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A B S T R A C T

This study aimed to degrade mainly Basic Blue 41 dye from textile wastewater using photocatalytic TiO2-biochar
(TiO2-BC) composite under UV irradiation. The physicochemical characteristics of textile wastewater were
examined. The TiO2-BC was synthesized by a Sol-gel method and was characterized by Fourier-transform
infrared spectroscopy (FT-IR), BET surface area analyzer, X-ray diffraction (XRD), Scanning electron micro-
scopy- energy dispersive X-ray spectroscopy (SEM-EDS) and Raman spectroscopy. The photocatalytic perfor-
mance of the TiO2-BC composite was optimized using solution photocatalyst dosage 0.5–2.5 g/L, dye
concentration 10–50 mg/L, pH 3–11, and Uv-irradiation time 30–150 min under Response Surface Methodology-
Central composite design approach. The textile wastewater was characterized using temperature 45 ◦C, pH 5.61,
electrical conductivity 1605 µS/cm, turbidity 48.5 ± 0.4 NTU, TDS 1105 mg/L, BOD5 350 mg/L, and COD 928
mg/L. The maximum photodegradation efficiency of 99.6 % was found for the removal of BB41 dye at optimal
experimental conditions of pH 8.3, initial dye concentration 40 mg/L, photocatalyst dosage 1.85 g/L, and Uv
irradiation 117 min. Similarly, this photocatalytic material was also applied from remediation of the textile
wastewater which resulted in the removal of BB41 dye 94.8 %, color 96.2 %, turbidity 89.3 %, and COD 66.6 %.
This photodegradation process obeys the first-order kinetic model (k = 0.049 min− 1). Finally, after over five
recycling of the photocatalyst material, only a 3.3 % decrease in photodegradation efficiency was found. In
conclusion, the TiO2-BC composite material is promising and can be applied for industrial wastewater treatment
at a large scale.

1. Introduction

Industrialization has spurred substantial technological progress and
economic growth. However, it has also resulted in environmental
degradation. The combustion of fossil fuels, the release of harmful
chemicals and pollutants into the air and water, and the destruction of
natural habitats have all contributed to environmental pollution [1].
Water pollution is one of the main global issues that has been growing
around the world and affecting billions of people’s economic growth and
their environment [2,3]. The problem of water scarcity is not only
associated with the available water resources but also the degradation of
the existing water quality [4]. Industrial facilities have a great contri-
bution to water pollution which releases hazardous substances to both

human beings and the environment [5]. Among these industries, the
textile industry ranks as the biggest user of freshwater and the foremost
cause of water quality degradation. Discharging a large volume of pol-
lutants, including dyes, metals, organic matter, and other harmful sub-
stances [6,7]. Dyes and pigments have widely been used to color
different products in many sectors including textile and leather, cos-
metics, and the food industry [8]. The textile industry is one of the
largest consumers of various synthetic dyes [9]. Among them, azo dyes
are of special significance as they constitute 70 % of the textile dyes
application and produce more than half of the dyes produced globally.
There are currently over 2,000 different types of azo dyes used [10,11].
During dyeing, 10–15 % of dyes are directly released into the aqueous
environment which leads to severe environmental pollution. Dye in
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water no matter how little can have adverse effects on the health of
consumers and can lead to allergies, dermatitis, skin irritation, and
cancers [12]. Basic blue 41 (BB41) dye is a cationic dye azo dye that is
widely used in the textile and tannery industry for dyeing a wide range
of fabrics such as polyester, cotton, viscose, wool, nylon, and silk [13]. It
is also credited for contributing to serious harm to the environment
because of its deep color and slow biodegradation rate [13]. The dye is
widely employed in the textile sector substantially across the developing
world even with a full understanding of the risks involved. Many of these
dyes are released directly into water bodies without adequate treatment,
they become a great risk both to the environment and people’s health
[14]. Efficient methods of removing BB41 dye from wastewater dis-
charges are fundamental to prevent extra pollution and potential
adverse impacts on humans and the surroundings.
Several methods have been applied for the treatment of different

dyeing effluents: biological treatment; chemical oxidation; coagulation;
flocculation; adsorption; membrane treatment; and advanced oxidation
process (AOPs) [15]. Since the dye is complex in structure, current
treatment methods for dyeing wastewater are not very effective as well
as the formation of secondary pollution [16]. Among the newly devel-
oped AOPs such as Ozonation, Fenton, photo-Fenton, photolysis, and
photocatalysis some are vital and cannot go through any substitution
with the conventional method. Those methods effectively degraded
organic molecules such as dyeing effluent, with minimal harm to the
environment, and without causing secondary pollution [17]). Thus, they
can be applied alone, or they can be combined with other wastewater
technologies to remove the high concentration of dyes from industrial
effluent. Moreover, heterogeneous photocatalysts are among the
promising options of AOPs for the destruction of many recalcitrant
organic pollutants. These catalysts are cost-effective, non-toxic, and
offer good biological and chemical stability [18,19]. Semiconductors
utilized in this category include TiO2, ZnO, CeO2, WO3, SnO2, ZrO2, CdS
and ZnS [20]. TiO2 is a widely used photocatalyst, due to its good cat-
alytic performance, cost-effectiveness, abundance, high chemical sta-
bility, non-toxic nature, biological inertness, and reusability [21,22].
However, its wide bandgap (3.0–3.2 eV) restricts it to use in UV light
areas which accounts for only 5 % of the sun light; additionally, its
recycling aspect is still an issue [12,17]. To overcome these challenges,
modifications like metal doping (Fe, Se, Cr) [23], non-metal doping (B,
N, P) [3], and compositing with other materials like ZnO and WO3 [24],
have been made. However, metal doping brought about environmental
issues like metal leaching, high expense, and low life expectancy
[25,26], while non-metal doping endangered building up of defects and
low stability [3,27]. These limitations have contributed to the emer-
gence of TiO2-adsorbent composites as viable options to replace tradi-
tional adsorbents. Integration of TiO2 with carbon-based composites has
been considered due to its high adsorption capacity and improvement of
photocatalytic activity [28,29]. The above also facilitates the enhance-
ment of the cooperative effect of TiO2 and carbonaceous material
boosting its adsorption property as well as photocatalytic activities from
improved contact opportunity between pollutants and photocatalysts
[29]. This also enhances the opportunity for photocatalyst’s separation
from the effluent and its reuse [29]. Biochar is a carbonized or charred
product derived from biomass waste through thermal decomposition
process [30]. It has high stability and can adsorb a large number of
pollutants [31]. The high stability and semi-conductor properties of
biochar further ensure that it offers good support to TiO2 [32,33]. The
synergistic interaction might enhance the photocatalytic efficiency of
the TiO2 if the compositing of the biochar composite is successful. Bio-
char also reacts as an electron acceptor that enhances the transfer of
electrons from the TiO2 and leads to the enhanced separation of
electron-hole pairs.
Biochar-photocatalyst composite materials have aroused increasing

attention in various environmental fields. Some composite materials
that have been developed are TiO2-coconut shell [34], TiO2-Salvinia
Molesta [35], TiO2-reed straw [36], TiO2-ramie char [37], TiO2- corn

cob [38], and TiO2-bamboo [39], etc. At the same time, TiO2_biochar
composites have also demonstrated impressive potential to treat
wastewater by degradation of organic pollutants through photo-
catalysis. For example, a study showed that the TiO2-biochar composite
achieved a 20 % higher photodegradation efficiency in the removal of
methyl orange at a rate constant of 0.0226min− 1 than pure TiO2 [40]. In
similar conditions, TiO2 functionalized biochar removed 99.5 % of
methyl orange in 30 min [41]. Giant reed is a highly invasive grass
species generated per year and is included among the 100 worst invasive
species globally and has a potential high carbon yield, which is useful for
biochar production. Due to its large surface area of 428.9 m2/g and pore
volume of 0.085 cm3/g, giant reed biochar is potentially suitable for
TiO2 modification [42]. Besides the catalyst properties, other factors like
phosphor, temperature, light intensity, reaction time, catalyst concen-
tration, and pollutant concentration affect the photocatalytic efficiency
[43]. The impact of factors such as pH, reaction time, catalyst dosage,
and pollutant concentration on photocatalytic efficiency has not been
extensively investigated concerning this specific composite [43]. In
recent years, several optimization techniques have been applied in the
engineering process for enhanced outcome accuracy. Of these, Response
Surface Methodology (RSM) has turned out to be very useful in modeling
and optimizing complicated experimental systems. Its primary benefit is
the functional capacity to execute multiple experiments at once to save
time and money when evaluating the impact of several variable factors
[44]. RSM is different from the traditional approach that estimates the
performance of the variables separately rather than considering their
joint impact. RSM employs full quadratic models to predict the multiple
parameters accurately according to various combinations of parameters
making it more appropriate for accurate optimization, especially in the
photocatalytic degradation research [45]. The qualitative data that was
obtained via RSM in terms of response surface analysis and contour plots
help in assessing the interactive behavior of the variables and decide on
the best levels. Among the available RSM designs, Box-Behnken Design
(BBD) and Central Composite Design (CCD) are the most commonly
employed designs. CCD performs optimally when testing linear by-
group interaction and quadratic effects, and it is versatile for expan-
sion to higher factor spaces [46]. CCD is a useful technique for planning
experiments and studying the main and interaction effects of factors
with high accuracy, and for this reason, it was chosen for this study.
Therefore, this research seeks to fill this gap by synthesizing a TiO2-BC
composite from giant reed biochar and enhancing the photocatalytic
degradation of BB41 azo dye in wastewater under UV light using RSM
model.

