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ARTICLE INFO ABSTRACT

Keywords: The untreated release of dye-contaminated effluents into water bodies presents serious threats to both envi-

Dyes ronmental and public health. Efficient dye removal methods are critical for preventing pollution and safe-

PPOI}!:CﬁtalYSt guarding ecosystems. This study aims to optimize the photocatalytic degradation of Eriochrome Black T dye in
Biochar . aqueous solutions using a novel composite of TiO and biochar (BC) as a photocatalyst under UV irradiation. The
Photodegradation

TiO2-BC composite (TBC-1) was synthesized via the sol-gel method and characterized using X-ray diffraction,
BET surface area analysis, Fourier-transform infrared spectroscopy, Raman spectroscopy, and scanning electron
microscopy with energy-dispersive X-ray spectroscopy. The synthesis resulted in an anatase phase crystal
structure, a reduced band gap of 2.69 eV, and a significant surface area increase from 38 m?/g to 78 m?/g. The
photocatalytic performance was optimized under UV light using Response Surface Methodology (RSM) with a
Central Composite Design (CCD). Key variables, including initial pH (3-11), dye concentration (10-50 mg/L),
photocatalyst dosage (0.5-2.5 g/L), and irradiation time (30-150 min), were assessed. An optimal decolorization
efficiency of 99.14 % and a mineralization efficiency of 93.7 % were achieved at pH 3, 32 mg/L dye concen-
tration, 1.48 g/L catalyst dosage, and 124 min irradiation time. These findings highlight the potential of the TBC-
1 composite as an effective and sustainable solution for water and wastewater treatment applications, contrib-
uting to improved environmental management practices.

UV-irradiation

1. Introduction

Industrialization has driven significant economic growth and tech-
nological advancements, yet it has also led to considerable environ-
mental damage. The burning of fossil fuels, the release of toxic
chemicals, and the destruction of natural ecosystems have all contrib-
uted to widespread environmental pollution [1]. Among these issues,
water pollution has become a global crisis, impacting billions of people
by hindering economic progress and threatening both human health and
environmental stability [2]. In addition to the scarcity of freshwater
supplies, continuous degradation of water quality also contributes to
global water scarcity. The primary factors contributing to this issue are
urban development, industrial operations, and agricultural activities

* Corresponding author.

[31].

Industries, in particular, are major sources of water pollution,
releasing hazardous substances that endanger the environment and
public health. Among these, the textile sector is a major contributor,
consuming large quantities of freshwater and discharging a substantial
volume of contaminants, including, organic compounds, dyes, metals,
and other harmful substances [4]. Dyes are essential for coloring prod-
ucts across various industries, including leather, cosmetics, textiles, and
food. Synthetic dyes are extensively utilized in the textile industry,
where azo dyes are most commonly used. These dyes account for
two-thirds of the dyes used in textiles and over half of global dye pro-
duction, with more than 2000 different types currently in use [5,6].
During the dyeing process, approximately 10-15 % of these dyes are
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released directly into water bodies, contributing to significant environ-
mental pollution. Dyes in water have the potential to create adverse
health effects such as cancer, skin irritation, allergies, and dermatitis
even in low quantities [7]. Azo dyes are particularly harmful due to their
intense color and low degradation rate [8]. Eriochrome Black T (EBT),
also referred to as Mordant Black 11, is an anionic azo dye, a commonly
used anionic azo dye in the textile industry, is known for coloring a
variety of fabrics, including silk, viscose, polyester, wool, nylon, and
cotton [9,10]. This dye is environmentally hazardous, causing skin and
eye irritation, and respiratory issues, and prolonged exposure can cause
liver damage [10]. Despite its risks, EBT is widely used in developing
countries, where effluents containing the dye are often released into
water bodies without adequate treatment, posing a serious threat to the
ecosystem [9,11]. Therefore, finding effective methods to remove EBT
dye from wastewater is crucial to prevent further environmental damage
and protect human health.

Various methods have been used to remove colors from wastewater,
including biological treatment and chemical oxidation [12], adsorption,
coagulation, flocculation, advanced oxidation processes (AOPs), and
membrane filtration [13]. However, due to the properties of the dyes,
common treatment methods are usually inefficient and may cause re-
sidual contamination [14]. Advanced oxidation processes, such as
photocatalysis, Fenton, photo-Fenton, ozonation, and photolysis, have
emerged as effective alternatives that can degrade persistent organic
pollutants, including dye effluents, without generating secondary
pollution [15]. These methods have the potential to be utilized either
alone or in combination with other wastewater treatment techniques.

Heterogeneous photocatalysts are regarded as one of the most
promising advanced oxidation processes (AOPs) for degrading persistent
organic pollutants [16]. These catalysts are cost-effective, non-toxic, and
exhibit strong biological and chemical stability [17]. Commonly used
semiconductors in this process include ZnO, TiOy, WO3, CeO3, SnOs,
ZrOy, ZnS, and CdS [16]. TiO, is widely used as a photocatalyst due to its
good catalytic performance, cost-effectiveness, abundance, high chem-
ical stability, non-toxic nature, biological inertness, and reusability [18].
However, its large energy band gap (3.0-3.2 eV) restricts its application
to the UV light spectrum, which makes up only about 7 % of sunlight [7,
19]. Additionally, the difficulty of recycling nano-TiO, catalysts limits
their broader applications. To improve TiOy’s photocatalytic efficiency
and ease of recycling, various modifications have been made, including
doping with metals such as Mn, Pt, Fe, Se, Cr, Ag, and Cu [20],
non-metal elements like C, N, B, and P [21], combining with other
semiconductor materials like ZnO, WOs3, SnO,, and CdS [19], and
integrating with adsorbent materials [22].

Combining TiO, with carbon-based materials has garnered attention
due to its strong adsorption properties and its ability to enhance pho-
tocatalysis [22,23]. The strong interaction between TiO5 and carbona-
ceous materials promotes their synergistic effects, increasing adsorption
capacity and improving photocatalysis by enhancing the contact be-
tween pollutants and photocatalysts [24,25]. This approach also allows
for easy separation of photocatalysts from effluents and enables their
continuous reuse [22]. While activated carbon is often used as a support
for TiO,, the presence of numerous microporous structures can impede
the diffusion of organic pollutants to the catalyst surface, and TiO5 may
obstruct these pore structures [26]. In contrast, biochar, with its larger
pore structures and higher electrical conductivity, offers better support
for TiO2 and can enhance its photocatalytic performance in dye oxida-
tion [26].

Biochar is a carbonized material derived from biomass waste, char-
acterized by high stability and a strong capacity for pollutant adsorption
[27,28]. The material’s high stability and semiconductor properties
make it a good support for TiO [29]. The synergistic effects of TiO, and
biochar composites significantly enhance TiO,’s photocatalytic effi-
ciency, as biochar functions as an electron acceptor, aiding in the
transfer of electrons from the TiO surface and enhancing the separation
of electron-hole pairs [26]. Biochar-photocatalyst composites have
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gained attention in various environmental applications. Some examples
include TiOy-reed straw [30], TiOy-Salvinia Molesta [31], TiO2-bamboo
[32], TiOz-coconut shell [33], TiOy-corn cob [34], and TiOy-ramie char
[35].

Despite the known advantages of giant reed-derived biochar,
research specifically targeting its integration with photocatalytic
oxidation of EBT dye remains limited. Although the giant reed is known
as one of the most dangerous invasive species worldwide, its biomass
offers a low-cost alternative for biochar production, which is often
underutilized in this context [36]. Existing studies have demonstrated
the remarkable characteristics of giant reed-derived biochar, with a
surface area of 506.3 m?/g and a pore volume of 0.45 cm®/g, demon-
strating its potential to improve water purification through adsorption
processes [37]. However, the influence of various factors such as pH,
reaction time, catalyst dosage, and pollutant concentration on photo-
catalytic efficiency has not been thoroughly explored in conjunction
with this specific composite [38]. In recent years, various optimization
techniques have been utilized in process engineering to improve effi-
ciency and accuracy. Among these, Response Surface Methodology
(RSM) stands out for its advantages, particularly in optimizing complex
experimental processes. One of its primary benefits is the capability to
minimize the number of experiments needed by analyzing the effects of
multiple variables simultaneously, saving both time and resources [39].
Unlike traditional methods that examine factors individually, RSM ex-
plores the interactions between variables, providing a more compre-
hensive understanding of their collective impact. RSM employs full
quadratic models that facilitate precise predictions based on a variety of
parameter combinations, making it ideal for detailed optimization, as
seen in photocatalytic degradation studies [40]. The contour and
response surface plots generated by RSM allow for intuitive visualization
of variable effects, helping to identify optimal conditions more effec-
tively. Among the different RSM designs, Central Composite Design
(CCD) and Box-Behnken Design (BBD) are the most commonly used.
CCD is highly efficient in examining linear, interaction effects, and
quadratic, and its flexible design makes it well-suited for larger factor
spaces [41]. On the other hand, BBD is more cost-effective as it avoids
extreme factor combinations, but it is less effective in detecting curva-
ture compared to CCD [39]. For this study, CCD was chosen for its ability
to precisely optimize variables and explore their interactions. Hence,
this study aims to address this gap by developing a TiO2-BC composite
using giant reed biochar and optimizing the photocatalytic degradation
of EBT azo dye from aqueous solutions under UV light using Response
Surface Methodology (RSM) under Central Composite Design (CCD).

