and
matching the hkl indices of (011), (004), (200), and (105), corre-
spondingly (ICSD: 01-089) [44,45]. Identifying these distinctive planes

3.1.5. Raman analysis

Raman spectra of the as-prepared samples MP500 and 1, 2, and 3 %
TiO2@MP500 are shown in Fig. Sla. Obtained spectra show the pres-
ence of diffraction peaks at 1359 em™! (D-peak) and 1589 em™! (G-
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Fig. 6. XRD diffractogram of the as-prepared samples, including MP500, 1 %
TiO,@MP500, 2 %TiO,@MP500, and 3 %TiO,@MP500.

peak) in all samples, revealing structural changes with the graphitiza-
tion process, and confirming the presence of MP500 biochar with TiOy
in the impregnated sample. The D-peak reflects the defects with Ajg
symmetry. In contrast, the G-peak is related to the Ex; phonon’s first-

order scattering associated with spz—hybridized carbon atoms [46,47].
The D-peak signals a disorder in the MP500 structure, and the G-peak
signifies the graphitization. The Ip/I; ratios for MP500, 1 %
TiO2,@MP500, 2 %TiO,@MP500, and 3 %TiO,@MP500 are 0.74, 0.75,
0.78, and 0.78, correspondingly, demonstrating that 3 %TiO,@MP500
exhibits a higher degree of defects due to the presence of TiOy nano-
particles on the surface which could affect the removal efficiency and
the photocatalytic effectivity towards MO.

Fig. S1b highlights the Raman spectra (magnified) in the range be-
tween 100 and 1000 cm L. The obtained spectra showed the presence of
TiO4 vibrational peaks at 141 cm L, 392em ™Y, 544 cm ™!, and 621 cm ™Y,
which are identified as the characteristic E1g, B1g, B1g/A1g, and Ejg
vibrational modes of the anatase TiO, respectively [48]. The analysis
indicates that the developed TiO, catalyst is pure without significant
impurities. The observation of the E;; peak in the Raman spectra of
TiO,@MP500 samples demonstrates the effective incorporation of the
anatase form of the TiO, nanoparticles onto MP500, which is consistent
with TGA analysis outcomes.

3.1.6. FTIR analysis

FTIR was applied to identify the chemical bonds in the synthesized
MP500 before and after loading with TiO2 and pinpoint the main
functional groups within the prepared materials. Fig. 7 displays the FTIR
spectra of MP500 and the nanocomposites. The spectrum of MP500
suggests the presence of carbonyl group (C=0) stretching in ketones and
other compounds, which is apparent by the absorption band at 1568
em~! [49]. Furthermore, the peak at 1377 cm~! is related to C — H
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bending vibrations, and peaks at 1156 and 1034 cm™! indicate C — O
and C — O — Cstretching, typical of cellulose-like structures [49]. On the
other hand, the spectra of the TiOp-impregnated sample show that TiO5
exhibits an absorption band at 871 cm ™!, which corresponds to the
anatase phase of TiOy and indicates the Ti — O — Ti stretching bond.
Additionally, peaks between 1000 and 1300 cm™! are primarily asso-
ciated with Ti-O-Ti vibrations, indicating the presence of O-Ti-O
linkages [44]. The IR spectrum of the impregnated sample also shows
the presence of MP500 bands with small shifts, such as the absorption at
1568 cm ™! in MP500, which was shifted in 3 % TiO,@MP500 to 1558
cm L. Other peaks at 1156 and 1034 cm ™! in MP500 were also shifted to
1167 and 1021 cm ™!, which suggests the bonding between Ti (IV) ions
and carboxyl groups, leading to a resonant structure for the carboxylate
ion [50]. On the other hand, Fig. S2 shows a focus on the spectral range
between 2500 cm ! and 3400 cm™!. The obtained data reveal the
presence of weak and slightly shifted peaks in both MP500 and 1 %
TiO,@MP500, appearing at 2970 cm ! and 2932 cm ™! for MP500, and
at 2970 cm™! and 2933 cm™! for 1 %TiO2@MP500, corresponding to
C—H stretching vibrations of aliphatic hydrocarbons [51,52]. The C—H
stretching vibrations are also observed in the 2 %TiO,@MP500 (at 2991
em™! and 2965 cm™!) and 3 %TiO,@MP500 (at 2983 cm ™ and 2969
em™Y). The progression of these peaks from weak and broad peaks in
MP500 and 1 %TiO,@MP500 to more intense peaks in 2 %
TiO2@MP500 and 3 % TiO>,@MP500 highlights the role of TiO5 loading
in modifying the biochar surface. The obtained data confirm the suc-
cessful formation of TiO5 onto the surface of MP500.