2. Materials and methods

2.1. Textile wastewater sampling and characterization

The wastewater samples were collected from the KK textile industry
in Addis Ababa, Ethiopia. The collection process involved using plastic
containers that were thoroughly cleaned with detergent, rinsed with tap
water, soaked in 1 % HNO3, and finally rinsed with distilled water to
avoid contamination. The grab sampling method was used to collect
wastewater samples and transport them to the laboratory to store at 4 ◦C
to prevent any alterations before the analysis [47]. The wastewater
characteristics were studied using certain water quality parameters such
as temperature, pH, electrical conductivity (EC), turbidity, total dis-
solved solids (TDS), biochemical oxygen demand (BOD5), chemical ox-
ygen demand (COD), and others as detailed in Table 1.

2.2. Preparation of biochar and TiO2-biochar composite

The Giant reed (Arundo donax L.) was initially crushed and air-dried
which was further dried in an oven at 105 ◦C for 24 h. The dried biomass
was milled using a hammer mill and screened through an 80–120 mesh
sieve [42]. Then, the biochar was prepared via slow pyrolysis at a
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heating rate of 10 ◦C/min in a nitrogen atmosphere (5 L/min) at 600 ◦C
for 2 h in a muffle furnace [42]. TiO2-biochar composites were synthe-
sized via the sol–gel method using Titanium (IV) tetrachloride (TiCl4,
99.5 %). Initially, 10 mL of TiCl4 was added to 150 mL of distilled water
in a 1000 mL beaker put in an ice bath, and stirred continuously for 10
min. Subsequently, 100 mL of ethanol (96 %) was added to the solution
and stirred for another 20 min [48]. The experiment was carried out
under a fume hood to ensure safety. Biochar was added to the solution at
TiO2-to-biochar weight ratios of 10:1, 10:2, and 10:3, then the mixture
was stirred thoroughly to achieve uniform dispersion. Then the solution
was titrated using 4 M NH4OH solution until the pH reached 7.5 [49].
The mixture was allowed to settle overnight, and the supernatant was
carefully decanted. The resulting gel was dried in a drying oven at
110 ◦C overnight. The dried material was ground with a mortar and
pestle, then calcined at 600 ◦C for 2 h in a muffle furnace with a 10 ◦C/
min heating rate under a 10 L/min nitrogen flow [48]. After cooling to
room temperature, the composites were labeled as TBC-1, TBC-2, and
TBC-3 based on their respective TiO2-to-biochar ratios [48]. For com-
parison, bare TiO2 was synthesized following the same procedure,
excluding the addition of biochar.

2.3. Characterization of TiO2-biochar composite

The BET-specific surface area of TiO2 and TiO2-biochar composites
was assessed utilizing a Horiba SA-9600 surface area analyzer. The
analysis of surface functional groups was conducted with an iS50 FTIR
infrared spectrometer. The crystal phase of the composite was analyzed
using a SHIMADZU XRD-6000 X-ray diffractometer. The crystallite size
was subsequently determined using the Scherrer equation (Equation (1).
Chemical structures and molecular interactions were examined using a
WITec Raman spectrometer, which operated at 100X magnification,
with a 532 nm laser and an output power of 5 mW. Surface morphology
and surface elemental composition were evaluated through Scanning
Electron Microscopy (SEM) (JSM-IT300 Joel, Tokyo, Japan) in
conjunction with an EDX (Oxford X-MAXN) detector. The energy
bandgaps were determined using a Shimadzu UV-3600PLUS spectro-
photometer. The concept of the reflectance and bandgap are shown in
Eqs. (2) and (3). Tauc’s plot was employed to ascertain the bandgap of
the composites, while the Kubelka-Munk equation was utilized to esti-
mate the energy bandgap of TiO2-biochar composites [50]. The point of
zero charge (pHpzc) was determined via the salt addition method, where
approximately 0.2 g of the sample was introduced into a 20 mL solution
of 0.01 M NaCl within the 3–11 pH range [51].

D =
Kλ

βcos(θ)
(1)

F(R∞) =
(1 − R∞)

2

2R∞
(2)

(αhv)2 = B
(
hv − Eg

)
(3)

Here, D is the average crystallite size (nm), K is the shape factor
(usually 0.9), λ is the X-ray wavelength (1.5406 Å for Cu Kα), β is the
FWHM in radians, and θ is the Bragg angle in radians. R∞ represents the
reflectance of an infinitely thick specimen, α denotes absorbance, h is
Planck’s constant, ν stands for the photon frequency, B is a constant, and
Eg refers to the bandgap energy.

2.4. Photocatalytic performances

Photocatalytic experiments were performed to evaluate the photo-
degradation efficiency of pure TiO2 and TiO2-BC composites. A 19W UV
lamp with a 254 nm wavelength was placed 25 cm over the reactor. In
separate beakers, 0.1 g of TBC-2 composite and TiO2 catalyst were added
to 100 mL of a 20 mg/L Basic Blue 41 (BB41) dye solution. The mixtures
were stirred in the dark for 30 min to achieve adsorption equilibrium.
Afterward, the UV lamp was switched on, and the experiment was
performed for 2 h. About 5 mL aliquots were taken out of the mixture at
30-, 60-, 90-, and 120-minute intervals. The mixture was then centri-
fuged at 8000 rpm, and the dye concentration was measured using
UV–visible spectroscopy at 617 nm in the supernatant. In addition, a
QbD1200 TOC Analyzer was used to analyze total organic carbon. Eqs.
(4) and (5) were used to compute the degradation rates and minerali-
zation efficiency.

Removal% =
C0 − Ce
C0

*100 (4)

TOC(%)Removal =
(in − TOC − f − TOC)

f − TOC
*100 (5)

where Co represents the initial dye concentration (mg/L), Ce is the
equilibrium concentration (mg/L), and TOC denotes total organic car-
bon, measured both before treatment (in-TOC) and after treatment (f-
TOC), in mg/L.

2.5. Design of experiments

The photocatalytic efficiency was investigated based on the experi-
mental design with the four operating factors Table 2. This was carried
out by using the Central Composite Design (CCD) in Design-Expert
software (Stat-Ease, Design-Expert 13). The CCD is a factorial combi-
nation with a minimum of four factors that were studied under the
randomized response surface methodology. The impact of photo-
catalysis was used using four independent factors such as catalyst load
(0.5–2.5 g), reaction time (30–150 min), solution pH (3–11), and initial
dye concentration (10–50 mg/L). Each factor was evaluated at five
distinct levels: (− α, − 1, 0, +1, +α).
The number of experiments required is defined by Equation (6).

Table 1
Selected textile wastewater physicochemical parameters and the analysis
methods.

No. Parameter Methods and used instrument

1 Temperature Hanna Multiparameter pH/EC/TDS/and Temperature
(model HI98194).

2 pH Multiparameter pH/EC/TDS/and Temperature (model
Hanna- HI98194).

3 Color Spectrophotometer (model Hatch DR3900)
4 EC Multiparameter pH/EC/TDS/and Temperature (model

Hanna- HI98194).
5 Turbidity Turbidimeter (Model-TL2360) (0–10,000 NTU)
6 TDS Multiparameter pH/EC/TDS/and Temperature (model

Hanna- HI98194).
7 BOD5 5210-BOD5 Respirometric manometer
8 COD Spectrophotometer (model Hatch DR3900)
9 BB41 Dye

conc.
Shimadzu UV-3600PLUS spectrophotometer

10 NO3− Spectrophotometer (model Hatch DR3900)
11 SO42− Spectrophotometer (model Hatch DR3900)
12 NH4+ Spectrophotometer (model Hatch DR3900)
13 PO43− Spectrophotometer (model Hatch DR3900)

Table 2
Experimental design matrix for input variables and levels.

Factors − alpha Low
(− 1)

Mid
(0)

High
(+1)

+

alpha

pH 3 5 7 9 11
Catalyst load (mg/l) 0.5 1 1.5 3 2.5
Dye concentration (mg/
l)

10 20 30 40 50

Time (min) 30 60 90 120 150
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N = K2+2k+Cp (6)

where k is the number of factors and Cp is the number of central points.
The CCD for four input factors and five levels suggested a total of 30

experimental runs including 16 factorial points, 8 axial points, and 6
center points [52]. The factors and their levels as well as the response are
presented in Table 3. The predicted response Y can be obtained from the
quadratic model equation (7).

γ = β0 +
∑k

i=1
βiχi+

∑k

i=1
βiiχ2i +

∑k− 1

i=1

∑k

j>1
βijχiχj + ε (7)

Here, γ represents the objective to optimize the response, bo is the
constant term, bi is the linear coefficient, bii is the quadratic coefficient,
bij is the interaction coefficient, k is the number of independent vari-
ables, and ε the error term. xi and xj represent the factors coded values.
The importance of the model and the evaluation of individual and

interaction effects of the factors were examined using analysis of vari-
ance (ANOVA). The effectiveness of the model was determined by
evaluating the R2 coefficient, the adjusted R2 coefficient, and the lack-of-
fit test. The optimum conditions were identified by examining F-values
and p-values, and three-dimensional response surface graphs were
generated to illustrate the predicted results. Finally, TiO2-BC composite
was applied to remove the COD, turbidity, and color of textile waste-
water using the optimum experimental point from the RSM study. The
spectrophotometry method, specifically the HI 83099 COD and Multi-
parameter photometer from Hanna instruments was employed to
determine the COD and color values of the effluent before and after
treatment. The efficiency of COD removal and color removal were
calculated using Eqs. (8) and (9).