2. Materials and methods
2.1. Preparation of biochar and TiOz-biochar composite

The Giant reed stem was air-dried, chopped into small pieces, then
dried in an oven at 105 °C for 24 h. The dry biomass was ground and
then passed through an 80-120 mesh screen. Then, the biochar was
produced by slow pyrolysis using a muffle furnace at 600 °C for 2h in a
nitrogen environment [42]. TiOy-biochar composites were prepared
using the sol-gel method with Titanium (IV) tetrachloride (TiCl4) (99.5
%). Initially, 10 mL of TiCl4 was added to 150 mL of deionized water in a
1000 mL beaker placed in an ice bath and continuously stirred for 10
min. Subsequently, 100 mL of ethanol (96 %) was added to the TiCly
solution and stirred for 20 min. The entire process was conducted in a
fume hood. Biochar was added based on the TiO5 to biochar ratio wt%.
(10:1,10:2 and 10:3) for separate TiCls solutions. The mixture was
vigorously stirred for 5 min, and then the solution was titrated with 4 M
NH4OH until the pH reached 7.5 [43]. The mixture was settled over-
night, and then the supernatant was decanted. The gel was dried over-
night at 110 °C in a drying oven. The dried composite was then ground
with a mortar and calcined at 600 °C for 2 h in a muffle furnace, with a
heating rate of 10 °C/min, under a nitrogen atmosphere at a flow rate of
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10 L/min. The TiO,-BC composite was then cooled to room temperature
and labeled as TBC-1, TBC-2, and TBC-3. Furthermore, pure TiOy was
prepared using the same procedure without adding biochar.

2.2. Characterization of TiOz-biochar composite

The crystal phases of TiO and TBC-1 were analyzed using X-ray
diffraction (XRD) on a SHIMADZU XRD-6000. The crystalline size of the
composite was then calculated using the Scherrer equation (Eq. 1).
Surface morphology and elemental composition were analyzed using
Scanning Electron Microscopy (SEM) (JSM-IT300 Joel, Tokyo, Japan) in
combination with an EDX (Oxford X-MAXN). Surface functional groups
were determined using an iS50 FTIR infrared spectrometer. Molecular
interactions and chemical structures were investigated using a WITec
Raman spectrometer. The BET-specific surface area was determined
using a HORIBA (SA-9600) surface area analyzer. The band gap and
UV-Vis diffuse reflectance spectra (DRS) were measured using a Shi-
madzu UV-3600PLUS spectrophotometer. The band gap of the com-
posite was estimated using Tauc’s plot, while the Kubelka-Munk
equations (Egs. 2 and 3) were utilized for direct band gap determination
[441.

K1
b= pcos(0)

(€8]

Where D is the average crystallite size (in nanometres), K is the shape
factor (typically taken as 0.9), A is the wavelength of the X-ray radiation
(for Cu Ka, = 1.5406 A°, B is the FWHM of the peak in radians and 0
represent Bragg angle in radians.

(1= Roo)?
F(Ro) ="p (@)
(ahv)® = B(hv — Ey) 3

Where Roo is the reflectance of an infinitely thick specimen, « is the
absorbance, h is the Plank constant, v is v is the frequency of the photon,
B is a constant and Eg is the band gap energy [44].

2.3. Point of zero charge determination

The point of zero charge (pHpzc) for TiO,, biochar, and the TBC-1
composite was determined using the salt addition method. About 0.2 g
of each sample was added to a 20 mL solution of 0.01M NaCl, which was
adjusted to a pH range of 3 to 11. The solution pH was modified using
0.1M HCI for acidification and 0.1M NaOH for basification to cover the
entire pH spectrum. Each mixture was vigorously shaken for 24 h to
ensure thorough interaction between the sample and the solution, after
that the final pH of the solutions was measured [45].

2.4. Photocatalyst performance test

Photocatalytic experiments were performed using a 19 W ultraviolet
lamp. This lamp emitted light at 254 nm and was positioned 25 cm
above the reactor. In separate beakers, 0.1 g of each TiOy and TBC-1
Composite was added to 100 mL of a 20 mg/L EBT dye solution. The
mixture underwent stirring in the dark for 30 min; this step allowed for
adsorption equilibrium to be reached. Once this period was over, the UV
light was turned on. The photodegradation process then took place over
2 h. At 30, 60, 90, and 120-min intervals, 5 mL aliquots were withdrawn
from the beaker and centrifuged at 8000 rpm. The supernatant con-
taining EBT dye was analyzed using UV-visible spectroscopy at 534 nm
to determine dye degradation, while TOC analysis was performed using
the QbD1200 TOC Analyzer. The decolorization efficiency and degra-
dation were calculated using Eqs. (4) and (5).
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Removal % = M * 100 4

0

Initial TOC — Final TOC

5
Final TOG TOC + 100 5)

TOC (%)Removal =

Where Cy is the initial dye concentration (mg/L), Ce is the equilibrium
concentration (mg/L), and TOC refers to the total organic carbon before
(Initial TOC) and after treatment (Final TOC), both measured in mg/L.

2.5. Design of experiments

The efficiency of photocatalysis was assessed through an experi-
mental framework based on four operational parameters, as detailed in
Table 1. This investigation was implemented using the Central Com-
posite Design (CCD) approach and the Design-Expert software (Stat-
Ease, Design-Expert 13). The Central Composite Design (CCD) is a
factorial approach used to analyze at least four independent variables
through randomized response surface methodology. In this study, four
variables pH (3-11), dye concentration (10-50 mg/L), catalyst dosage
(0.5-2.5 g), and reaction time (30-150 min) were systematically
examined for their effects on photocatalytic color removal. Each factor
was tested at five levels (-a, -1, 0, +1, +a). The experiments were con-
ducted in duplicate, and the average results were reported. The required
number of experiments is defined by Eq. 6.

N=K*+2k+Cp (6)

Where Cp represents the number of central points and k denotes the
number of variables.

The CCD for four input parameters and five levels proposed 30 total
experimental runs, including 16 factorial points,8 axial points, and 6
center points [46]. The factors and their levels as well as the response are
presented in Table 2. The predicted response (Y) can be derived from the
quadratic model equation (Eq. 7):

k 3 k-1 k
r="ho +Zﬂi)(i+ZﬁiiZi2+Z Zﬂij)(,)(j te @)
i1 i1

-1 j>1

Here, y indicates the response to be optimized; by is the constant coef-
ficient; bi is the linear coefficient; bii is the quadratic coefficient; bij is
the interaction coefficient; k represents the number of independent
variables, & denotes the unknown error constant, and xi and xj indicate
the coded values of the independent factors.

The significance of the model, along with the assessment of indi-
vidual and interaction effects of the factors, was analyzed using analysis
of variance (ANOVA). The model’s effectiveness was determined by
evaluating the R? adjusted R? coefficient, and lack-of-fit tests. Optimal
conditions were predicted by analyzing p-values and F-values, and 3D
surface graphs were created to demonstrate the results.