3.2. Design analysis

The Box-Behnken (BB) design was employed in this study to tune the
adsorbent/photocatalyst performance. As an experimental design, BB
requires fewer runs compared to full-factorial designs, which in turn
reduces the consumption of resources and hence the costs associated
with materials, labor, equipment, and energy. This, in turn contributes
to environmental sustainability and economic efficiency [35,36]. BB
was exploited to investigate the effects of various independent variables
on specific response variables. BB design ensures that each factor is
tested at three equally spaced levels, high, medium, and low and coded
as —1, 0, and + 1. Table 1 showed the list of variables and their actual
levels. The actual experimental responses, %R values, and the expected
responses as well are listed in Table S2.
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3.2.1. Quality tools

To analyze the BB design and decide on the significance of the
studied variables, the Pareto chart was assessed, Fig. S3. Looking at the
influence of the individual variables, all were significantly affecting the
removal of MO with the adsorbent dose (B), pH (A), and the %TiO5 —
photocatalyst loaded on the substrate biochar surface (D), being the
most statistically significant in the order mentioned.

By and large, increasing the adsorbent dose offers more spots for
capturing the dye, MO. The influence of pH is also significant, inferring
that the surface charge plays a role in the adsorption mechanism. The %
TiO4 loaded on the surface also considerably affects MO uptake. To that
end, it cannot be decided whether these three variables possess a ‘pos-
itive’ or ‘negative’ influence on the uptake of MO. The squared and
linear effects also highlight the significance of the tested variables. The
squared effects of pH (AA) and the %TiO; loaded (DD) were the most
influential squared variables. The linear effect, AD, for the interaction of
pH (A) and the %TiO4 loaded (D) was the most influential linear inter-
action. Nonetheless, a decision on the direction of this influence cannot
be made from the Pareto chart.

The direction of the impact of each variable or variables’ in-
teractions, was evaluated using another quality tool, a normal plot of
effects, Fig. S4. In this representation, variables on the left-hand side
would exert a negative influence on the uptake of MO, in contrast to the
variables on the right-hand side. The normal plot shows a positive effect
of the adsorbent dose (B) on the removal of MO. In other words, an
increase in the amount of adsorbent available to uptake MO is associated
with higher %R. This could be ascribed not only to the active sites
accessible for trapping the dye, but also to more substrate available for
the immobilization of the photocatalyst-TiO,, an issue which is
contemplated as a better performance of the adsorbent/photocatalyst.
The main effects plot — not shown, reveals that as the dose increases, the
removal also increases till a certain dose, where a plateau is seen, and an
almost constant performance is noticed afterward.

On the other hand, pH negatively affects the removal of MO, i.e., as
the pH increases, the removal of MO decreases. The main effects plot
shows a maximum at pH = 6 value, after which the removal starts to
decline. In terms of adsorption, this finding needs to be addressed
considering the pK, of MO and the pHy, of the adsorbent, as well as the
optimum conditions that will be determined from the final design
analysis. Yet, considering the photocatalyst performance, this finding
comes in agreement with the previous literature conclusions where
extremely acidic or alkaline media deters the electrostatic repulsions
sustaining the aggregation of the TiO particles and diminishing the
surface area available for adsorption and also the catalyst performance
[53].

The %TiO5 loaded on the surface also seems to have a positive effect
on the degradation of MO to a certain level, after which the performance
of the adsorbent starts to decline. In terms of adsorption, higher con-
centrations of the TiO3 nanoparticles could clog the pores on the surface
of the biochar, as apparent from the lower pore radii recorded for the 3
% TiO2 composites compared to the 2 % and the 1 % counterparts, Table
S3. Considering the photocatalysis, this also agrees with the literature,
where at low concentrations of TiO,, the concentration of the free rad-
icals is expected to be low and would gradually increase while
increasing the loading with TiOy [10,53]. At extremely high levels, the
degradation efficacy starts to drop, most likely due to the aggregation of
the nanoparticles impeding the light penetration into the active catalysis
sites [54,55].