COD removal% =

(
CODi − CODf

)

CODi
*100 (8)

Color removal% =
Colori − Colorf

colori
*100 (9)

2.6. Determination of reactive species

Scavenging experiments were performed to determine the reactive
species involved in the photodegradation of BB41 dye. These experi-
ments compared the dye degradation rates in solutions without and with
the presence of scavengers. Specifically, 0.05 mol of n-butanol (n-but)
were used to scavenge hydroxyl radicals (•OH), 0.001 mol of ascorbic
acid (AA) to target superoxide radicals (•O2), and 0.05 mol of oxalic acid
(OA) to scavenge holes (h+) [53].

2.7. Kinetics study and reusability of photocatalyst

The photocatalytic degradation kinetics of BB41 dye were evaluated
under optimal experimental conditions using UV light. The degradation
process was analyzed using zero-order, first-order, and second-order

kinetic models (Eqs. (10)–(12)). Photodegradation experiments were
conducted for 2 h, with 5 mL samples withdrawn at 20, 40, 60, 80, 100,
and 120 min intervals [48]. A recycling test was performed under
optimized conditions to assess the reusability of the photocatalyst. A
measured quantity of the photocatalyst was added to a beaker con-
taining the BB41 dye solution. After each photodegradation cycle, the
supernatant solution was carefully extracted using a micropipette. Fresh
BB41 dye solution was then introduced into the reaction beaker, and the
process was repeated for a total of five cycles. All withdrawn samples
were centrifuged at 8000 rpm to separate the catalyst, and the super-
natant with residual BB41 dye was analyzed via UV–visible spectroscopy
at 617 nm.

Ct = Co − kt (10)

ln
(
Ct

CO

)

= − kt (11)

1
Ct

=
1
Co

+ kt (12)

where Co is the initial concentration, Ct represents the concentration at
time (t), and (k) is the rate constant applicable to zero-order, first-order,
and second-order reactions.

3. Results and discussion

3.1. Physicochemical properties of textile wastewater

The physicochemical characteristics of wastewater from the KK
textile industry were examined, with the findings summarized as mean
values accompanied by standard deviations, as detailed in Table 3. The
pH level of the effluent resulting from tanning processes was recorded at
5.61 ± 0.3, which falls below the permissible discharge range of pH 6–9
established by Ethiopian industrial standards [54]. This acidic pH in-
dicates a potential risk of disrupting biochemical processes in the
receiving aquatic environments. The average temperature of the effluent
was noted to be 40 ◦C, which is consistent with the maximum allowable
temperature for textile industrial effluents in Ethiopia [55]. Elevated
temperatures in industrial discharges are generally regulated due to
their capacity to enhance biochemical reaction rates in both terrestrial
and aquatic ecosystems. Nevertheless, the recorded temperature adheres
to the regulatory limits, suggesting that it is unlikely to significantly
impact the biochemical and physicochemical dynamics within aquatic
systems [56]. The Chemical Oxygen Demand (COD) and Biochemical
Oxygen Demand (BOD5) are essential indicators for evaluating the
organic load in wastewater. The COD and BOD5 values were found to be
928 ± 31 mg/L and 350 ± 12 mg/L, respectively, both surpassing the
permissible thresholds of 250 mg/L and 60 mg/L [56]. The elevated
COD levels point to the presence of toxic substances that may impede
biological treatment processes [57]. This toxicity is likely attributable to
the untreated heavy metals and organic compounds found in the textile
wastewater [58]. The significant COD increase highlights the probable
presence of toxicants, heavy metals, and persistent organic pollutants in
the effluent [59]. Additionally, the BOD5/COD ratio, often referred to as
the biodegradability index, was determined to be 0.37, indicating a
pressing need for biological or chemical treatment methods to reduce
the organic matter concentration in the effluent [56]. The average
values of Total Dissolved Solids (TDS) and Electrical Conductivity (EC)
in the effluent were recorded at 1105 ± 11 mg/L and 1605 ± 45 µS/cm,
respectively, both of which fall within the acceptable discharge limits of
<1500 mg/L for TDS and <4000 µS/cm for EC [59]. Conversely, the
effluent exhibited an average color measurement of 106 ± 2 Pt-Co units
and a BB41 dye concentration of 5.7 ± 0.5 mg/L. The presence of
elevated concentrations of azo dyes in the effluent presents considerable
environmental and public health concerns. These dyes are known to be
carcinogenic, resistant to aerobic degradation, and stable under

Table 3
Physiochemical characteristics of the textile wastewater.

No. Parameter Observed values

1 Temperature 45 ◦C
2 pH 5.61
3 Color 106 ± 2pt
4 EC 1605 µS/cm
5 Turbidity 48.55 ± 0.35 NTU
6 TDS 1105 mg/L
7 BOD5 350 mg/L
8 COD 928 mg/L
9 BB41 Dye conc. 5.7 mg/L
10 NO3− 11.9 mg/L
11 SO4− 2 47 mg/L
12 NH4+ 15 mg/L
13 PO4− 3 3.5 mg/L
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conditions of light, heat, and exposure to oxidizing agents, thereby
complicating remediation efforts.

3.2. TiO2-BC composite characteristics

3.2.1. FTIR spectrum analysis
The FTIR spectra of biochar (BC), TiO2, and the TiO2-biochar com-

posite (TBC-2) are shown in Fig. 1. The spectrum of BC exhibits distinct
bands at 1640 cm− 1 and 840–790 cm− 1, corresponding to aromatic
C––C stretching and bending vibrations, respectively. These bands
confirm the aromatic structure of BC. Upon carbonization, the disap-
pearance of these characteristic peaks indicates the removal of surface
functional groups, which might slightly reduce adsorption efficiency.
However, this removal enhances BC’s porosity, increasing its surface
area [42]. The porous nature of BC significantly improves its adsorption
capacity by providing more accessible adsorption sites for efficient
pollutant capture. The FTIR spectrum of TiO2 reveals an absorption band
in the range of 600–400 cm− 1, attributed to the stretching vibrations of
the Ti–O–Ti and Ti–O bonds within the TiO2 molecule [60]. This
confirms the successful synthesis of TiO2. For the TBC-2 composite, a
broad peak observed at 3395 cm− 1 is assigned to the stretching vibra-
tions of O–H bonds from phenolic, hydroxyl, and carboxyl groups, as
well as adsorbed water on the catalyst’s surface [40]. Notably, this peak
is absent in the spectra of both BC and TiO2, indicating a chemical
interaction between the two components during composite formation.
Additionally, a medium-intensity peak at 1640 cm− 1 is observed in TBC-
2, attributed to C––O and C––C vibrations from carboxylate and aro-
matic compounds present in biochar [61]. The absorption band in the
600–400 cm− 1 range is also evident in the spectrum of TBC-2, corre-
sponding to the stretching vibrations of Ti–O–Ti and Ti–O bonds [60].
This band is present in both TiO2 and TBC-2 but absent in BC, further
confirming the integration of TiO2 into the composite. Notably, the
absorption band of TiO2, which appears at 450 and 430 cm− 1 in its pure
form, is shifted to 430 and 414 cm− 1 in TBC-2. This shift, along with the
reduced peak width, indicates a modification of TiO2 bonds through the
doping process. The formation of O–Ti–C bonds likely shortens the
bond length of the Ti–O–Ti structure, further substantiating the
interaction between TiO2 and biochar in the composite [3]. These

spectral features collectively demonstrate the successful synthesis and
modification of the TBC-2 composite, highlighting its potential for
enhanced photocatalytic and adsorption properties.

3.2.2. Surface area analysis
The surface area analysis of biochar, TiO2, and the TiO2-biochar

composite was performed using a surface area analyzer. The results
showed that the BET surface areas were 38 m2/g for TiO2, 428.98 m2/g
for biochar, and 118.89 m2/g for the TiO2-biochar composite. The
addition of 20 % biochar significantly increased the surface area of the
TiO2 composite, demonstrating that integrating biochar enhances the
composite’s properties. This improvement is attributed to biochar’s
unique porous structure, which not only increases the overall surface
area but also offers strong support for TiO2 nanoparticles. The addition
of biochar significantly influences the size of TiO2 crystallites, serving as
a nucleation site that facilitates the formation of smaller TiO2 crystal-
lites. Its porous structure also helps prevent particle agglomeration
during synthesis [62]. Additionally, biochar enhances the dispersion of
TiO2 nanoparticles, promoting more uniform growth [63]. The resulting
smaller TiO2 particles exhibit a higher surface area-to-volume ratio,
increasing the availability of active sites for chemical reactions and
directly improving photocatalytic performance [29]. This enhancement
makes the TiO2-biochar composite highly effective for wastewater
treatment applications [64]. The improved adsorption capability of the
composite accelerates photocatalytic reactions. For example, studies
have reported a surface area of 192 m2/g for a TiO2-biochar composite
[65] and 34.2 m2/g for an AC-TiO2 composite [66]. Similarly, incor-
porating SiO2 increased the specific surface area of an N-TiO2 sample
from 40.70 m2/g to 115.4 m2/g [67]. These findings emphasize the
significant impact of adding biochar or other materials on the perfor-
mance of TiO2-based catalysts. The specific surface area of a composite
depends on both the TiO2 and biochar contributions. When designing
photocatalysts, selecting materials that increase surface area is impor-
tant to provide more active sites for efficient photodegradation
reactions.