2.6. Determination of reactive oxygen species

Scavenging experiments were conducted to identify the reactive
species responsible for the EBT dye photodegradation process. The ex-
periments compared the degradation rates of dye solutions with and

Table 1

Experimental design matrix for input variables and levels.
Factors -alpha  Low Mid High +

-1 (0) +1 alpha
pH 3 5 7 9 11
Catalyst load (mg/L) 0.5 1 1.5 2 2.5
Dye concentration (mg/ 10 20 30 40 50
L)

Time (min) 30 60 90 120 150




M. Abdu et al.

Table 2
Central composite design matrix.
Factor Factor 2 Factor 3 Factor Response 1
1 4
Std  Run  A:pH B: Catalyst  C: Dye D: Time  EBT
Dose (g/L)  Concentration (min) Removal
(mg/L) (%)

1 18 5 1 20 60 83.84
2 15 9 1 20 60 55.53
3 30 5 2 20 60 93.09
4 3 9 2 20 60 71.52
5 1 5 1 40 60 73.65
6 25 9 1 40 60 50.89
7 2 5 2 40 60 82.87
8 16 9 2 40 60 67.85
9 17 5 1 20 120 95.73
10 26 9 1 20 120 71.51
11 27 5 2 20 120 99.12
12 13 9 2 20 120 82.82
13 8 5 1 40 120 86.33
14 28 9 1 40 120 66.55
15 9 5 2 40 120 90.59
16 21 9 2 40 120 78.52
17 5 3 1.5 30 90 98.9

18 19 11 1.5 30 90 56.89
19 11 7 0.5 30 90 61.94
20 29 7 2.5 30 20 81.05
21 6 7 1.5 10 90 91.86
22 20 7 1.5 50 90 75.9

23 24 7 1.5 30 30 68.3

24 12 7 1.5 30 150 89.23
25 7 7 1.5 30 90 84.76
26 22 7 1.5 30 90 85.43
27 23 7 1.5 30 90 85.56
28 10 7 1.5 30 90 84.82
29 4 7 1.5 30 90 85.78
30 14 7 1.5 30 90 85.65

without the addition of scavengers. Specifically, n-butanol (n-but) was
introduced at a concentration of 0.05 mol to scavenge hydroxyl radicals
(-OH), ascorbic acid (AA) at 0.001 mol to target superoxide radicals
(-O2), and oxalic acid (OA) at 0.05 mol to scavenge holes (h*) [47].

2.7. Photodegradation kinetics study

The kinetics of EBT photocatalytic degradation were investigated
under optimum experimental conditions. The degradation process was
modeled using first-order kinetics (Eq. 8). Before starting the photo-
degradation procedure the solution was stirred in the dark for 30 min to
reach adsorption equilibrium [48]. The UV light was activated, and the
photodegradation was conducted over 2 h. Samples of 5 mL were taken
at intervals of 20, 40, 60, 80, 100, and 120 min. These samples were
centrifuged at 8000 rpm, and the supernatant with the remaining EBT
dye was examined using UV-visible spectroscopy with an absorption
wavelength of 534 nm.

Ct
In (@) = —kt (8)

Where Ct denotes the concentration at time t, Co is the initial dye con-
centration, and Kk is the first-order rate constant.

2.8. Recycling test

The recycling test was conducted using optimized parameters. About
0.15 g of the catalyst was added to a 500 mL beaker containing 100 mL
of a 32 mg/L Erichrome Black T dye solution. After each experiment, the
mixture was allowed to settle for 30 to 60 min, then the supernatant
solution was carefully removed with a micropipette from the beaker
without disturbing the catalyst. Subsequently, the experiment was
restarted by adding 100 mL of a 32 mg/L dye solution to the reaction
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beaker. The process was repeated five times.
3. Result and discussion
3.1. Characteristics of TiO2-BC composite

3.1.1. XRD analysis

The X-ray diffraction (XRD) patterns of BC, TiO,, and the TBC-1
composite are presented in Fig. 1. The XRD spectrum for BC shows
two wide peaks at 23.5° (C (002)) and 43.5° (C (100)), signifying the
orientation of aromatic carbon structures and diffraction of graphitic
and hexagonal carbons [49]. In contrast, the XRD patterns for TiO2 and
the TBC-1 composite show diffraction peaks at 25.3°, 38.1°, 48.2°,
54.1°, 54.9°, 62.8°, and 69.3°, which correspond to the (101), (004),
(200), (105), (211), (204), and (220) planes, respectively, indicating the
anatase crystal form of TiOy (PDF-2 00-064-0863). This indicates that
the incorporation of biochar does not substantially change the crystal-
lographic structure of TiO,. However, the peaks of the TBC-1 composite
are slightly wider than pure TiO,, as observed in Fig. 1. This finding
aligns with previous studies [47,50]. The absence of BC peaks in the
composite suggests that the anatase TiOp may have altered or masked
the graphitic carbon structure of the biochar, possibly due to the strong
anatase TiOy peaks overshadowing the weaker BC peaks [47]. On the
other hand, the incorporation of biochar into TiO; catalysts reduces the
crystallite size from 40.6 nm to 22.8 nm, enhancing the material’s
photocatalytic properties. This reduction is attributed to several mech-
anisms: biochar provides additional nucleation sites, promoting smaller
TiO4 crystallites, while its porous structure inhibits particle agglomer-
ation during synthesis [51]. Biochar also influences thermal properties,
stabilizing smaller TiO, particles at elevated temperatures, and its
functional groups may interact with TiOy precursors, modifying the
crystallization process [52]. The large surface area and porous structure
promote the even distribution of TiO3 nanoparticles, resulting in more
uniform growth [53,54]. Smaller TiO, particles have a larger surface
area-to-volume ratio, increasing active sites for reactions and improving
photocatalytic efficiency in processes of wastewater treatment and air
purification [55]. The reduced size also facilitates better light absorp-
tion, charge separation, and quantum size effects, which lower the band
gap energy for enhanced visible light absorption [56]. Additionally,
smaller crystallites improve TiOy dispersion in matrices, enhancing
composite performance [57]. These characteristics make reduced crys-
tallite size crucial for optimizing TiO5 in various sustainable applica-
tions. Additionally, the recycled TiO2-BC (R-TBC-1) composite exhibits a
spectrum similar to that of the original TBC-1 composite, with the pri-
mary differences observed in the peak intensity and a reduction in
crystalline size from 22.8 nm to 20.3 nm. This reduction in crystalline
size may enhance degradation performance by increasing the available

—BC TBC-1
«=TiQ, ==R-TBC-1

woa el
g2
2383
T T T

Intensity(a.u.)

10 20 30 40 50 60 70 80
2(0) Degree

Fig. 1. X-ray diffraction (XRD) pattern of BC, TiO,, TBC-1, and R-TBC-
1 composite.
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surface area and improving photocatalytic activity. The increased in-
tensity of the XRD peaks for the recycled catalyst could be attributed to
interactions and mechanical effects caused by the magnetic stirrer and
the reactor during the recycling process. Furthermore, the reduction of
biochar in the composite might contribute to the observed increase in
crystallinity, which is a favorable property for the catalyst’s reuse across
multiple cycles.

3.1.2. Raman spectroscopy

Raman spectroscopy was used to analyze the TiO2-biochar compos-
ite, focusing on both the TiO; and its biochar composite form as well as
the carbon matrix. The Raman spectra for TiO, BC, and TBC-1, shown in
Fig. 2, reveal distinct peaks at 143 cm™ (Eg), 196 cm™ (Eg), 394 cm™*
(Blg), 514 cm™ (Alg), and 634 cm™ (Eg). These peaks represent the
anatase phase of TiO, [58]. There were no rutile or other TiO5 phase
peaks found in the TiOy-biochar composite. Additionally, the Raman
spectra of the TBC-1 composite show two extra peaks at 1350 cm™ (D)
and 1595 cm™! (G), corresponding to the presence of sp® C-C atoms and
sp®> C-C bonded carbon molecules of biochar [59]. The D peak, a
defect-derived peak, indicates disorder, while the G peak represents
graphitic carbon. The inclusion of biochar in the TBC-1 composite is
evident from these distinct biochar peaks. The presence of biochar also
reduces the intensity of the TiO, peaks, suggesting that the TiOy nano-
particles have successfully integrated with the biochar material to form
the TBC-1 composite. This integration is crucial for enhancing the cat-
alytic properties of the TiO, nanoparticles, as the biochar provides a
stable support structure for the nanoparticles to adhere to.