The initial concentration of MO also affects the removal process, yet
with a lesser magnitude compared to the previous variables. The main
effects plot shows that a steady increase in the removal is observed as the
dye concentration increases to a certain level, after which the %R starts
to decrease. This decrease could be interpreted in terms of adsorption, as
saturation of the adsorbent’s surface could occur at higher dye con-
centrations. In terms of photocatalysis, higher concentrations of the
colored dye could absorb the light, masking the effect of TiO».
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Other investigations of the linear variables’ interaction and their
impact on the uptake of MO were elaborated in both 2-dimensional and
3-dimensional formats. The former, collectively known as ‘contour plot’
is shown in Fig. 8. The right-hand-sided legend exhibits the %R as color
codes, where the red and the maroon colors represent the highest MO
removals. Looking at the significant interactions, for instance, the
interaction of pH (A) and %TiO; (D), removal of 80-100 % of MO (red
contour surface) is achieved using >2 % of TiO, (and <3 %) at pH range
of ~5.8-6.2. This interaction and as could be concluded from the normal
plot, has a positive influence on the removal of MO.

3.2.2. Modelling of adsorbent’s performance

The product of design analysis using quality tools and ANOVA is a
mathematical model that relates the removal of MO to the considered
variables. Eq. (3) shows such a relationship in terms of coded effects. In
this equation, A denotes the transformation factor = 0.0664446.

%R* = 0.7764 4 0.05893 A 4 0.002120 B + 0.001243C + 0.2690 D
—0.00162 E — 0.007522 A% — 0.000014 B>-0.000011 C?
— 0.10387 D-0.000038 E>-0.000033 AB — 0.000046 AC
+0.01885 AD — 0.000367 AE — 0.000008 BC + 0.000367 BD
+0.000023 BE + 0.000169 CD + 0.000022 CE + 0.001282 DE
3)

Eq. (3) shows not only the direction of the influence of each variable
but also the magnitude of this influence. Values of linearity indicators
showed excellent linearity, with 0.9843 and 0.9706 for R? and adjusted
R2. Model power to expect any new trials was confirmed by the pre-
diction indicator of 0.9395.

3.2.3. Optimum response findings
The desirability of a combination of the five tested variables

International Journal of Biological Macromolecules 306 (2025) 141753

(simultaneously) was predicted by the d-function, but the figure is not
shown. The relatively high value of d (0.99959) suggests that a combi-
nation of variables (pH ~ 6, AD ~97.78 mg, RT = 20 min, %TiO, of
~2.2 % and [MO] ~ 11.27 ppm could achieve an adsorptive removal of
~94 % of MO. For the equilibrium and kinetics investigations, and since
higher concentrations of MO will be used, 2-250 ppm, the 3 %
TiO,@MP500 will be utilized to ensure optimal performance over a
wider range of [MO].

3.3. Equilibrium and kinetic studies

In this study, equilibrium isotherms were utilized to determine the
quantity of MO adsorbed onto the 3 %TiO,@MP500 surface and the
nature of the MO-adsorbent interactions. The adsorption capacity of the
3 %TiO,@MP500 under room temperature was examined through four
equilibrium isotherms [56-59]. The Langmuir model commonly sup-
ports one of three primary assumptions:

1. Each adsorption site possesses the same energy to uptake MO.

2. A single MO molecule occupies a single site without any interactions
between these molecules.

3. MO adsorption predominantly occurs on the surface of the
adsorbent.

The Langmuir model can be demonstrated by Eq. (4) as follows:

_ dm KL Ce

qe = 14K, C, ()]