3.2.3. SEM-EDX analysis
SEM-EDX analysis was performed to characterize the

Fig. 1. FTIR spectra.
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microstructures, morphologies, and elemental composition of the com-
posite. Fig. 2(a–c) displays the SEM images of BC, TiO2, and TiO2-BC
composite. The SEM image of BC reveals morphological fractures and a
porous structure on its surface. This porous nature offers a high surface
area-to-volume ratio, making BC an effective support for the TiO2
photocatalyst and enhancing the degradation of dye pollutants from
wastewater. The SEM image also reveals that pure TiO2 particles appear
smooth and blank, while TiO2-BC composite particles exhibit a cracked
and rough surface. The addition of biochar increased the agglomeration
of TiO2 particles on the biochar surface, with the TiO2 particles being
well dispersed within the biochar matrix. The rough and cracked sur-
faces present on the composite have been shown to increase the surface
area and pore volume, which in turn promotes adsorption and improves
the interaction between the catalyst and targeted pollutants [68]. This
enhancement potentially accelerates the degradation process and sim-
plifies the separation of photocatalysts from the effluent, enabling their
repeated use [29]. Energy dispersive X-ray (EDX) analysis was per-
formed to determine the available elements and their distribution in the
composite. Fig. 2(d & e) shows the present elements in both TiO2 and
TiO2-BC composite. The EDS analysis in Fig. 2d illustrates that the pure
TiO2 sample consisted of 57.8 wt% titanium and 43.2 wt% oxygen,
whereas the TiO2-BC composite exhibited titanium, oxygen, and carbon
levels of 37.7 wt%, 34.3 wt%, and 28 wt%, respectively illustrated on
Fig. 2e. The increased carbon content in the samples is likely due to the
presence of biochar microparticles coating the TiO2 nanoparticles [48].
The EDS analysis provides a surface microdomain examination, influ-
enced by the sample surface depth, typically up to one micron below the
surface [40].

3.2.4. Uv–Vis DRS analysis
The UV–Vis DRS spectra and bandgap energies for BC, TiO2, and the

TiO2-BC composite are shown in Fig. 3. The BC shows stronger ab-
sorption in both the UV and visible light regions compared to TiO2,
indicating its good light-harvesting capability. In contrast, the TiO2-BC
composite demonstrates reduced UV light absorption relative to BC and
TiO2 but exhibits significantly enhanced visible light absorption
compared to pure TiO2, though slightly less than BC. This suggests that
incorporating biochar into the TiO2 matrix decreases UV absorption
while broadening the material’s absorption in the visible region.
Notably, the TiO2-BC composite exhibits a redshift, indicating an
improved ability to absorb visible light compared to pure TiO2. This
enhanced light absorption can be attributed to the synergistic interac-
tion between TiO2 and biochar, as also reported in similar studies
[69,70]. To further analyze the optical properties of the composite, the
bandgaps (Eg) of BC, TiO2, and TiO2-BC were determined using Tauc
plots (Eqs. (2) & (3)). The calculated bandgaps were 3.48 eV for BC,
3.03 eV for TiO2, and 2.82 eV for TiO2-BC, as shown in Fig. 3b. BC ex-
hibits the widest bandgap, while TiO2 shows a slightly lower value.
However, the TiO2-BC composite has the lowest bandgap among the
three materials. This red shift in the bandgap is attributed to the inter-
action between TiO2 and biochar, which modifies the electronic struc-
ture of TiO2. The reduction in the bandgap of TiO2-BC is attributed to the
interaction between TiO2 and biochar, which introduces new energy
levels within the TiO2 bandgap, effectively narrowing it [31]. Addi-
tionally, biochar acts as a Carbon dopant, introducing impurities into the
TiO2 lattice and creating further energy levels that enhance this effect
[69,71]. Similar studies have also reported significant reductions in the
bandgap of TiO2 upon the addition of biochar, such as lowering anatase
TiO2 from 3.40 eV to 2.44 eV [50] and from 3.21 eV to 2.73 eV [70].

Fig. 2. (a–c) SEM image of BC, TiO2, andTiO2-BC and (d) EDS analysis of TiO2, (e) EDS analysis of the TiO2-BC composite.
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These results suggest that the TiO2-BC composite has a broader ab-
sorption range than pure TiO2, which improves its photocatalytic effi-
ciency. The ability of TiO2-BC to absorb light over a broader wavelength
range underscores its potential for improved performance in photo-
catalytic applications.

3.2.5. Raman spectroscopy
Raman spectroscopy was used to analyze the structure of BC, TiO2,

and the TiO2-biochar composite, as well as the carbon matrix. The
Raman spectra for BC, TiO2, and TiO2-BC are shown in Fig. 4. The
Raman spectrum of BC exhibits prominent peaks, including the D band
at 1353 cm− 1, indicative of sp2-carbon defects, the G band at 1590 cm− 1,
corresponding to C–C bond deformation and aromatic ring vibrations,
and the 2D band at 2826 cm− 1, which confirms the multilayered
graphitic structure of BC [42]. The spectrum also reveals distinct peaks
at 143 cm− 1 (Eg), 196 cm− 1 (Eg), 394 cm− 1 (B1g), 514 cm− 1 (A1g), and
634 cm− 1 (Eg), which are characteristic of the anatase phase of TiO2
[72]. This confirms the absence of peaks corresponding to rutile or
brookite TiO2 polymorphs in the TiO2-biochar composite. The Raman
spectra in Fig. 4 reveal two additional peaks, D and G, at 1350 cm− 1 and
1595 cm− 1, respectively. These peaks are related to the presence of sp3

C–C atoms and sp2 C–C bonded Carbon molecules of Biochar [73]. The

D peak is a defect-derived peak, which is caused by the disorder, while
the G peak is a graphitic carbon. The addition of biochar showed
noticeable peaks of biochar characteristics in the TiO2-BC composite.
The presence of BC reduced the intensity of the TiO2 peaks. The
reduction in peaks related to the TiO2 catalyst indicates the successful
integration of the TiO2 nanoparticles with the biochar, resulting in the
formation of the TiO2-BC composite. This integration is essential for
improving the catalytic properties of TiO2, as the biochar serves as a
stable support, facilitating the adhesion of the nanoparticles.

3.2.6. XRD analysis
The XRD patterns of BC, TiO2, and TiO2-BC composite are displayed

in Fig. 5. The XRD of BC exhibits two broad peaks at 23.5 (C (0 0 2)) and
43.5◦ (C (1 0 0)), indicating the orientation of the aromatic carbon
structures, as well as diffractions of graphitic and hexagonal carbons
[74]. On the other hand, the XRD pattern of TiO2 and TiO2-BC composite
shows diffraction peaks at 25.3 ◦ , 38.1 ◦ , 48.2 ◦ , 54.1 ◦ , 54.9 ◦ , 62.8 ◦ ,
69.3 ◦ , and 75.4 which are indexed as (1 0 1), (0 0 4), (2 0 0), (1 0 5),
(2 1 1), (2 0 4), (2 2 0), and (2 1 5) plane receptively and theses indi-
cating that TiO2 is anatase crystal type (PDF-2 00-064-0863). This il-
lustrates that the addition of biochar does not notably alter the
crystallographic structure of TiO2. However, the introduction of biochar

Fig. 3. (a) UV–vis diffuse reflectance spectra and (b) energy bandgap.

Fig. 4. Raman spectra.
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has triggered a phase transition from anatase to rutile. However, the
amount of rutile present is negligible. Moreover, it has been observed
that the peaks of the TiO2-BC composite are slightly broader in com-
parison to pure TiO2, as shown in Fig. 5. This observation is consistent
with a previous study [53,75]. The absence of the BC peak in the com-
posites indicates that the anatase TiO2 may have modified or obscured
the graphitic carbon structure of the biochar [48]. This could be due to
the shielding effect of the strong anatase TiO2 peak on the weaker BC
peak. Additionally, the photocatalytic and reactive properties of anatase
TiO2 may have influenced the chemical properties of biochar [53].
Conversely, incorporating biochar into TiO2 catalysts decreases the
crystallite size from 40.6 nm to 21.6 nm, improving the material’s
photocatalytic performance [76]. This reduction occurs due to multiple
factors: biochar offers extra nucleation sites that facilitate the formation
of smaller TiO2 crystallites, and its porous structure prevents particle
agglomeration during the synthesis process [62]. Biochar also affects the
thermal properties by stabilizing smaller TiO2 particles at high tem-
peratures, while its functional groups can interact with TiO2 precursors,
altering the crystallization process [76]. Additionally, its large surface
area and porous structure facilitate the uniform distribution of TiO2
nanoparticles, leading to more consistent growth [63,77]. Smaller TiO2
particles possess a higher surface area-to-volume ratio, providing more
active sites for reactions and enhancing photocatalytic efficiency in
wastewater treatment and air purification applications [64]. The
reduced particle size also improves light absorption, charge separation,
and quantum size effects, which decrease the band gap energy and
enhance visible light utilization [78]. Furthermore, smaller crystallites
enable better dispersion of TiO2 within matrices, improving the per-
formance of composites [79].