3.1.3. FTIR spectrum analysis

Fig. 3 shows the FTIR spectra of BC, TiO5, and TiOs-biochar com-
posite. In the TBC-1 and the recycled TBC-1 composite, a broad peak at
3395 cm™ is associated with the stretching vibrations of O-H bonds from
phenolic, hydroxyl, and carboxyl groups, along with water adsorbed on
the surface of the catalyst [26]. Notably, this peak is absent in both the
Biochar and TiO; spectra, suggesting a chemical interaction between the
biochar and TiO, materials. Additionally, the TBC-1 and (R-TBC-1)
composite show a medium-wide peak at 1640 cm™, indicating the
presence of C=0 and C=C bonds in biochar carboxylate and aromatic
molecules [60]. This may be due to interactions during the reaction
involving NH4OH, ethanol, and TiO2 which could lead to the incorpo-
ration of hydroxyl (OH) and other functional groups. The spectra of the
TiO5 composite show an absorption band in the 600-400 cm™ region,
which is attributed to the stretching vibrations of the Ti-O and Ti-O-Ti
bonds in TiOy; however, no corresponding features are present in the
BC spectrum [61]. The modification of TiO2 in the composite is evident,

600
®,)
— TiO,

500 ~ TBC-1

400
oy
5
& w
= 300
= o
‘?
= M
2
= 200 l w w )
=

100 4 i

(E,) 1250 1500 750
E, -Z
K,g) U ™ ©
0 4 = ——— -
T T T T T T T
0 250 500 750 1000 1250 1500 1750 2000

Wavenumber (cm™)

Fig. 2. Raman spectrum for TiO, and TBC-1 composite.
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Fig. 3. FTIR spectra of BC, TiO2,TBC-1, and R-TBC-1.

as the absorption band shifts from 450 and 430 cm™ in pure TiO5 to 430
and 415cm™! in the TBC-1 composite. The addition of biochar shifts and
narrows the TiOy absorption bands, indicating a modification of the
TiO5 bond structure. This shift indicates the formation of C-Ti-O bonds
and a reduction in the Ti-O-Ti bond length within the TiO2 molecule,
likely resulting from the doping process. FTIR analysis revealed that the
functional groups of the recycled TBC-1 (R-TBC-1) catalyst remained
unchanged even after five consecutive cycles. This finding demonstrates
the high stability of the TBC-1 catalyst and its ability to maintain
consistent performance throughout the recycling process.

3.1.4. SEM-EDX analysis

Scanning Electron Microscopy (SEM) and Energy-Dispersive X-ray
(EDX) analyses were performed to investigate the microstructure,
morphology, and elemental composition of the composite material.
Fig. 4(a and b) presents SEM images of both pure TiO5 and the TiOo-
biochar composites. The SEM analysis provides crucial insights into the
structural and morphological characteristics of the TiOz-biochar com-
posite. The SEM image of pure TiO5 reveals smooth and uniform parti-
cles, while the TiOs-biochar composite exhibits a rough and cracked
surface. The incorporation of biochar significantly impacts the TiOs
surface texture, as evidenced by the rough and cracked surface of the
composite in contrast to the smooth surface of pure TiO,, indicating
enhanced surface area and porosity. These features are important for
catalytic applications as they enhance the adsorption capacity and
improve interactions between the catalyst and pollutants [62]. This
enhancement can accelerate the degradation process and simplify the
separation of photocatalysts from the effluent, enabling repeated use
[22]. The images of the recycled TBC-1 (R-TBC-1) catalyst after five
cycles of photodegradation show a similar structure to the original,
indicating that the catalyst surface retains its integrity even after
repeated use. However, Fig. 4c presents the R-TBC-1 images, showing
some agglomerated and larger TiO, particles on the biochar surface,
indicating minor structural alterations during the recycling process. The
EDX analysis was conducted to identify the components of the composite
and their distribution. Fig. 5 illustrates the elemental composition of
both TiO5 and the TiOy-biochar composite. The EDX analysis in Fig. 5a
shows that the pure TiO, sample consists of 57.8 wt% titanium and 43.2
wt% oxygen. In contrast, the TiOy-biochar composite (Fig. 5b) contains
47.2 wt% titanium, 39.6 wt% oxygen, and 13.2 wt% carbon. The pres-
ence of carbon in the composite, absent in pure TiO,, indicates that
biochar particles are effectively integrated into the TiOy matrix. This
integration alters the surface properties and enhances the overall func-
tionality of the composite. The reduction in titanium and oxygen weight
percentages in the composite compared to pure TiO5 reflects the addi-
tion of biochar, which contains a significant amount of carbon. The
higher carbon content in the composite is attributed to biochar
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Fig. 4. SEM image (a), TiO,, (b), TBC-1 composite and (c), R-TBC-1.
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Fig. 5. The EDS analysis result for (a) TiO,, (b) for TBC-1 composite, and (c-e) for TBC-1 composite elemental mapping.

microparticles covering the TiO, nanoparticles. The EDX analysis pro-
vides an examination of the surface microdomain, influenced by the
sample surface depth, typically up to one micron below the surface [26].

3.1.5. Surface area analysis

A surface area analyzer was used to determine the surface area of
TiOs, biochar, and the TiOy-biochar composite. The results indicate that
the BET surface areas were 428.98 m?/g for biochar, 38 m?/g for bare
TiO,, and 78 m?/g for the TBC-1 composite. The surface area analysis
shows the importance of biochar in improving the characteristics of TiO5
catalysts. The addition of 10 % biochar to TiO, nearly doubled its

surface area, greatly improving the adsorption capacity and effective-
ness of the photocatalytic reactions. This is due to the unique pore
structure of biochar, which provides additional surface area and serves
as a support for TiO, nanoparticles. Additionally, the incorporation of
biochar into TiO, significantly contributes to reducing the crystallite
size of TiOy as described in Section 3.1. Biochar acts as an additional
nucleation site, promoting the formation of smaller TiO, crystallites,
while its porous structure effectively inhibits particle agglomeration
during synthesis [51]. Furthermore, the high surface area and porosity
of biochar enhance the dispersion of TiOy nanoparticles, facilitating
more uniform growth [54]. The resulting smaller TiO, particles exhibit a



M. Abdu et al.

higher surface area-to-volume ratio, which increases the availability of
active sites for chemical reactions. This enhancement directly improves
photocatalytic efficiency in applications such as wastewater treatment
and air purification, making the TiO,- biochar composite a highly
effective material for environmental remediation [55]. Catalysts with
larger surface areas have a higher capacity to adsorb molecules because
of the increasing number of active attachment sites [22]. Recent studies
have shown that a TiOs-biochar composite can achieve a surface area of
192 m?/g [63], while an AC-TiO, composite reached 34.2 m?/g [64].
Additionally, incorporating SiO- increased the specific surface area of an
N-TiO3 sample from 40.70 m?/g to 115.4 m?/g [65]. These findings
highlight the importance of incorporating biochar and other materials to
enhance the performance of TiOy-based catalysts, as both components
influence specific surface area. Prioritizing materials that maximize
surface area is crucial for increasing active sites and achieving efficient
photodegradation. Enhancing TiO2 catalysts with biochar or other ad-
sorbents significantly improves their effectiveness in environmental
applications.

3.1.6. UV-vis DRS analysis of TiO2-BC composite

Fig. 6 presents the UV-vis DRS spectra and band gaps of TiO3 and the
TBC-1 composite. The addition of biochar to TiO; results in induced
ultraviolet absorption and visible light absorption. TBC-1 shows a red-
shifted maximum light absorption edge and enhanced absorption in
the ultraviolet spectrum compared to pure TiO,. The band gaps (Eg) of
TiOz and TBC-1 were calculated using Tauc plots, yielding values of 3.03
eV and 2.69 eV, respectively. This redshift in absorption and reduction
in band gap is related to the interaction between TiO, and biochar.
When TiO; and biochar are combined, their electronic structures
interact, creating new levels of energy within the TiO band gap. These
new levels, which are closer in energy, effectively reduce the overall
band gap [66]. Additionally, biochar can act as a dopant, introducing
impurities that further narrow the band gap [67]. Another study re-
ported a decrease in the band gap of anatase TiO5 from 3.40 eV to 2.44
eV with the addition of biochar [44]. These findings indicate that the
TiOy-biochar composite has a broader absorption range compared to
pure TiO,, suggesting an enhancement in photocatalytic efficiency.
Consequently, the TiOp-biochar composite can absorb light across a
wider range of wavelengths, improving its photocatalytic performance.

3.1.7. Point of zero charge (pHpzc)

Determining the point of zero charge (pHpzc) is essential for un-
derstanding the surface chemistry of catalyst materials and developing
effective water remediation techniques. The pHpzc helps to control the
degradation process by analyzing the catalyst surface charge relative to
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the water pH. Adsorbents above the pHpzc attract positively charged
contaminants, while those below it typically attract negatively charged
contaminants [68]. The pHpzc of TiO, is around 5.56, as shown in Fig. 7,
indicating that TiOy has a positively charged surface below and a
negatively charged surface above this pH. This value aligns with pre-
vious research and may impact its practical applications [69]. In
contrast, biochar has a pHpzc of 8.6, and when combined with TiO,, the
pHpzc shifts to 6.28 for the TBC-1. This shift from acidic to neutral
pHpzc is influenced by the biochar’s characteristics and quantity. The
increased pHpzc of the composite expands its effectiveness across a
broader pH range, making it suitable for removing anionic pollutants.
This enhanced versatility improves the catalyst’s efficiency in contam-
inant removal from water and other environmental systems.