Where g, denotes the maximum adsorption capacity (in mg/g), and K,
stands for the Langmuir equilibrium constant (in L/mol). Additionally,
the Langmuir model can be described with the Langmuir equilibrium
constant as depicted in Eq. (5).
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Fig. 8. Quality tool — Contour plot.
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Thus, Ry, and C, signify the separation factor and the initial [MO],
respectively. Ry, is utilized to evaluate the adsorption process’s favor-
ability. Specifically, an R value of 1 indicates an unfavorable sorption
process, whereas a value between 0 and 1 suggests that the adsorption is
favorable and occurs spontaneously. An Ry value of 0 implies that the
reaction is irreversible. The computed Ry, value for MO adsorption onto
3 %TiO2@MP500 was <1, indicating a spontaneous and favorable
adsorption process. Additionally, the adsorption of MO turned irre-
versible at high MO concentrations. The parameters listed in Table 2
reveal that the peak adsorption capacity for MO reached 104.2 mg/g.
Conversely, the Freundlich isotherm serves as an effective method
for illustrating the energy distribution across a heterogeneous surface, as
depicted in Eq. (6):
1
q. = KrCZ (6)
Where C, represents the equilibrium concentration of MO (mg/L) and g,
is the amount of MO adsorbed per unit of mass (mg/g), Kr (mole. g’l) (L.
mole™1) denotes a constant, and 1/n is the Freundlich coefficient, which
indicates the adsorption capacity and intensity variation, as well as the
degree of deviation from linearity. According to the values reported in
Table 2, the Freundlich coefficient 1/n equals 0.64, and n equals 1.56.
The analysis demonstrates that MO adsorption onto 3 %TiO2@MP500
aligns closely with the Freundlich isotherm model, evidenced by an R?
value of 0.9956. This data affirms the exceptional adsorptive perfor-
mance of 3 %TiO,@MP500 towards MO. Consequently, the adsorption
potential was calculated via Eq. (7) and found to be 3.86 kJ, indicating
that 3 %TiO,@MP500 will adsorb MO molecules with a potential energy
of <3.86 kJ. Furthermore, this suggests that the MO adsorption process

onto 3 %TiO,@MP500 is favorable and irreversible.
A=nRT )

The Temkin model is employed to characterize the interaction
Table 2

The resulting data from different models for MO adsorption onto 3 %
TiO2,@MP500.

Model Nonlinear Parameters Value
equations
Langmuir _ qmKL Ce qm (mg/g) 104.2
¢ T 1+K.Ce K (L. mole™) 0.091
R? 0.9884
Freundlich 1 1/n 0.64
% = KrC? Kr (mole/g) (L/ 10.95
mol)/"
R? 0.9956
Temkin RT br(J/mol) 287.9
Ge =, MATC) ) /mol) 11.77
R? 0.8102
D-R ge = qs . exp. Vi 1.18 x 1078
(=p. %)
1 E (kJ/mol) 6.51
T RT<1 - C_e> m (mg/g) 51.93
E=1 / V3 R? 0.9133
Pseudo-first order dge_ kn(de-q) K; (min~1) 0.017
(PFO) ar - <1lded q. (mg/g) 32.93
R? 0.8765
Pseudo-second order  dg; 2 K, (g.mg L. 0.018
(PSO) E: k2(qe-q0 min’l)
qe (mg/g) 35.29
R? 0.9731
i a
Elovich model . % « In(1 + apt) ; 363:244
R? 0.8647
Weber-Morris model @ =Kt*5+C K; 1.62
C 21.52
R? 0.6282

10
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between the MO and 3 %TiO>,@MP500 adsorbent, as can be detailed by
the subsequent Eq. (8):
(AT Ce)

qe = b (8)

Uy
T

Where R denotes the universal gas constant, A7 is the equilibrium
binding constant, br measures the energy of adsorption, and T represents
the temperature in Kelvin (K). The sorption energy for MO is calculated
to be 287.9 J/mol (Fig. 9a and Table 2). These findings indicate that the
adsorption of MO onto the surface of the 3 %TiO,@MP500 adsorbent is
favorable.

The Dubinin-Radushkevich (D-R) model was used to explore the
mechanism of the MO dye adsorption onto the 3 % TiO,@MP500
adsorbent, which is articulated through Eq. (9):

e = gs.exp.(— p.€%) ©)

Within this formula, g; signifies the highest MO adsorption capacity,
while B serves as the activity coefficient, functioning to evaluate the
energy of adsorption, E, in kJ/mol. Furthermore, € represents the
Polanyi potential. Egs. (10) and (11) were used to illustrate the potential
energy of adsorption alongside the Polanyi potential as follows:

1
=RT|1+—
6R<+Ce>

E:l/ﬁﬁ

Hence, according to the information presented in Table 2, the find-
ings related to MO dye show a sorption energy of 6.51 kJ/mol, sug-
gesting that the MO adsorption mechanism on 3 %TiO,@MP500 is
predominantly physisorption, characterized by a sorption energy of <8
kJ/mol. Such results imply that the efficiency of MO adsorption onto the
3 %TiO,@MP500 relies on the adsorbent’s surface area.