3.2.7. Point of zero charge
The determination of the point of zero charge (pHpzc) is crucial

when analyzing the surface chemistry of a catalyst material and
designing successful methods for water treatment. By analyzing the
catalyst surface charge concerning the pH of water, we can effectively
control the degradation process. Adsorbents below the pHpzc tend to
attract contaminants with a negative charge, whereas those above it

attract positively charged contaminants [80]. Fig. 6 illustrates the pHpzc
of TiO2 is approximately 5.56 and the pHpzc of biochar is recorded at
8.6. the result illustrates that TiO2 has a positively charged surface
below a pH of 5.56 and a negatively charged surface above it. The pHpzc
of TiO2 in this research is consistent with earlier studies [81], potentially
influencing its practical applications. However, adding biochar shifted
the pHpzc value from acidic to neutral, with TBC-2 showing a pHpzc of
6.86. This shift is influenced by biochar’s pHpzc and its amount. The
increase in pHpzc broadens the catalyst’s applicability for both anionic
and cationic pollutants, making it effective across a wider pH range. This
versatility enhances the catalyst’s effectiveness in removing contami-
nants from water and other environmental matrices.

3.3. Photodegradation experiment

The efficiency of BB41 dye photodegradation was evaluated using
pure TiO2 and TiO2-biochar composite catalysts (TBC-1, TBC-2, TBC-3)
under UV light irradiation. As shown in Fig. 7a, the degradation of BB41

Fig. 5. X-ray diffraction (XRD) spectra.

Fig. 6. Point of zero charges (pHpzc).
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dye achieved only 83.9 %, 93.04 %, 98.42 %, and 97.2 % for pure TiO2,
TBC-1, TBC-2, and TBC-3, respectively. Notably, the TiO2-biochar
composite catalyst significantly enhanced the degradation efficiency.
These results demonstrate the superior performance of the TiO2-biochar
composites compared to pure TiO2. The incorporation of biochar im-
proves the absorption of pollutants onto the catalyst surface and facili-
tates the transformation of photoelectrons, reducing the recombination
of electron-hole pairs through the interaction between TiO2 and biochar
[29,40]. This interaction positively influences the photocatalytic
oxidation process. Furthermore, the addition of biochar reduces the
energy bandgap of the pure TiO2 catalyst, promoting the generation of
active species and enhancing photo-oxidation reactions [50]. However,
The photocatalytic efficiency of biochar-doped TiO2 catalysts decreases
when the amount of biochar is above 20 wt%. Excessive biochar can
saturate the surface area, limiting the number of active sites for
pollutant adsorption [76]. Additionally, high biochar content can
obstruct light penetration, reducing photocatalytic activity [82]. An
imbalance in the TiO2 to biochar ratio may disrupt electron transfer,
further diminishing the photocatalytic efficiency [83]. Therefore, opti-
mizing the biochar loading is crucial for improving the photocatalytic
performance. in general, the TiO2-biochar composite, especially TBC-2,
demonstrates exceptional photocatalytic potential for the degradation of
BB41 azo dye, with significantly higher BB41 98.42 % degradation rates
compared to pure anatase TiO2. Additionally, both dark and light re-
actions were conducted to investigate the reaction mechanism and
determine whether the process involves adsorption or photocatalytic
degradation. As shown in Fig. 7b, the removal percentages for the dark
reaction were 11.4 % and 28.1 % for TiO2 and TBC-2, respectively. For
the light reaction, the removal percentages were 54.19 % and 75.17 %
for the same catalysts under the same reaction time. These results
indicate that the removal process is primarily governed by photo-
catalytic degradation rather than adsorption. However, the incorpora-
tion of biochar enhances the adsorption capacity of the TiO2 catalyst,
which contributes to the increased degradation and removal efficiency
observed with the TBC-2 catalyst. This synergy between biochar and
TiO2 improves pollutant adsorption, facilitates electron transfer, and
ultimately leads to superior photocatalytic performance.

3.4. Model fitting and analysis of variance (ANOVA)

3.4.1. Model fitting analysis
The optimization of pH, catalyst dosage, dye concentration, and re-

action time was carried out using Response Surface Methodology (RSM)
with Central Composite Design (CCD) to enhance the degradation effi-
ciency of BB41 dye, as detailed in Table 4. An analysis of variance
(ANOVA) was performed to evaluate the statistical significance of the
model. Table 5 identifies the quadratic regression model as the most
appropriate for analyzing the photodegradation of BB41 dye, supported

by the P-values, R2, and F-value. The quadratic model yielded an F-value
of 11,587.30 and a very small p-value (<0.01), demonstrating its high
significance. The model’s performance was further assessed using the
coefficient of determination (R2) and adjusted R2, which showed
excellent alignment, with R2 at 0.9999 and adjusted R2 at 0.9998. This
indicates that the model can explain 99.99 % of the experimental data.
The predicted R2 of 0.9996 closely matched the adjusted R2, signifying
strong agreement between predicted and experimental outcomes.
Additionally, the small coefficient of variation (C.V.%) of 0.09 % un-
derscores the precision, reliability, and reproducibility of the experi-
mental data. The Adequate Precision value of 415.7, far exceeding the
acceptable threshold of 4, confirms the model’s robustness in predicting
BB41 dye degradation [84]. The ANOVA table for the quadratic model

Fig. 7. (a) Comparative degradation efficiency of TiO2, TBC-1, TBC-2, and TBC-3 composites, and (b) effects of dark and light reactions on the degradation rate.
Experimental conditions: catalyst dose, 0.1 g; dye concentration, 20 mg/L; solution volume, 100 mL; time, 120 min and 30 min (dark and light reaction).

Table 4
Central Composite Design Matrix for BB41 dye photocatalytic degradation.

Std Run Factor
1

Factor 2 Factor 3 Factor
4

Response 1

A: pH B:
Catalyst
Dose

C: initial dye
concentration

D: time Color
removal %

pH g/L mg/L min %

1 18 5 1 20 60 86.33
2 15 9 1 20 60 92.69
3 30 5 2 20 60 92.64
4 3 9 2 20 60 93.00
5 1 5 1 40 60 72.63
6 25 9 1 40 60 89.32
7 2 5 2 40 60 83.72
8 16 9 2 40 60 94.15
9 17 5 1 20 120 95.46
10 26 9 1 20 120 98.80
11 27 5 2 20 120 98.99
12 13 9 2 20 120 96.53
13 8 5 1 40 120 82.96
14 28 9 1 40 120 96.81
15 9 5 2 40 120 91.34
16 21 9 2 40 120 98.88
17 5 3 1.5 30 90 78.48
18 19 11 1.5 30 90 92.40
19 11 7 0.5 30 90 89.38
20 29 7 2.5 30 90 98.21
21 6 7 1.5 10 90 99.88
22 20 7 1.5 50 90 88.91
23 24 7 1.5 30 30 85.43
24 12 7 1.5 30 150 99.39
25 7 7 1.5 30 90 98.65
26 22 7 1.5 30 90 98.48
27 23 7 1.5 30 90 98.56
28 10 7 1.5 30 90 98.58
29 4 7 1.5 30 90 98.42
30 14 7 1.5 30 90 98.45
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highlights the significance of various model terms and their impact on
degradation efficiency [85]. Table 5 further illustrates that the large F-
value and small p-value (<0.05) validate the model’s ability to explain
variations in degradation efficiency. P-values for individual terms
indicate statistical significance, with factors A (pH), B (catalyst dosage),
C (dye concentration), and D (degradation time), along with interactions
AB, AC, AD, BC, BD, and quadratic terms A2, B2, C2, and D2, were found
to be substantial contributors. The small p-values associated with these
variables confirm their significant impact on degradation efficiency. The
Lack of Fit F-value of 1.18 indicates that the Lack of Fit is not statistically
significant compared to pure error, with a 45.47 % probability of the
observed Lack of Fit F-value being due to noise. A non-significant Lack of
Fit suggests the model adequately fits the data, with any discrepancies
between observed and predicted values likely attributable to random
variation rather than model inadequacy [86]. This result supports the
model’s capacity to accurately represent the relationship between var-
iables without requiring further complexity. With a p-value exceeding
the chosen significance level (0.05), the Lack of Fit test confirms the
model’s adequacy, indicating that residuals are randomly distributed
and predictions align closely with observed data [44,87]. Hence, a
quadratic equation (Eq. (13)) was employed to estimate the photo-
catalytic efficiency for BB41 dye oxidation, incorporating the identified
independent variables.

Color removal% = 98.52+3.49*A+ 2.16*B − 2.77*C+3.46*D
− 1.52*AB+2.55*AC − 0.72*AD+1.15*BC − 0.67*BD+0.31*CD
− 3.26*A2 − 1.18*B2 − 1.03*C2 − 1.52*D2

(13)

where A is the pH of the solution B, is the catalyst dose, C is the initial
concentration of the dye, and D is the reaction time.
The effect of a variable refers to the change in the outcome resulting

from altering the level of that variable. The above formula (Eq. (13))
represents a second-order polynomial equation (coded based on factors)
for the analyzed response, with the intercept coefficient of the model set
at 98.52. The decolorization efficiency improves as the pH, catalyst
dose, and reaction time increase, with positive coefficients of 3.49, 2.16,
and 3.46, respectively. This happens because a higher amount of catalyst
provides more active reaction sites, and increasing the pH enhances the
interaction between the cationic BB41 dye and the catalyst surface.
Higher pH levels also promote the production of hydroxyl free radicals,
which further boost degradation. Similarly, giving the reaction more
time ensures the dye and catalyst have enough time to interact fully,
leading to better results. On the other hand, a higher dye concentration

has a negative effect on efficiency, as shown by its negative coefficient of
2.77. This is likely because when there’s too much dye, the catalyst’s
active sites get saturated and can’t keep up with the excess, reducing
overall effectiveness. The interaction effects (AC), (BC), and (CD) posi-
tively influence the process, with coefficients of 2.55, 1.15, and 0.31,
respectively. In contrast, the interaction effects (AB), (AD), and (BD),
along with the quadratic terms (A2), (B2), (C2), and (D2), exhibit
negative coefficients of − 1.52, − 0.72, − 0.67, − 3.26, − 1.18, − 1.03, and
− 1.52, respectively. Synergistic relationships are indicated by positive
interaction effects, where the combined influence of two variables sur-
passes the sum of their impacts. Conversely, negative interaction effects
imply that specific variable combinations or elevated levels of individual
factors may negatively impact the process. The p-values determine the
significance of all factors, as shown in Table 5 the p-values for the linear
factors and their interactions with the other factors are lower than 0.05,
indicating significance towards the degradation of BB41 dye. Addi-
tionally, the sum of squares (SS) from the ANOVA data was used to
calculate the total percentage contributions (TPC) of each factor,
showing how much each factor explains the variance. Fig. 8 reveals that
individual, interaction, and quadratic effects all impact degradation
efficiency. pH is the most influential factor, followed by the quadratic
effect of pH, degradation time, dye concentration, and catalyst dose.
Among interactions, pH and dye concentration have the greatest impact,
while other effects contribute less than 5 %. Optimizing these key var-
iables can greatly enhance BB41 dye degradation efficiency.