3.2. Photodegradation experiment

The photocatalytic oxidation of EBT dye was evaluated compared to
TiO3 and TiOz-biochar composite catalysts under UV irradiation. Fig. 8
demonstrates that the degradation of EBT dye utilizing pure TiO, cata-
lysts achieved only 78.04 %, indicating a substantial challenge in
degrading the entirety of the dye molecule compounds and their in-
termediates. Conversely, applying TiOz-biochar composite catalysts led
to a notable enhancement in degradation efficiency, attaining a dye
degradation rate of 87.58 %, 83.15 %, and 71.41 % for TBC-1, TBC-2,
and TBC-3 respectively. These results suggest that the TiO,-biochar
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Fig. 8. Comparative efficiency of TiO,, TBC-1, TBC-2, and TBC-3 composite on
the degradation rate of EBT dye, Conditions: Catalysts dose, 0.1 g; [dye], 20
mg/L; solution, 100 mL; UV irradiation time, 120 min.

composite exhibited superior performance relative to the pure TiOs
catalysts except TBC-3. The incorporation of biochar facilitated the
targeted pollutants’ adsorption onto the catalyst surface and provided
the possibility of transforming photoelectrons, which reduced the
electron-hole pairs recombination, resulting in the interaction between
TiO2 and biochar [22,26]. The interaction significantly impacted the
effectiveness of the photocatalytic oxidation process. Additionally, the
inclusion of biochar contributed to a reduction in the energy band gap of
the pure TiO, catalyst, which in turn promoted the generation of active
species and expedited photo-oxidation reactions [44]. However, the
degradation performance of biochar-doped TiO, photocatalysts declines
when the biochar content exceeds 20 wt.%. This reduction occurs
because increased biochar can saturate the effective surface area,
thereby limiting active sites for pollutant adsorption [52]. Furthermore,
excessive biochar can obstruct light penetration, which hinders photo-
catalytic activity [70]. An imbalance in the TiO; to biochar ratio can also
disrupt electron transfer, leading to diminished photocatalytic efficiency
[71]. Therefore, optimizing biochar loading is essential for enhancing
photocatalytic performance. Ultimately, the TiOz-biochar composite
emerges as a potent photocatalyst for the oxidation of azo dyes, the
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TBC-1 demonstrating a significantly higher degradation rate of EBT
compared to pure anatase TiOa.

3.3. Model fitting and analysis of variance (ANOVA)

3.3.1. Model fitting analysis

The catalyst dose, reaction time, pH, and dye concentration were
optimized through Response Surface Methodology (RSM) and Central
Composite Design (CCD) to improve the degradation efficiency of EBT
dye, as outlined in Table 2. An analysis of variance (ANOVA) was con-
ducted to determine the model’s statistical significance. According to
Table 3, the quadratic regression model is the most suitable for
analyzing EBT dye photodegradation, as indicated by the F-value, P-
values, and R2. The results indicate that the quadratic model’s regression
has an F-value of 4685.53 and a very low p-value (<0.0001), suggesting
that the model is highly significant. The adjusted R? and coefficient of
determination (R%) were used to assess the model’s performance. The
results indicate an excellent fit, with an R? of 0.9985 and an adjusted R2
of 0.9972, demonstrating that the selected model can present 99.72 % of
the response data. Furthermore, the predicted R2 of 0.9925 nearly aligns
with the adjusted R? indicating a strong connection between the
experimental and predicted models. The low coefficient of variation (C.
V. %) of 0.84 % indicates that the experimental data is precise, reliable,
and reproducible. Additionally, The Adequate Precision value of 102.5,
well above the acceptable threshold of 4, shows that the model is highly
reliable for predicting EBT dye degradation using the TBC-1 composite
catalyst [72]. The ANOVA table for the quadratic model offers important
information about the significance of the model terms and how they
influence the degradation efficiency of the process [72]. As illustrated in
Table 3 The large F-value and the small p-value (<0.05) provide addi-
tional evidence in explaining the variation in degradation efficiency.
The P-values for each model term provide additional insights, with
terms having p-values less than 0.05 being considered statistically sig-
nificant. In this study, factors A (pH), B (catalyst dosage), C (dye con-
centration), and D (degradation time), as well as the interactions AB, AC,
AD, BD, and the quadratic terms AZ, BZ, C2, and Dz, are all identified as
significant contributors to the model. The low p-values for these factors
demonstrate their strong influence on degradation efficiency. On the
other hand, the interactions BC and CD have p-values greater than 0.05
(0.37 and 0.57), indicating that they are not statistically significant in
this model. Additionally, the Lack of Fit F-value of 3.07 indicates that
the Lack of Fit is not statistically significant when compared to the pure
error, with noise accounting for an 11.35 % probability of explaining
such a high Lack of Fit F-value. A non-significant Lack of Fit in ANOVA

Table 3

Analysis of variance (ANOVA) results for Photodegradation quadratic model.
Source Sum of Squares df Mean Square F-value p-value Significant
Model 4685.53 14 334.68 737.29 < 0.0001 #
A-Ph 2481.68 1 2481.68 5467.06 < 0.0001 #
B-Catalyst dose 605.71 1 605.71 1334.37 < 0.0001 #
C-Dye concentration 321.42 1 321.42 708.08 < 0.0001 #
D-Time 745.82 1 745.82 1643.02 < 0.0001 #
AB 56.66 1 56.66 124.83 < 0.0001 #
AC 26.96 1 26.96 59.40 < 0.0001 #
AD 14.61 1 14.61 32.19 < 0.0001 #
BC 0.3813 1 0.3813 0.8400 0.3739 ##
BD 26.24 1 26.24 57.81 < 0.0001 #
CD 0.1463 1 0.1463 0.3223 0.5786 ##
A2 92.45 1 92.45 203.67 < 0.0001 #
B2 323.81 1 323.81 713.35 < 0.0001 #
c? 3.16 1 3.16 6.97 0.0185 #
D? 71.84 1 71.84 158.27 < 0.0001 #
Residual 6.81 15 0.4539
Lack of Fit 5.86 10 0.5856 3.07 0.1135 ##
Pure Error 0.9527 5 0.1905
Cor Total 4692.34 29

R? = 0.9985, Adj. R? = 0.9972, Pre. R?=0.9925, C.V.%=0.847, Adeq Precision = 102.54, Significant = #, and Not-significant = ##
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for regression models indicates that the model adequately fits the data,
as any discrepancy between observed and predicted values is likely due
to random variation rather than model inadequacy [73]. This result
indicates that the model accurately represents the relationship between
variables without requiring additional complexity. With a p-value above
the chosen significance level (0.05), the Lack of Fit test supports the
model’s sufficiency in describing the data, confirming that residuals are
randomly distributed and that the model’s predictions align well with
observed values [39]. Hence, a quadratic polynomial equation (Eq. 9)
was utilized to estimate the effectiveness of photocatalysts on EBT dye
oxidation considering the independent variables.

Color Removal (%) = 84.94 — 10.16%A + 5.02%B — 3.65«C + 5.57%D
+ 1.88%AB 4 1.29+AC + 0.95%AD — 1.28+BD
—1.78 x A — 3.38 + B> — 1.56 * D?
9

Where A represents the solution pH, B is the catalyst dose, C denotes
the initial dye concentration, and D stands for the reaction time.