The investigation into MO adsorption onto 3 %TiO2@MP500 nano-
composite encompassed analysis through four kinetic models [60-62].
Fig. 9b and Table 2 present the correlation between q; (mg/g) and time
(t, min) for MO adsorption onto 3 %TiO,@MP500, alongside the derived
metrics for each model. The findings highlight that the pseudo-second
order model exhibits the most substantial correlation coefficient (R>
= 0.9731). This data suggests that the MO adsorption on 3 %
TiO2@MP500 is influenced by the concentrations of both MO and the 3
%TiO2@MP500 adsorbent, which is mathematically depicted in Eq.
(12):

(10)

an

MO + 3%TiO,@MP500 X mo- 3%TiO, @MP500 12)

Conversely, the R? values for other models, such as Elovich and
Weber Morris, were markedly lower in comparison to those of PSO and
PFO, registering at 0.8647 for Elovich and 0.6282 for Weber Morris.
These significantly lower correlations indicate that these models are
inadequate for characterizing MO adsorption onto 3 % TiO,@MP500.

3.4. Photocatalytic activity of TiO2@MP500 nanocomposites

In this study, photocatalysis was employed to enhance the decolor-
ization rate of MO. The combined analysis of adsorption kinetics and
optimization of the process design revealed that nearly complete
decolorization of MO was possible after maintaining contact with 3 %
TiO,@MP500 for a duration of 120 min. Further examination of the
kinetics of photocatalysis indicated that under UV light exposure, the
MO-3 %TiO2@MP500 system, the decolorization of MO was nearly
complete within a much shorter timeframe of 30 min.

Further, in alignment with BB design findings that identified 3 %
TiO2@MP500 as the most efficient adsorbent, Fig. 10 illustrates that the
highest MO decolorization efficiency (%DE) was achieved with 3 %
TiO2@MP500. After 10 min under UV light, >90 % of MO was degraded,
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Fig. 10. Direct photolysis of MO, the decolorization efficiency of pristine biochar (MP500), pristine TiO,, and the three nanocomposites (with 1, 2, and 3 % TiO5)

under UV light.

and a maximum decolorization was recorded at 30 min. The decolor-
ization efficiency approached complete (98.87 %) compared to 89.32 %
and 76.54 % for the 2 % and 1 % variants, respectively. Fig. 10 also
showed that the photolysis of MO (standalone with no adsorbent) was
almost negligible under UV light, demonstrating the stability of MO in
the presence of UV light [63-65]. On the other hand, the MO-MP500,
and the pristine TiO, systems under UV light exposure showed a low
%DE of <5 %, and 20.38 %, after 30 min, respectively, which could have
resulted from the adsorption process in the case of the MP500 sample,
confirming that the photocatalytic effect is due to the presence of TiO5

11

nanoparticles on the surface of the biochar. In the case of the pure TiO,,
a single mechanism — photocatalysis — is taking place with no adsorptive
support [66,67].

Fig. 11a shows the kinetics of the photocatalysis activity of 3 %
TiO2@MP500 towards MO. The relationship between In(Cy/C) and time
(t, min) conformed to a first-order kinetics model, as specified in Eq.
(13).

In(Co/Cyt) = kst (13)

Co and C; denote the initial MO concentration and MO concentration
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Fig. 11. (a) Photocatalytic kinetics of MO using 3 %TiO,@MP500 versus kinetics of the same sample with adsorption only for contact time of 6 min, and (b)
Photocatalytic decolourization kinetics of MO using TiO,@MP500 photocatalyst.

after a specific duration under photocatalytic conditions or the equi-
librium concentration after adsorption without photocatalysis, respec-
tively, measured in ppm. The rate constant k; (min~?), derived from the
linear regression slope, and time (t, min) are critical parameters. A
notable rise in the k; value from the linear graphs was observed, with a
decolorization rate constant of 0.1729 min~ ", about 2.2 times faster than
decolorization through adsorption alone. This comparative experiment
highlights a synergistic impact between MP500 and TiO5 nanoparticles,
with the presence of TiO, enhancing the decolorization rate of MO,
likely due to its anatase crystal structure.