Contribution =

(
Sumof Squares

Total Sumof Squares

)

*100

3.5. Model validation

A validation assessment is essential to develop an accurate mathe-
matical model [48]. The model’s validity was verified by comparing the
predicted and actual experimental responses [88]. Fig. 9a illustrates a
graph of the actual values versus the predicted values, indicating that all
data points were dispersed and followed a normal distribution around
the linear regression line. This normality in distribution verifies that the
residuals are properly distributed. Fig. 9b illustrates the residual normal
probability plot, confirming that the residuals adhere to a normal dis-
tribution. Meanwhile, Fig. 9c depicts the scatter plot of residual values
against predicted values, revealing a random pattern with no discernible
trends or significant variance, indicating the absence of hetero-
scedasticity. Furthermore, Fig. 9d presents the Internally Studentized
Residuals plot, which shows no outliers or abnormal data points. These

Table 5
Analysis of variance (ANOVA) results for quadratic model.

Source Sum of Squares df Mean Square F-value p-value Significance

Model 1397.74 14 99.84 11587.30 <0.0001 **
A-PH 293.62 1 293.62 34077.33 <0.0001 **
B-Cat Dose 112.26 1 112.26 13029.50 <0.0001 **
C-[C] 184.68 1 184.68 21433.42 <0.0001 **
D-time 288.58 1 288.58 33493.07 <0.0001 **
AB 37.13 1 37.13 4308.97 <0.0001 **
AC 104.58 1 104.58 12137.27 <0.0001 **
AD 8.36 1 8.36 970.25 <0.0001 **
BC 21.35 1 21.35 2478.14 <0.0001 **
BD 7.33 1 7.33 850.35 <0.0001 **
CD 1.60 1 1.60 185.34 <0.0001 **
A2 293.27 1 293.27 34036.51 <0.0001 **
B2 38.26 1 38.26 4440.87 <0.0001 **
C2 29.16 1 29.16 3384.52 <0.0001 **
D2 64.03 1 64.03 7431.12 <0.0001 **
Residual 0.1292 15 0.0086 ​ ​ ​
Lack of Fit 0.0907 10 0.0091 1.18 0.4547 ##
Pure Error 0.0385 5 0.0077 ​ ​ ​
Cor Total 1397.87 29 ​ ​ ​ ​

R2 = 0.9999, Adj. R2 = 0.9998, Pre. R2 = 0.9996, C.V.% = 0.099, Adeq Precision = 415.7, Significant = **, and Not-significant = ##.
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results collectively validate the reliability and appropriateness of the
CCD model in optimizing the photodegradation process of BB41 dye.

3.6. Effect of individual factors

The response surfaces are illustrated through a quadratic regression
equation and detailed graphical representations. These 3D and contour
plots are depicted in Fig. 10(a–d) provide a comprehensive under-
standing of the significant impacts of individual and interaction factors
on the response, as well as the interactions between each factor. Spe-
cifically, the graphs show the individual factor pH (A), catalyst dose (B),
initial concentration (C), and time (D) effects of and the interaction
factors on degradation efficiency. The photodegradation efficiency of
Basic Blue 41 (BB41) dye is significantly impacted by the pH of the so-
lution. The study reveals that as the solution’s pH increases from 3 to
8.15, the photodegradation efficiency of BB41 improves, rising from
78.4 % to 99.5 %. However, beyond a pH of 8.15, the degradation ef-
ficiency starts to decline, dropping from 99 % to 92.4 % at pH 11. This
variation in photodegradation efficiency can be attributed to several
factors. For instance, the surface charge of the photocatalyst, also known
as the point of zero charge (pHzpc) for the composite, is 6.86. Below this
pH, the surface of the composite is positively charged, leading to
reduced adsorption and lower photodegradation efficiency. In contrast,
at pH levels above the pHzpc, the negatively charged surface of the TiO2-
BC composite enhances the electrostatic attraction between the surface
and the BB41 dye, improving dye adsorption and, consequently,
degradation efficiency [89]. Additionally, in alkaline conditions (pH >

6.86), the concentration of hydroxide ions (OH− ) rises, promoting the
generation of highly reactive hydroxyl radicals (•OH), which enhance
the photodegradation process [90]. However, at very high pH levels
(above 8.8), the excessive hydroxide ions can act as scavengers of these
hydroxyl radicals, reducing their availability for degrading the dye
molecules, leading to a decrease in photodegradation efficiency at
higher pH values [91]. In general, the pH of the solution influences the
surface properties of the photocatalyst, the distribution of charge on
organic molecules, and the formation of reactive radical species, which
all are crucial to the photocatalytic degradation process. Catalyst dosage

is a crucial factor in photodegradation studies, as it directly impacts the
catalyst’s effectiveness. The results indicate that as the catalyst dose
increases from 0.5 g/L to 1.95 g/L, the degradation efficiency of BB41
dye improves significantly, rising from 89.4 % to 99.7 %. This
improvement is due to the increased number of active sites and electron-
hole pairs, which generate more reactive hydroxyl radicals, enhancing
mass transfer and photodegradation [88]. However, beyond the optimal
dose of 1.95 g/L, the degradation efficiency begins to decline, dropping
to 98.1 % at 2.5 g/L. This decrease in efficiency is attributed to catalyst
agglomeration at higher dosages, which reduces the available surface
area for dye molecules to interact with the catalyst. Additionally,
excessive catalyst amounts can cause increased light scattering within
the solution, reducing the penetration of UV or visible light needed to
activate the photocatalyst. Consequently, fewer photons reach the
catalyst particles, leading to a lower generation of electron-hole pairs
and ultimately reducing the degradation rate [92]. A similar result re-
ported that the degradation of RV5 Azo Dye on Fe-Doped Titania Cat-
alysts (0–6 g/L) under visible light irradiation showed a consistent
degradation rate after reaching 3 g/L [93]. Therefore, it is essential to
add the optimal amount of catalyst to achieve efficient photo-
degradation. The initial dye concentration has a significant impact on
the photodegradation efficiency of BB41 dye. As shown in Fig. 10C, the
degradation efficiency remains constant at 100 % when the dye con-
centration increases from 10 mg/L to 25 mg/L but declines sharply to
80.8 % as the concentration further increases to 50 mg/L. The reduced
efficiency at higher dye concentrations can be explained by several
interconnected factors. Firstly, the photocatalyst has a limited number
of active sites where the degradation reaction occurs. As the dye con-
centration rises, more BB41 molecules compete for these active sites,
resulting in fewer molecules being adsorbed and degraded [92,94]
Additionally, at higher concentrations, the solution becomes more
intensely colored, leading to increased light absorption by the dye itself,
a phenomenon known as the inner filter effect, which reduces the
amount of light reaching the photocatalyst and thus lowers the gener-
ation of electron-hole pairs necessary for degradation [95]. Further-
more, increased dye concentration causes greater light scattering within
the solution, reducing light penetration to deeper layers and limiting the

Fig. 8. Schematic representation of the Percentage Contribution.
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activation of photocatalyst particles not directly exposed to the light
source [96]. At even higher concentrations, dye molecules may saturate
the photocatalyst surface, hindering the interaction between the cata-
lyst, light, and the surrounding environment, which further decreases
the overall photodegradation efficiency [94]. The results demonstrate in
Fig. 10D that the photodegradation efficiency increased from 85.4 % to
100 % as the reaction time was extended from 30 to 115 min, remaining
constant until 135 min. After 135 min, a slight decrease in efficiency to
99.3 % was observed. The degradation percentage generally rises with
increased reaction time, peaking at 120 min. This improvement is
attributed to prolonged UV irradiation, which allows the photocatalyst
to absorb more photon energy, thereby enhancing the photodegradation
process. Extended irradiation also boosts the generation of hydroxyl
radicals, which are crucial for oxidizing organic pollutants and breaking
them down into simpler molecules [97]. However, while longer reaction
times typically improve photodegradation efficiency, a slight decline
after a prolonged period may occur due to factors such as the depletion
of reactive species, recombination of electron-hole pairs, catalyst satu-
ration, formation of stable by-products, dye re-adsorption, and catalyst
deactivation. These factors can contribute to a decrease in efficiency
after extended reaction times [98].