The impact of a variable is defined by the change in the outcome
resulting from adjusting that variable’s level. The formula presented in
Eq. (9) is a quadratic equation (coded according to the factors) for the
analyzed response, with an intercept coefficient set at 84.94. Increasing
the catalyst dose (B) and reaction time (D) enhances decolorization ef-
ficiency, as indicated by their positive coefficients of 5.02 and 5.57,
respectively. This improvement is likely because a higher catalyst dose
creates more active sites for the reaction, and a longer reaction time
allows for more complete interaction between the dye and the catalyst.
Conversely, pH (A) and initial dye concentration (C) negatively impact
the degradation performance, with coefficients of -10.16 and -3.65,
respectively. Higher pH might affect the stability of the catalyst or the
ionization state of the dye, reducing reaction efficiency. Similarly, a
higher initial dye concentration could lead to saturation effects where
the catalyst’s active sites are insufficient to handle the excess dye.
Interaction effects (AB), (AC), and (AD) also show positive influences,
with values of 1.88, 1.29, and 0.95 respectively. Conversely, interaction
effects of (BD), (AZ), (Bz), and (DZ) display negative coefficients of -1.28,
-1.83, -3.43, and -1.61 respectively. The positive interaction effects
suggest synergistic relationships where the combined influence of two
variables is greater than the sum of their individual effects. In contrast,
negative interaction effects imply that certain combinations or high
levels of individual variables can detrimentally impact the process. The
significance of all factors, including both individual and interaction
factors (except BC and CD), is determined by their p-values. Table 3
shows that the linear components A, B, C, and D, as well as their in-
teractions with other factors, have p-values less than 0.05, suggesting
that they are important in the degradation of EBT dye. These p-values
guide which factors are critical to consider in the decolorization process.
Furthermore, the sum of squares (SS) from the ANOVA data was utilized
to calculate the total percentage contributions (TPC) of each variable
using Eq. 10, representing the proportion of variance explained by each
factor. As illustrated in Fig. 9, the individual effects dominate over the
interactive and quadratic effects, aligning with findings in the literature
[73]. Among the individual factors, pH emerges as the most influential,
followed by degradation time and catalyst dose, with the quadratic ef-
fect of the catalyst dose also playing a significant role. Dye concentration
exhibits the least impact among the individual factors, while all inter-
action and remaining quadratic effects contribute less than 5 %. By
focusing on the significant variables and their optimal levels, it is
possible to enhance the efficiency of EBT dye degradation effectively.

Sum of Squares
Total Sum of Squares

Contribution = ( > * 100 (10)

3.3.2. Validation of the RSM model
A validation assessment is crucial for developing an accurate
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Fig. 9. Schematic representation of the Percentage Contribution.

mathematical model. The model’s validity was confirmed by comparing
the predicted responses to the actual experimental outcomes [74,75].
Fig. 10a shows a graph of the actual vs projected values, illustrating that
all data points are scattered and normally distributed around the linear
regression line. The normal distribution suggests that the errors are
well-distributed. Fig. 10b presents the residual normality plot, demon-
strating that the residuals follow a normal distribution. Fig. 10c, which
plots residual values versus predicted values, demonstrates a random
distribution without significant variance trends. Additionally, Fig. 10d
presents the Internally Studentized Residuals diagram, showing no un-
usual points. These results indicate the suitability and accuracy of the
CCD model for optimizing the EBT dye photodegradation process.

3.4. Individual factor effects

The response surfaces are visually represented through quadratic
regression equations and accompanying graphs. Fig. 11(a—d) illustrates
the significant impacts of each factor on the response and the in-
teractions between different factors. These graphs show the effects of
individual factors pH (A), catalyst dose (B), initial concentration (C),
and time (D) as well as their interactions on degradation efficiency. The
pH of the reaction media is a critical factor in the photodegradation
process, as it influences the surface charge and ionization of the catalyst
[76]. The pH level can affect the photocatalytic degradation of pollut-
ants by altering the catalyst surface properties, charge distribution on
organic molecules, and the production of reactive radical species [77].
The effect of initial pH on the degradation process of EBT dye was
studied in the range (of 3-11). The results, as illustrated in Fig. 10a,
indicate that the degradation of Eriochrome Black T (EBT) is most
effective under acidic conditions. Specifically, TBC-1 achieves an
impressive degradation rate of 98.3 % at a pH of 3. However, as the pH
level increases, the efficiency of degradation decreases, with rates of
93.6 %, 85.9 %, and 57.6 % observed at pH levels of 5, 7, and 11,
respectively. Understanding the degradation behavior of the EBT dye
relies heavily on the point of zero charge (pHpzc) of the TiO5-BC (TBC-1)
catalyst and the pKa values of the EBT dye. This dye is sensitive to pH
and features two acidity constants, with pKa values of 6.2 and 11.5.
Below a pH of 6.2, EBT mainly exists as monovalent anions in aqueous
solutions [78]. The TBC-1 composite has a point of zero charge (pHpzc)
of 6.28. This means that its surface carries a positive charge in acidic
conditions (pH < 6.28) and a negative charge when the pH is greater
than 6.28. At lower pH levels, the negatively charged EBT molecules,
which contain sulfonated (-SO3-) groups, are attracted to the positively
charged active sites on TBC-1 through electrostatic interactions [79].
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This facilitates interactions with photogenerated holes and hydroxyl
radicals (-OH), which target the aromatic rings, break azo bonds, and
eliminate chromophoric groups, leading to effective degradation [78].
In contrast, at pH values above the pKa of EBT and the pHpzc of TBC-1,
both the catalyst surface and the EBT dye acquire negative charges. The
dye molecules transform into di or trivalent anionic sulfonated forms,
leading to strong electrostatic repulsion between the catalyst and the
dye [80]. Additionally, the presence of OH  ions in the alkaline solution
further suppresses the formation of -OH radicals, significantly reducing
photodegradation efficiency [78]. This combination of electrostatic
repulsion and limited radical generation explains the decreased perfor-
mance at higher pH levels. Similarly, the catalyst dosage is an important
factor in the degradation process of EBT dye. As shown in Fig. 10b the
degradation percentage increases from 61.5 % to 87.5 % when the
catalyst dosage increases from 0.5 to 2 g/L. Increasing the photocatalyst
dosage enhances the number of active sites and electron-hole pairs,
resulting in a greater formation of active radicals. This enhances mass
transfer and the photocatalytic degradation of EBT dye. Additionally, a
higher dosage increases the available surface area, further improving
EBT removal [75]. However, beyond 2 g/L, the degradation percentage
experiences a slight decrease. Excess catalyst dosage can lead to particle
agglomeration and reduced light penetration, ultimately decreasing the
degradation rate [81]. A similar result reported the degradation of RV5

10

Azo Dye on Fe-Doped Titania Catalysts (0-6 g/L) under visible light
irradiation showed a consistent degradation rate after reaching 3 g/L
[82]. Hence, the optimal amount of catalyst must be added to ensure
efficient photodegradation. The impact of the initial concentration of
EBT on its degradation percentage was examined within a concentration
range of 10 to 50 mg/L. As shown in Fig. 10c the maximum degradation
percentage observed was 91.3 % at a concentration of 10 mg/L of the
dye solution. However, as the concentration of the dye increased from
10 to 50 mg/L, the degradation efficiency decreased to 76.6 %. The
reduced efficiency at higher dye concentrations is due to dye molecules
adsorbing and hindering the incident light. This reduces the amount of
light reaching the catalyst surface, decreases hole and hydroxyl radical
generation, and diminishes the catalytic reaction’s efficiency [81]. The
effect of degradation time on EBT dye removal was evaluated over a
range of 30 to 150 min. As illustrated in Fig. 10d, the degradation effi-
ciency increased steadily with time, with the highest degradation per-
centage of 90 % observed at 150 min. Conversely, the lowest
degradation efficiency occurred at 30 min, highlighting the
time-dependent nature of the photodegradation process. This trend can
be attributed to the prolonged interaction between the dye molecules
and the photocatalyst, which enhances the generation and utilization of
reactive species such as hydroxyl radicals (-OH) and photogenerated
holes [83]. Over time, these reactive species effectively break down the
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Fig. 11. Individual factor effect for degradation of EBT dye.

dye molecules, targeting chromophoric groups and azo bonds [81]. The
increase in degradation efficiency with extended reaction time un-
derscores the importance of sufficient exposure duration for maximizing
photocatalytic activity. However, after a certain point, the reaction may
reach saturation, where all available dye molecules are degraded or
active sites become less accessible, emphasizing the need to optimize
reaction time for efficient dye removal [83].
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3.5. The interaction effect of factors on the degradation rate of EBT dye

3.5.1. pH and the catalyst dose

The interaction between solution pH and catalyst dosage plays a
crucial role in degradation efficiency, as illustrated in Fig. 12, using both
3D and contour plots. This study explored pH levels ranging from 3 to 11
and catalyst dosages from 0.5 to 2.5 g/L, with a fixed dye concentration
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Fig. 12. 3D surface plot (a) and contour plot (b) for the interaction effect of pH and catalyst dose on the degradation efficiency of TBC-1 for EBT dye.
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of 30 mg/L and a contact time of 90 min. The findings indicate that this
interaction significantly enhances the degradation of BB41, with
maximum efficiency (95 %) achieved at pH levels of 3 to 4 and a catalyst
dosage of 1.2 to 2.2 g/L. In contrast, the lowest efficiency (~50 %) was
observed at pH levels of 9 to 11 with a catalyst dose of 0.5 g/L. The
analysis reveals that decreasing the pH and increasing the catalyst
dosage enhance EBT dye degradation. A higher catalyst dose provides
more active sites and electron-hole pairs. At the same time, a lower pH
improves the interaction between the catalyst surface and the anionic
EBT dye, thereby enhancing degradation efficiency. This process is
influenced by the point of zero charge (pHpzc) of the TiO»-biochar
composite, the point of zero charge (pHpzc) of the TBC-1 composite is
6.28. Below this pH, TBC-1's surface charge is positive, allowing it to
adsorb the anionic EBT dye through electrostatic attraction, enhancing
mass transfer and photocatalytic degradation [75]. Increasing the
catalyst dosage also expands the available surface area, further
improving dye removal. Lowering the pH from 11 to 3 reduces the
necessary catalyst dosage while increasing the catalyst dosage shifts the
optimal pH towards a more neutral range. This balance allows for more
efficient catalyst use, enabling operation over a broader pH range and
minimizing excessive catalyst consumption.