The study also investigated how increasing the TiOy concentration
(%) on the MP500 surface affects the kinetics of photocatalysis, as
shown in Fig. 11b. The analysis of the rate constants across different
slopes revealed that 3 %TiO,@MP500 outperformed its 2 % and 1 %
counterparts. This indicates that a higher TiO5 concentration on the
MP500 surface, up to 3 %, enhances the presence of the anatase form of
TiOg, as also evident in SEM images showing TiO layers covering the
surface at 3 % TiOo@MP500. The resulting data shown in Fig. 11b also
showed high values of R?, suggesting that this model can accurately
describe the kinetics of the MO decomposition. Lower photocatalytic
activity of the 1 % and 2 % TiO,, compared to the 3 % TiO,, could be a
result of the MP500 biochar’s shielding effect, which potentially ob-
structs light from reaching the photocatalyst’s surface, suggesting 3 %
TiO4 as the optimal concentration for photocatalyst synthesis. These
outcomes underline the significance of determining the optimal TiO5
concentration as part of the preceding BB design optimization.

3.5. Proposed adsorption and photocatalysis mechanisms

The mechanism of MO adsorption onto 3 %TiO,@MP500 involves
multiple pathways, including hydrogen bonding, electrostatic, and n-n
interactions, hydrophobic effects, and ion exchange [68]. The n-n in-
teractions arise from the interaction between the aromatic rings of MO
and the aromatic structure of the biochar (carbonaceous backbone).
Electrostatic interactions are facilitated by the bonding of MO with
surface functional groups on the 3 %TiO,@MP500, such as C=0, C — O,
C—-0 —C, Ti — O — Ti, and O-Ti-O, as confirmed by the FTIR analysis.
The adsorption process is further enhanced by the high surface area of
the 3 %TiO,@MP500 nanocomposite (184.61 m?/ g). The high surface
area of the 3 %TiO,@MP500 compared to the pristine biochar and to the
1 % and 2 % counterparts implies availability of more active sites for
capturing MO. The point of zero charge (pHpzc) of the adsorbent plays a
significant role in determining the adsorption mechanism. To evaluate
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the surface charge of the 3 %TiO;@MP500 nanocomposite, a graph
plotting the initial pH against the final pH was constructed (Fig. S5). The
PHpzc of 3 %TiO,@MP500 was found to be 5.82, while the optimum pH
as determined employing BB design, was 6.0. At this pH, the nano-
composite’s surface is nearly neutral, indicating that electrostatic in-
teractions are unlikely to be the dominant mechanism for MO
adsorption. Instead, the large surface area of the nanocomposite facili-
tates physisorption, as confirmed by equilibrium findings.

For the photocatalytic process, TiO2 nanoparticles on the surface of
the biochar act as a semiconductor photocatalyst. Upon UV irradiation,
electrons in the valence band (VB) are excited to the conduction band
(CB), leaving holes (h™) in the VB. The energy required for the electron
excitation corresponds to the TiO, band gap. The produced photo-
generated electron-hole pairs resulted in a redox reaction at the TiO,
surface [69]. The electrons in the CB reduce the dissolved oxygen mol-
ecules to form superoxide radicals (02~ *), producing reactive species
like hydroxyl radicals (OH®) [70]. Similarly, the holes in the VB oxidize
water molecules or hydroxide ions to generate additional hydroxyl
radicals. These reactive oxygen species are highly oxidative and break
down the MO molecules into CO5 and HyO [71]. Combination of biochar
as adsorbent with TiO3 as a photocatalyst brings advantages of both. In
this combination, the biochar acts as a support material for TiOq,
allowing the concentration of MO on the surface of the biochar and
hence facilitates the dye exposure to the photocatalyst effect. Further-
more, having the biochar backbone diminish the aggregation of the
photocatalyst nanoparticles [22,23]. The dual mechanism of adsorption
and photocatalysis makes 3 %TiO,@MP500 a highly effective nano-
composite for MO removal.