3.7. The interaction effects on the photocatalytic degradation

3.7.1. pH and the catalyst dose
The interactive effects between variables are important to consider

for true optimization, rather than relying solely on the One-Factor-At-a-

Time (OFAT) method. Analyzing these interactions provides a more
comprehensive understanding of the system’s behaviour [99]. Contour
plots visually depict how changes in one variable can influence the effect
of another. Understanding and identifying these interactions are crucial
for refining processes and ensuring reliable and maximized experi-
mental outcomes. The interaction between pH and catalyst dosage on
BB41 removal, As illustrated in Fig. 11, a strong correlation is demon-
strated through a three-dimensional and contour plot. This study
investigated pH levels between 3 and 11, with catalyst dosages varying
from 0.5 to 2.5 g/L, while keeping the dye concentration constant at 30
mg/L and the irradiation time fixed at 90 min. The results reveal that the
interaction significantly enhances BB41 degradation, achieving the
highest efficiency (99 %) within the pH range of 7 to 9 and a catalyst
dose between 1.4 and 2 g/L. In contrast, the lowest efficiency (~70 %)
was observed at a pH of 3 and a catalyst dose of 0.5 g/L. The analysis
shows that increasing both pH and catalyst dosage enhances degrada-
tion efficiency. Higher catalyst doses provide more active sites and
electron-hole pairs, while elevated pH promotes the formation of reac-
tive hydroxyl radicals [90]. The interaction is closely linked to the point
of zero charges (pHzpc) of the TiO2-biochar composite, which governs
surface charge dynamics and electrostatic interactions [88]. Addition-
ally, increasing the catalyst dosage enhances the available surface area,
leading to better interaction between the dye and the catalyst. As the pH
increases from 3 to 9, the required catalyst dose decreases from 2.5 to 1.
g/L, optimizing the photocatalytic process by balancing pH and dosage,
resulting in reduced catalyst consumption while maintaining high
degradation efficiency.

Fig. 9. (a) Plots of actual values versus predicted value, (b)Normal plot of residuals, (c)The internally Studentized Residuals versus predicted ones, and (d) The
Internally Studentized Residuals versus run number.
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3.7.2. pH and initial dye concentration
The interaction effect between pH and initial dye concentration on

the removal efficiency of BB41 dye is presented in Fig. 12 through three-
dimensional response surface and contour plots. The analysis covered a
pH range of 3–11 and initial dye concentrations between 10 and 50 mg/
L, with the catalyst dosage fixed at 1.5 g/L and an irradiation time of 90

min. The results demonstrate that the degradation efficiency is strongly
influenced by the interaction between the pH of the solution and the
initial dye concentration. The highest degradation efficiency (99 %) was
achieved at a pH of 5–9 with a dye concentration of 10–32 mg/L. On the
other hand, at a pH of 3 and a dye concentration of 50 mg/L, the lowest
degradation (~63 %) was observed. As the dye concentration increased,

Fig. 10. Effect of individual factors: (A) pH, (B) catalyst dose, (C) initial dye concentration, and (D) irradiation time.

Fig. 11. Effect of pH and catalyst dose: (a) 3D surface plot and (b) contour plot.
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the degradation efficiency decreased, while increasing the pH led to
improved efficiency. This is because, at pH levels above 6.86, TiO2 ac-
quires a negative surface charge, which enhances its ability to adsorb
BB41, a cationic dye [88]. Additionally, hydroxyl radicals are more
readily generated in neutral and basic conditions, further promoting dye
degradation [90]. Optimizing both pH and initial dye concentration
allows for better control of the photocatalytic process, ensuring efficient
degradation across a broader range of dye concentrations and pH levels.

3.7.3. pH and irradiation time
The interaction between pH and irradiation time on BB41 dye

removal, illustrated in Fig. 13, demonstrates a significant correlation
through a three-dimensional plot. The study evaluated pH levels from 3
to 11 and irradiation times ranging from 30 to 150 min while keeping a
constant catalyst dosage of 1.5 g/L and an initial dye concentration of
30 mg/L. The results reveal that BB41 degradation efficiency is strongly
influenced by the interaction between pH and irradiation time. The
highest degradation efficiency (99 %) was achieved at a pH of 8 with an
irradiation time of 90 min. In contrast, at a pH of 3 with a degradation
time of 30 min the lowest efficiency (~65 %) was observed. As the pH
increased from 3 to 8, the required irradiation time decreased from 120

to 90 min. Moreover, extending the irradiation time helped maintain
efficiency within neutral and acidic pH ranges. Longer irradiation times
result in the generation of more reactive radicals, which enhance the
degradation process [97]. Adjusting both pH and irradiation time offers
better control over the photocatalytic process, ensuring optimal degra-
dation efficiency across a broad range of pH values and reaction
durations.

3.7.4. Catalyst dosage and initial dye concentration
Fig. 14 illustrates the interaction between catalyst dosage and initial

dye concentration on BB41 removal, highlighting a significant correla-
tion depicted through three-dimensional response surface and contour
plots derived from RSM analysis. Catalyst doses of 0.5–2.5 g/L and dye
concentrations of 10–50 mg/L were tested, with pH 7 and a 90-minute
irradiation time. The highest degradation efficiency (99 %) was ach-
ieved at a catalyst dose of 1–2 g/L and dye concentrations between 10
and 30 mg/L. However, as the initial dye concentration increased from
30 mg/L to 50 mg/L, degradation efficiency declined. Optimal removal
occurred at a catalyst dose of 1.9 g/L, resulting in 99 % degradation of
30 mg/L BB41 dye. Increasing the catalyst dose from 0.5 to 2.5 g/L
enhanced the amount of dye degraded, as the higher photocatalyst

Fig. 12. Effect of pH and initial dye concentration: (a) 3D surface plot and (b) contour plot (b).

Fig. 13. Effect of pH and reaction time: (a) 3D surface plot and (b) contour plot.
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dosage provided more active sites and an expanded surface area, facil-
itating greater production of hydroxyl radicals. These radicals signifi-
cantly boost the photocatalytic degradation of BB41 dye [88]. By
adjusting both the catalyst dose and initial dye concentration, the pho-
tocatalytic process can be effectively carried out, enabling efficient
performance over a wider range of dye concentrations the photo-
catalytic process can be achieved, allowing efficient operation across a
broader range of dye concentrations while optimizing catalyst utiliza-
tion and minimizing unnecessary consumption.Fig 15.

3.7.5. Catalyst dosage and irradiation time
Fig. 14 illustrates the interaction between catalyst dosage and reac-

tion time on BB41 removal, highlighting a significant correlation
depicted through three-dimensional response surface and contour plots
derived from RSM analysis. Catalyst doses (0.5–2.5 g/L) and irradiation
times (30–150 min) were tested at pH 7 with a 30 mg/L dye

concentration. Maximum degradation efficiency (99 %) occurred at
1.2–2.4 g/L catalyst and 90–120 min irradiation. Increasing the catalyst
dose enhanced the number of active sites, leading to greater production
of hydroxyl radicals, while extended irradiation time further increased
radical generation. These factors combined to significantly boost BB41
degradation efficiency [88,97]. Notably, the degradation time decreased
from 120 to 90 min when the catalyst dose increased from 1.2 to 2 g/L.
Conversely, increasing the irradiation time from 90 to 120 min reduced
the required catalyst dose from 2 g/L to 1.2 g/L for the same level of
efficiency. This inverse relationship shows that optimizing either cata-
lyst dose or irradiation time can enhance degradation performance
while minimizing resource use. Carefully adjusting both parameters
allows for better control over the photocatalytic process, ensuring effi-
cient dye removal without unnecessary catalyst consumption.

Fig. 14. Effect of catalyst dose and initial dye concentration: (a) 3D surface plot and (b) contour plot.

Fig. 15. Effect catalyst dose and reaction time:(a) 3D surface plot and (b) contour plot.
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3.7.6. Initial dye concentration and irradiation time
Fig. 16 illustrates the interaction between initial dye concentration

and reaction time on BB41 removal, demonstrating a significant corre-
lation through three-dimensional response surface and contour plots
derived from RSM analysis. This study explored initial dye concentra-
tions ranging from 10 to 50 mg/L and irradiation times between 30 and
150 min using a constant pH of 7 and a catalyst dose of 1.5 mg/L. The
highest degradation efficiency (99 %) was achieved at dye concentra-
tions of 10–33 mg/L with irradiation times of 85–120 min, whereas the
lowest efficiency was observed at 50 mg/L with an irradiation time of
just 30 min. As the dye concentration decreased from 32 to 10 mg/L, the
irradiation time was reduced from 120 to 85 min, while still maintaining
the same high efficiency. These results suggest that higher dye concen-
trations demand longer reaction times for optimal degradation.
Adjusting both dye concentration and irradiation time enhances control

over the photocatalytic process, enabling efficient dye removal without
excessive catalyst use, while sustaining high degradation efficiency
across different concentration levels.

3.8. Numerical parameter optimization

Optimization of BB41 dye degradation efficiency was performed
using numerical methods through Design-Expert-13 software. Different
parameters, including pH (3–11), catalyst dose (0.5–2.5 g/L), initial dye
concentration (10–50 mg/L), and reaction time (30–150 min), were
varied within their defined ranges. The color removal responses were set
at a maximum level with a 95 % confidence level. The desirability
function approach was implemented to determine the optimized con-
ditions. From a total of 100 solution sets, the most desirable (99.5 %)
and optimal condition was selected. As shown in Fig. 17, the optimal

Fig. 16. Effect of initial dye concentration and reaction time: (a) 3D surface plot and (b) contour.