3.5.2. pH and initial dye concentration

The interaction effects of pH and initial dye concentration on EBT
degradation, as shown in Fig. 13, reveal a clear and significant corre-
lation, depicted through 3D surface and contour plots. The study
explored a pH range of 3 to 11 and initial dye concentrations from 10
and 50 mg/L while maintaining a constant catalyst dosage of 1.5 g/L and
a reaction time of 90 min. The results indicate that both pH and initial
dye concentration play a crucial role in degradation efficiency. A peak
degradation efficiency of over 95 % was observed at lower pH values,
particularly between 3 and 6.3, and with dye concentrations between 10
and 35 mg/L. Beyond these ranges, the degradation efficiency declined,
with the lowest efficiency (~63 %) recorded at a pH of 11 and higher
dye concentrations (35-50 mg/L). This trend can be related to the sur-
face charge characteristics of the TiOs-biochar composite catalyst. At pH
levels below 6.86, the TBC-1 composite acquires a positive surface
charge, This enhances the adsorption of the anionic EBT dye because of
electrostatic attraction [75]. Moreover, the acidic environment favors
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the generation of reactive species, such as holes (h+), which promote
the breakdown of dye molecules [77]. Therefore, a highly acidic me-
dium (pH < 6.3) facilitates enhanced degradation by both adsorption
and photocatalytic oxidation. Conversely, as pH and dye concentration
increase, degradation efficiency decreases. At elevated pH values, the
surface of the TBC-1 composite develops a positive surface charge,
limiting its attraction to the anionic dye. Additionally, higher dye con-
centrations may saturate the catalyst’s active sites, leading to a reduc-
tion in overall photocatalytic activity. Optimizing both the pH and
initial dye concentration provides a strategic means to enhance the
photocatalytic degradation process. Operating within an acidic to
neutral pH range (3-6.3) and maintaining moderate dye concentrations
(10-35 mg/L) enables effective dye degradation, ensuring high effi-
ciency and adaptability across various wastewater conditions.

3.5.3. pH and degradation time

The interaction between pH and reaction time on the removal of EBT
dye, as depicted in Fig. 14, reveals a strong correlation, with the study
examining pH values ranging from 3 to 11 and reaction times between
30 and 150 min, while keeping the catalyst dosage constant at 1.5 g/L
and the initial dye concentration at 30 mg/L. The findings indicate that
the maximum degradation efficiency (>95 %) was attained at a pH
range of 3-5.5 and a reaction time of 70-120 min, whereas the lowest
efficiency (~50 %) occurred at a pH range of 9-11 with a reaction time
of 30 min. As the pH rose from 3 to 5.5, the required degradation time
increased from 70 to 120 min, a trend linked to the surface charge
properties of the TiOz-biochar composite catalyst. At pH levels below
6.86, the catalyst exhibits a positive surface charge, enhancing the
adsorption of the anionic EBT dye through electrostatic attraction [75],
while the acidic conditions favor the generation of reactive species, such
as holes (h+), which expedite dye degradation [77]. Thus, a highly
acidic medium (pH < 6.3) facilitates more efficient degradation.
Moreover, prolonged reaction times promote the formation of additional
reactive radicals, further increasing the degradation process [83]. By
adjusting pH and degradation time, better control over catalyst degra-
dation can be achieved, allowing operation across a wider range of so-
lution pH values and ensuring efficient use of degradation time.

(b)

50

EBT removal (%)

C: Dye conc. (mg/L)

5 7 9
A: pH (pH)

11

Fig. 13. 3D surface plot (a) and contour plot (b) for the interaction effect of pH and initial concentration on the degradation efficiency of TBC-1 for EBT dye.
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3.5.4. Catalyst dosage and degradation time

The interaction between catalyst dosage and degradation time in the
degradation of EBT dye, as shown in Fig. 15, reveals a strong correlation,
supported by three-dimensional surface and contour plots. This study
evaluated the catalyst dose from 0.5 to 2.5 g/L and degradation times
from 30 to 150 min while maintaining a constant pH of 7 and an initial
dye concentration of 30 mg/L. The result indicates that the highest
degradation efficiency (90 %) was achieved with a catalyst dose be-
tween 1.5 and 2.0 g/L and reaction times of 120 to 150 min. Conversely,
the lowest degradation efficiency was recorded at lower catalyst dosages
(0.5-1.0 g/L) and shorter reaction times (30-70 min). This pattern il-
lustrates the significant impact of catalyst dosage and reaction time on
the photocatalytic degradation process. Increasing the photocatalyst
dosage increases the number of active sites, thereby boosting the

(a)
3D Surface

EBT removal (%)
.

B: Catalyst dose (g) 1
D: Time (min)

0.5 150
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Fig. 14. 3D surface plot (a) and contour plot (b) for the interaction effect of pH and time on the degradation efficiency of TBC-1 for EBT dye.

generation of reactive oxygen species necessary for degrading EBT dye
molecules. Furthermore, extending the degradation time allows for
prolonged exposure of the catalyst to light, which in turn facilitates the
continuous production of reactive species, further enhancing the
degradation efficiency [75,83]. The combined effect of increasing both
the catalyst dosage and reaction time creates optimal conditions for
maximum photocatalytic performance. At lower catalyst dosages
(0.5-1.0 g/L) and shorter degradation times (30-70 min), the degra-
dation efficiency significantly declines. This is likely attributed to the
limited number of active sites, which restricts the generation of reactive
species, combined with insufficient exposure time for adequate radical
formation. The reduced number of active sites at low catalyst dosages
leads to a slower reaction rate, as fewer dye molecules can be adsorbed
and degraded simultaneously. Moreover, shorter reaction times do not

(b)

150

EBT removal (%)

D: Time (min)

0.5 1
B: Catalyst dose (g)

1.5 2

Fig. 15. 3D surface plot(a) and contour plot (b) for the interaction effect of catalyst dose and time on the degradation efficiency of TBC-1 for EBT dye.
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provide enough for the formation of reactive oxygen species to achieve
effective degradation performance. Overall, the study demonstrates that
both catalyst dosage and reaction time play a crucial role in optimizing
the degradation efficiency of EBT dye. While increasing both parameters
individually can improve photocatalytic performance, their combined
optimization is essential for achieving maximum efficiency. Higher
catalyst dosages provide more active sites, enhancing the generation of
reactive species, while extended reaction times allow for prolonged
radical formation, ensuring comprehensive dye degradation.

3.6. Numerical parameter optimization

The degradation performance of the TBC-1 photocatalyst in the
degradation of EBT dye was significantly enhanced through numerical
optimization conducted using Design-Expert software. Key parameters
such as pH (ranging from 3 to 11), catalyst dose (0.5 to 2.5 g/L), initial
dye concentration (10 to 50 mg/L), and reaction time (30 to 150 min)
were methodically adjusted within their specified ranges. The primary
goal was to optimize color removal with a targeted confidence level of
95 %. The desirability function method was utilized to identify the
optimal conditions, as shown in Fig. 16. Out of 81 potential solution sets,
the most favorable configuration, achieving a desirability score of 90.6
%, was chosen. These optimal parameters involved a pH of 3.0, a cata-
lyst dose of 1.48 g/L, an initial dye concentration of 32 mg/L, and a
reaction time of 124 min, resulting in a color removal efficiency of 99.12
%. The optimization strategy achieved a 99.14 % color removal effi-
ciency under optimal conditions, with experimental results deviating by
less than 1 % from predictions, confirming the model’s reliability.
Additionally, a mineralization efficiency of 93.7 % highlights the cata-
lyst’s effectiveness, ensuring precision and cost-efficiency in water
treatment applications. Previous studies have consistently highlighted
the economic efficiency and precision of Response Surface Methodology
(RSM) in experimental optimization [38,84]. The photocatalytic
degradation efficiency of TiOz-based and composite catalysts for Erio-
chrome Black T (EBT) removal was assessed under diverse conditions, as
summarized in Table 4. The TiOy-biochar (TBC-1) composite achieved a

% | 11
5 9
A-pH =3.00002
50
e T [ ]
20 40
C:Dye conc. = 32.0622
50.89 99.12
EBT removal =99.12
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Table 4
Comparison of the photocatalytic degradation efficiency of EBT dye by different
catalysts.