3.6. Regeneration and reusability

The feasibility of using any adsorbent economically relies mainly on
its ability to be regenerated, a factor primarily estimated through
adsorbent regeneration studies. A desorption study was conducted with
five different eluents, and the adsorbent 3 %TiO,@MP500 was regen-
erated through six rounds of adsorption-desorption cycles. The study
evaluated the efficacy of desorbing MO from 3 %TiO,@MP500 using
five eluents: 0.1 M of HCI, Na;COs3, and H3SO4, 10 % ethanol (CoHsOH),
and DI water. Fig. 12a illustrates the effectiveness of the investigated
eluents in the MO desorption process, indicating that 0.1 M HCI was the
most effective eluent, achieving a 97.88 % desorption efficiency,
whereas 0.1 M H,SO4 achieved 87.66 % efficacy. Consequently, 0.1 M
HCI was selected as the prime eluent for desorbing MO from MO-loaded
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Fig. 12. (a) Elution of MO from loaded 3 %TiO>,@MP500 using various eluents, and (b) The regeneration and 3 %TiO,@MP500 adsorbent for removing MO.

3 %TiO2@MP500.

The highest desorption efficiency was realized using 0.1 M HCl as an
eluent solution because, at a pH value of ~1, which is lower than the pKa
of MO (~3.4), the sulfonate and azo functional groups of MO are pro-
tonated, reducing their negative charge and weakening the electrostatic
interactions with the functional groups of 3 %TiO-@MP500, leading to
an improved desorption efficiency [72-74]. On the other hand, Nay;CO3
exhibits low desorption efficiency where the pH of NayCOs is higher
than the pKa of the MO, resulting in deprotonation of MO’s sulfonate
group and enhancing the electrostatic binding to the adsorbent surface
and decreasing the desorption efficiency. Similarly, DI water shows a
very low desorption efficiency because of its neutral pH (~7), which
does not affect the electrostatic interactions.

Furthermore, cyclic adsorption-desorption experiments were per-
formed to assess the regenerative capabilities of the 3 %TiO,@MP500
adsorbent, Fig. 12b. The obtained results highlighted a slight deflect in
the MO removal, from 95.42 % in the first cycle to 90.91 % in the sixth
cycle. These outcomes highlight the adsorbent’s stability and efficient
regenerative potential, maintaining over 85 % removal efficiency across
more than six cycles.

3.7. Comparison of the removal efficiency of MO with literature

A comparison between the current approach for remediating MO-
polluted wastewater and the literature efforts is revealed in Table 3.
Data exhibited in the table shows that the developed adsorbent is su-
perior to most of the reported approaches in terms of its adsorption
capacity. Moreover, compared to the commercial activated carbon, the
current adsorbent shows almost the same performance. In terms of
photocatalytic behavior, the developed composite shows an excellent
performance in terms of degradation efficiency, the time needed for
degradation, and the degradation rate constant.

3.8. Economic analysis

The main target of preparing the 3 %TiO,@MP500 derived from the
waste mandarin peels and TiO» highlights its potential for use on a large
scale at a reasonable cost. Preparation of this material involves the
synthesis of an eco-biochar, MP500, via pyrolysis of the waste peels at
500 °C, followed by loading of TiO, using the hydrothermal synthesis.
The current investigation, therefore, highlights the value of reusing
waste biomasses and production of advanced materials for environ-
mental protection, water purification, and catalytic processes under the
umbrella of circular economy and sustainability [40].

The estimated energy consumption for manufacturing 10 kg of
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Table 3

A comparison between the current approach and the reported methods for the
removal of MO via adsorption, photocatalysis, and integrated adsorption-
photocatalysis.