Fig. 17. Ramp plot.
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conditions for the photocatalytic removal of BB41 were determined to
be a pH of 8.3, a catalyst load of 1.85 g, an initial dye concentration of
40 mg/L, and a reaction time of 118 min. Under these conditions, a color
removal efficiency of 99.6 % was achieved. Experimental verification of
the optimized conditions demonstrated less than a 1 % deviation from
the predicted results, confirming the accuracy and effectiveness of the
optimization approach. This validation highlights the model’s reliability
in predicting optimal parameters for maximum degradation efficiency,
further supporting its use in practical applications. Moreover, achieving
a mineralization efficiency of 92.8 % showcases how effective the
catalyst is, making it both precise and cost-effective for water treatment.
Previous studies have also pointed out how economical and reliable
Response Surface Methodology (RSM) is for optimizing experiments.
This aligns with previous studies that have highlighted the economic
viability of Response Surface Methodology (RSM) for experimental op-
timizations due to its predictability and precision [43,100]. Table 6
provides a summary of the photocatalytic degradation efficiency of
TiO2-based composite catalysts for removing Basic Blue 41 (BB41) dye
under various conditions. The photodegradation efficiency of the TiO2-
BC (TBC-2) composite was further evaluated through triplicate experi-
ments, targeting the removal of BB41 dye, color, turbidity, and chemical
oxygen demand (COD) from actual textile effluent. The initial concen-
trations in the textile effluent were 5.7 mg/L for BB41 dye, 106pt-Co for
color, 48.55 NTU for turbidity, and 928 mg/L for COD. The corre-
sponding removal efficiencies were approximately 94.8 % for BB41 dye,
96.2 % for color, 89.28 % for turbidity, and 66.6 %for COD. While the
color, turbidity, and BB41 dye concentrations were effectively removed,
the treated wastewater still contained approximately 309.9 mg/L of
COD. Although this level is close to meeting the IPA standard minimum
threshold of 250 mg/L, further treatment is necessary to reduce the COD
level even more. Another study conducted on textile BB41 dye-
containing effluent treated with AC-TiO2 composite resulted in a color
and turbidity removal of 96.5 % and 92.9 % respectively [43]. This
study further supports the idea that the TiO2-BC composite can effec-
tively remove hazardous color pollutants from textile wastewater.

3.9. Photocatalytic degradation mechanism

The photocatalytic degradation of Basic Blue 41 (BB41) dye using
TBC-2 composites reveals significant insights into the mechanisms of

pollutant degradation, particularly the roles of hydroxyl radicals (⋅OH),
holes (h+), and superoxide radicals. As shown in Fig. 18a the experi-
mental results indicate that the presence of scavengers, such as sodium
oxalate, n-butanol, and ascorbic acid, reduced the degradation effi-
ciency of BB41, showing the critical involvement of all oxidizing species.
Specifically, the degradation efficiencies were 99.5 % without scaven-
gers, dropping to 60.2 %, 76.1 %, and 67.7 % with n-butanol, ascorbic
acid, and sodium oxalate, respectively. This suggests that hydroxyl
radicals are the primary reactive species, while holes contribute as
secondary reactive species. Superoxide also contributes significantly to
dye degradation in photocatalytic systems. The findings show the
importance of optimizing photocatalytic conditions to maximize the
generation of these reactive species for effective wastewater treatment.
Hydroxyl radicals, as highly reactive oxidizing agents, are essential in
breaking down organic compounds, By targeting the conjugated struc-
tures that give the dye its color. Their ability to generate a cascade of
oxidation reactions ensures rapid and efficient pollutant breakdown,
making them the primary species driving the photodegradation process.
Holes, also play a critical role in dye degradation. Research indicates
that holes can account for up to 60 % of dye degradation in photo-
catalytic systems [101]. Their strong oxidative potential enables them to
directly interact with dye molecules, oxidizing chemical bonds and
leading to decolorization and mineralization. This capability makes
holes highly effective in degrading complex dye structures during
environmental remediation. In conclusion, the active species driving
BB41 dye degradation are primarily hydroxyl radicals (⋅OH) and holes
(h+) with hydroxyl radicals serving as the dominant contributors.
Fig. 18b presents the proposed degradationmechanism for BB41, further
elucidating the critical roles of these reactive species.

3.10. Photodegradation kinetics and photocatalytic reusability

Kinetic studies were performed to assess the photocatalytic degra-
dation rates of BB41 under optimal conditions: pH 8.3, a catalyst dose of
1.85 g/L, an initial dye concentration of 40 mg/L, and an irradiation
duration of 118 min. The degradation process was analyzed using zero-
order, first-order, and second-order kinetic models, with the results
illustrated in Fig. 19 (a–c) and Table 7. The adjusted R2 values were
0.475, 0.992, and 0.544, respectively. These findings indicate that the
degradation of BB41 using the TiO2-BC composite aligns closely with the
first-order kinetic model, suggesting that the reaction rate is directly
proportional to the concentration of the dye being degraded. The reac-
tion rate constant (k) was calculated as 0.049 min− 1, further confirming
the consistency of the first-order kinetic model. The high R2 value
demonstrates the model’s accuracy in describing the degradation
behavior over time. Comparatively, another study also reported the
degradation of BB41 dye using bare TiO2 and AC/TiO2 composite (AC-
TiO2). The degradation followed a first-order kinetics model with rate
constants of 0.0322 min− 1 for TiO2 and 0.0366 min− 1 for AC-TiO2 [43].
The higher rate constant of 0.049 min− 1 observed in this study high-
lights the efficiency of the TiO2-BC composite, indicating faster photo-
catalytic degradation of BB41 under the specified conditions. Fig. 19d
shows the recycling performance of the TiO2-biochar (TBC-2) composite
under optimal conditions. The results indicate that the composite
initially maintained high degradation efficiency. After four recycling
cycles, a slight reduction in efficiency was observed. Over five cycles, the
degradation efficiency decreased from 99.6 % to 96.3 %, a minimal
reduction of 3.32 %. This demonstrates that the TiO2-BC composite
retains excellent photodegradation performance and remains highly
effective in degrading BB41 dye. Additionally, the recycling process
does not require extra treatment, underscoring the composite’s potential
as a practical and sustainable solution for water treatment applications.

4. Conclusions

In summary, the TiO2-biochar composite photocatalyst was

Table 6
Evaluation of the photocatalytic degradation efficiency of BB41 dye using
various catalysts.

No Catalysts Condition Degradation references

1 AC-25 %TiO2 BB41 [dye] = 2.5 M,
catalyst dose = 0.25/100
mL, pH = 6, and time 45
min. under UV light

95 % [43]

2 Cm-ZnO NPs BB41 [dye] = 20 mg/L,
catalyst dose = 5 g/L, pH =

10 time = 60 min under UV
light

97.69 % [102]

3 NiO
nanoparticles

BB41 [dye] = 20 mg/L,
catalyst dose 5 g/L, pH =

10 time = 50 min under UV
light

93.6 % [103]

4 ZnO BB41 [dye] = 20 mg/L,
catalyst dose 2 g/L, pH = 5,
time = 180 min under UV
light

72.56 % [104]

5 TiO2-ZnO BB41 [dye] = 20 mg/L,
catalyst dose 10 g/L, pH =

6.2. time = 60 min under
solar light

100 % [105]

6 TiO2-20 wt%
BC(TBC-2)

BB41 [dye] = 40 mg/L,
catalyst dose 1.8 g/L, pH =

8.2 time = 120 min under
UV light

99.6 % This study
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successfully synthesized via the Sol-Gel method at 600 ◦C, resulting in a
material with an anatase crystal structure, a reduced bandgap of 2.82
eV, and a significantly increased surface area from 38 m2/g to 118.89
m2/g. The photocatalytic efficiency was optimized using Response
Surface Methodology (RSM) with a Central Composite Design under UV
light irradiation. Statistical analysis through ANOVA confirmed the
model’s high significance for color removal (p < 0.05) with an R2 value
of 0.99. The composite achieved a maximum photodegradation effi-
ciency of 99.6 % for BB41 dye removal under optimal conditions: pH
8.3, an initial dye concentration of 40 mg/L, a catalyst dosage of 1.85 g/

L, and an irradiation time of 117 min, with a desirability score of 99.5 %.
Furthermore, it demonstrated exceptional removal efficiencies of 99.6 %
for BB41 dye in aqueous solutions and 94.8 % for textile wastewater,
along with a 66.6 %reduction in COD. The degradation kinetics followed
a first-order model with a rate constant of k = 0.049 min− 1. The TiO2-
biochar composite also exhibited remarkable reusability, maintaining
high efficiency over five recycling cycles with only a 3.32 % reduction in
performance. These findings highlight the potential of the TiO2-biochar
composite as an economical, sustainable, and efficient solution for large-
scale wastewater treatment and the removal of dye contaminants from

Fig. 18. (a) Scavenger test results for BB41 dye degradation and (b) Schematic representation of the photodegradation mechanism of BB41 dye via TBC-2
photocatalysis.

Fig. 19. (a) Zero-order kinetic,(b) First-order kinetic, and (c)Second-order kinetic model analysis of BB41 dye degradation. (d) Recycling performance of the TiO2-BC
composite for BB41 dye removal under optimized conditions.
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Photodegradation kinetics model values .

Kinetics
model

Intercept Slope k0, (mg/
L.min)

k1
(min− 1)

k2 (L/
(mg.
min))

Adj.
R2

Zero-order
kinetics

23.08 − 0.25 0.25 − − 0.475

1st order
kinetics

3.47 − 0.049 − 0.049 − 0.992

2nd order
kinetics

− 2.27 0.082 − − 0.082 0.544
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