No.  Catalyst Condition Degradation reference
efficiency (%)
1 TiO, EBT [Dye]= 25 mg/ 82 % [10]
Catalyst dosage = 0.25
g/L, for 90 min, Uv
light
2 BaWO,/MoS, EBT [Dye]=25.7mg/L,  99.20 % [85]
Composite catalyst dosage = 0.25
g for 60 min, under
simulated solar
3 N-doped TiO, (N-  EBT [dye]=100 mg/L, 90 % [86]
TiO2) catalyst dosage = 3 g/
1, for 180 min under
Uv light
4 titanium- EBT [Dye]= 50 mg/L, 88.7 % [87]
modified Catalyst dosage = 3 g/
mesoporous silica L for 70 min, under
(Ti-SBA-15) visible light
irradiation
5 TiO2@CNTs EBT [Dye]= 100 mg/L 92 % [88]
nanofibers catalyst dosage= - for
100 min under UV
irradiation,
6 TiO,-BC(TBC-1) EBT [dye] =32mg/L, 99.14 % This
pH=3 Catalyst .dosage study

=1.48 g/L for 124 min,
under Uv light

remarkable degradation efficiency of 99.14 %, surpassing pure TiO2 (82
%) and advanced catalysts like N-doped TiO» (90 %) and TiO,@CNTs
(92 %) under UV light. Although BaWO4/MoS: achieved a slightly
higher efficiency of 99.2 % under simulated solar light, TBC-1 stands out
as a more practical and sustainable alternative due to its biochar inte-
gration. Similarly, TBC-1 outperformed Ti-SBA-15 (88.7 %) under
visible light conditions, showcasing superior efficiency even under UV
light. The enhanced performance of TBC-1 is attributed to its biochar

0.5 0.5

B:Catalyst dose = 1 48882

@
30 150

60 120

D:Time = 124 482

Desirability = 0.906
Solution 1 out of 81

Fig. 16. Ramp plot of numerical optimized conditions for EBT dye.
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component, which improves adsorption capacity, charge separation,
and reactive species generation. These findings underscore TBC-1's po-
tential as a cost-effective, efficient, and eco-friendly catalyst for dye
degradation applications.

3.7. Photodegradation kinetics

The photocatalytic degradation rates of EBT were evaluated through
kinetic studies conducted under optimal conditions: pH 3.0, a catalyst
dose of 1.48 g/L, an initial dye concentration of 32 mg/L, and a reaction
time of 124 min. The degradation of EBT over time was modeled using
first-order kinetics, with the results presented in Fig. 17. The correlation
coefficients R? and adjusted R® were found to be 0.9909 and 0.989,
respectively, signifying a strong model fit. The rate constant (k) was
calculated as 0.051 min™', confirming that the photocatalytic degrada-
tion process adheres to first-order kinetics. The high R? values indicate
that the first-order kinetic model effectively describes the degradation
behavior of EBT. A similar study reported first-order degradation ki-
netics for EBT using bare anatase TiO, and rutile TiO, with rate con-
stants of 0.058 min~! and 0.056 min™, respectively [89]. Another study
also reported 0.017/min using anatase TiO2. The current study’s rate
constant of 0.051 /min suggests a rapid degradation of EBT under the
specified conditions, aligning with the findings from the previous
research.

3.8. Photocatalytic degradation mechanism

The experiments focused on trapping radicals and holes during the
photocatalytic degradation of EBT dye to investigate the mechanism of
pollutant degradation on the TBC-1 composite. Sodium oxalate (Na-
Oxa), a typical hole scavenger, n-butanol (n-But), a hydroxyl radical
scavenger, and ascorbic acid (As-Acid), a superoxide scavenger, were
introduced into the EBT dye solution [47]. The results shown in Fig. 18
indicate that the photocatalytic efficiency of the TBC-1 composites with
scavengers was reduced compared to the control group. The degradation
of EBT dye decreased by 4.6 %, 21.6 %, and 15.8 % with the addition of
scavengers As-Acid, Na-Oxa, and n-But, respectively. These findings
suggest that the degradation of EBT dye was primarily influenced by
holes and hydroxyl radicals, while superoxide radicals had a less sig-
nificant impact. Holes, as highly reactive oxidizing agents, play a crucial
role in the degradation of organic compounds, including anionic dyes,
by disrupting the conjugated structures responsible for color. Research

1
0 ]
Intercept =-0.31324
14 Slope = -0.05154
Adj. R?=0.98916
22 -
)
SR
=
z ]
-5
-6 -
-7 -
T T T T T T 1 T 1 1 T
0 20 40 60 80 100 120
t(min)
Fig. 17. First-order Kinetics of EBT dye degradation for the opti-

mized parameter.
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Fig. 18. Scavenger test of TBC-1 composite for EBT dye.

indicates that holes generated in photocatalytic systems account for up
to 60 % of dye degradation [90]. Through oxidation of chemical bonds,
holes break down complex dye structures, leading to decolorization and
mineralization. Their strong oxidative capability and direct interaction
with dye molecules make holes particularly effective in degrading these
pollutants in environmental applications. It was concluded that holes
(h+) and hydroxyl radicals (-OH) are crucial active species in the
degradation process of EBT dye, with holes being the primary active
species driving the degradation. The degradation mechanism of EBT dye
is presented in Fig. 19.

3.9. Reusability test analysis

In this investigation, a TiO-biochar composite was subjected to
recycling under optimal parameters, as depicted in Fig. 20. The opti-
mized parameters for the TBC-1 photocatalyst composite included a pH
of 3.0, an initial dye concentration of 32 mg/L, a catalyst dosage of 1.48
g/L, and a reaction time of 124 min. The composite underwent UV
irradiation for five cycles. The findings, represented in Fig. 20, revealed
that the degradation efficiency of the TBC-1 composite remained
significantly high at the outset. Following the fourth recycling iteration,
a marginal decline in degradation efficiency for the EBT dye was
observed. Throughout the five recycling cycles, the degradation

UV Light
0, & H,0

‘0, & OH-
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Fig. 19. The schematic diagram for EBT degradation via TBC-1 photocatalysis.
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Fig. 20. Recycling test of TBC-1 composite for EBT dye.

efficiency diminished from 99.14 % to 93.09 %, indicating a reduction
of merely 6.05 %. This shows the composite catalyst’s ability to sustain
elevated photodegradation efficiency and confirms the TBC-1 catalyst’s
remarkable efficacy in degrading EBT dye. Moreover, the recycling
process does not require any additional treatment, indicating the cata-
lyst’s potential as a practical and feasible solution for water treatment.

4. Conclusion

In summary, the TBC-1 composite photocatalyst was successfully
synthesized via the Sol-Gel method at 600 °C, resulting in an anatase
crystal structure. This resulted in a reduced band gap of 2.69 eV and an
increase in surface area from 38 m?/g to 78 m?/g. The photocatalytic
efficiency was optimized using RSM with CCD under UV irradiation. The
ANOVA confirmed the high significance of the color removal model (p <
0.05) with an R? value of 0.998. The key factors influencing the process
included initial pH (3-11), photocatalyst dosage (0.5-2.5 g/L), dye
concentration (10-50 mg/L), and irradiation time (30-150 min). The
photodegradation of EBT dye under optimal conditions of pH 3, 32 mg/L
dye concentration, 1.48 g/L catalyst dosage, and 124 min of irradiation
resulted in 99.14 % decolorization efficiency and 93.7 % mineralization
efficiency, demonstrating the process’s effectiveness. The dye degrada-
tion followed first-order kinetics with a rate constant of k = 0.051 min.
Remarkably, the composite maintained its photocatalytic performance
over five recycling cycles, with only a 6.05 % reduction in efficiency.
Thus, the TBC-1 composite photocatalyst offers a promising, cost-
effective, and eco-friendly solution for dye pollutant removal from
aqueous systems.
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