Adsorbent Biochar Adsorption Capacity Reference
Mandarin peels 104.2 mg/g Current study
Sheep manure 42.513-45.563 mg/g [75]
Pistachio nutshells 142.38 mg/g [10]
Sawdust biochar 136.67 mg/g [76]
Orange peels 15.8 mg/g [77]
Banana peels 17.2 mg/g [77]
Waste of Prosopis juliflora 8.08 mg/g [78]
Commercial activated carbon 129.3 mg/g [79]

TiO, — Photocatalyst Performance Indicators Reference
TiO»@ biochar of Degradation rate constant: 17.29 x 1072 Current
mandarin peels min~ study
%DE: 98.87 %, < 30 min
TiO»@ biochar of Degradation rate constant: 12.74 x 1072 [10]

pistachio nut shells min~?
%DE: 99.47 %, 30 min (using UV lamp
with power of 4 W, and at a wavelength
of 245 nm)
Commercial, thermally Degradation rate constant of 2.6683 h™! [80]
treated TiO,, anatase (using solar intensity of 815 W)
TiO,@ biochar of shells Degradation rate constant: 2.26 x 1072 [81]
of walnut min~
%DE: 96.88 %, 150 min (using lamp light
with power of 500 W, and at a
wavelength 360 nm)
TiO,@ biochar of corn Degradation rate constant: 7.69 x 1072 [66]

min~!

%DE: 97.98 %, 270 min (using a 300 W
xenon lamp which produces sunlight in
the ultraviolet region: 6.6 W; and the
visible region: 17.6 W)

straws

MP500 biochar is 174.6 (kW h), with an electricity tariff of 0.024 $/kW
h (as of 2024, Qatar), which includes energy consumed by the oven and
the furnace. The total cost per kg of MP500 was found to be 0.419$. The
reagents used in preparing 11 g of 3 %TiO,@MP500 were oleylamine, n-
propanol, TiCl4, and ammonia solutions, with a cost of 0.168 $, 1.015 $,
5.30 $, and 0.207 $, respectively. The total cost of one gram of 3 %
TiO2@MP500 was 0.61 $. The results show low production expenses per
kilogram of MP500 biochar and TiO@MP500 nanocomposites.
Compared to nanocomposites in the market and considering that this
value is estimated on the lab scale, costs will decrease when prepared on
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a large scale, considering that the biochar is prepared from waste ma-
terial, which is almost costless. This substantial cost reduction provides
an advantage within the market, potentially making nanocomposites
more accessible and widely used across industries. Ensuring this pro-
duction process can be scaled up effectively is essential for
sustainability.

Utilizing waste mandarin peels, a leftover from the fruit juice in-
dustry, as a biochar precursor not only minimizes waste accumulation
but also cuts down on raw material expenses. However, expanding
production requires logistics planning, such as ensuring a supply of
mandarin peel waste and setting up efficient transportation and pro-
cessing systems for managing this waste. Furthermore, the environ-
mental advantages of this approach add to its significance. Transforming
waste into a product like 3 %TiO2@MP500 aligns with circular economy
and sustainability principles.

To conclude, manufacturing 3 %TiO2@MP500 presents an argument
for broad-scale implementation due to its cost-efficient production
process, sustainability benefits, and promising market prospects. To
make it economically sustainable, we need to tackle issues like
expanding the business, reaching customers, and ensuring a flow of
resources.

4. Conclusion

A highly efficient material with a dual role, adsorbent and photo-
catalyst, was developed using mandarin waste peels. The TiO,@MP500
acted as an effective adsorbent and photocatalyst for the removal of MO
from wastewater. The Box-Behnken design demonstrated that
TiO2@MP500 achieved an adsorption efficiency of 93.96 % under
optimal conditions, which included a pH of 6, adsorbent dose of 97.78
mg, reaction time of 20 min, 2.2 % TiOo, and an initial MO concentration
of 11.27 ppm. The unique structure of 3 %TiO2@MP500, along with its
large surface area, enhances the adsorption of MO, resulting in increased
photocatalytic activity. Analysis of the adsorption equilibrium models
revealed that the 3 %TiO,@MP500 nanocomposites exhibited a pre-
dominantly physical adsorption mechanism. The adsorption of MO fol-
lowed the Freundlich model, as evidenced by an R%value of 0.9956. The
photocatalytic performance indicated that 3 %TiOy exhibits higher
photocatalytic activity compared to 1 % and 2 % TiO,, with a rate
constant of 17.29 x 1072 min~!. The precise preparation and synthesis
process of the nanocomposite, along with its effective adsorption and
photocatalytic degradation capabilities, make it an attractive option for
the removal and degradation of MO. Scalability and application to real
wastewater are the main limitations of the current investigation. Further
investigations in real-life scenarios where more than one pollutant could
exist are needed. These limitations will be addressed in future research.
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