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ABSTRACT

Titania (TiO,) photodegradation of three dyes in aqueous media: picric acid (PA), alizarin red-S (ARS), and crystal violet (CV) showed a
practical wastewater remediation technique in this work. The process unfolded in a photoreactor equipped with a 20 W UV-lamp, aerators,
and heating elements. Spectroscopic characterization of TiO, and dyes was achieved using Fourier Transform Infrared (FTIR), X-ray
diffraction (XRD) and UV-visible methods. Simulated dye wastewater were treated with TiO,, and photodegradation rates were monitored
by UV-Visible Spectrophotometry. Effect of pH, temperature, catalyst concentration, and dye concentration on the degradation rates was
determined. Comparative analysis of dye reactivities was conducted utilizing desirability response derived from historical data within
the framework of Response Surface Methodology. FTIR spectra of TiO, post-degradation revealed the adsorption of dye chromophores,
Triphenyl methane, Anthraquinone and Nitro from CV, ARS and PA respectively. XRD and UV-vis spectra revealed the rutile phase of
TiO, with a bandgap of 2.852 eV. Maximum percent degradation followed the order: CV > ARS > PA, reaching 72.1%, 59.8%, and 44.1%,
respectively. This study accentuates the preference for lower temperatures, with CV emerging as the most reactive to TiO,, and predicts the
degradation efficiency of the photocatalyst for various compositions of dye wastewater.
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INTRODUCTION 2h* +2H,0 — 2H" + H,0, 3)
Toxic compounds contributing to environmental pollution pervade
various environmental compartments, including water, air, and H,0, —» 2HO’ (4)
soil. Dyes, as a notable example, enter water bodies through diverse
sources, spanning domestic to industrial discharges. These compounds e +0, >0, (5)
are classified based on their functional groups, specifically the
chromophores dictating both their dyeing capabilities and pollution HO' + RH — *RHOH (6)
potential.! Triphenylmethane, anthraquinone, and nitro dyes,
exemplified by CV, ARS, and PA dyes, fall under this classification.?? HO"+RH — R + H,0 (7)
These dyes serve multifaceted purposes, including dye synthesis,
material dyeing, application in explosives, printing pigments, and h™ +RH — *RH" (8)

utilization as indicators in chemical and biological laboratories.*>®

However, the discharge of dye-laden wastewater from treatment
plants or industrial outfalls poses a significant threat to water bodies,
potentially leading to adverse effects on human health, aquatic
organisms, and plant photosynthesis.”

Degradation, a pivotal process, involves the transformation of
complex toxic compounds into less harmful or eco-friendly products.
Conducting degradation before wastewater discharge is crucial in
preventing environmental pollution, mitigating risks to human health
through the food chain, and averting bioaccumulation.®® Various
degradation methods, such as photocatalysis, adsorption, coagulation,
chlorination, ozonation, aerobic, and anaerobic processes, exist!’.
Photocatalysis, in particular, activates semiconductors with light
energy, generating hydroxyl radicals and electronic holes, ultimately
breaking down the intricate structures of pollutants (Figure 1 and
equations 1-8):1112

UV +TiO, —>Ti02(h++e’) 1)

h* +H,0 > H" + HO' 2)

*To whom correspondence should be addressed
Email: omolola.odeyemi@kwasu.edu.ng

Figure 1 and Equation (1) delineate the photoactivation process of
the TiO, photocatalyst upon exposure to Ultraviolet (UV) spectrum
of sufficient energy (hv), resulting in the generation of holes (h*) in
the valence band (Vb) and electrons (e-) in the conduction band (Cb).

Figure 1: Excited TiO, particle *
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The distance between the conduction and valence bands is known
as Band gap, (Bg) as shown in figure 1. Subsequent photocatalytic
effects are elucidated in equations (2), (3), and (4), wherein holes
participate in oxidation reactions. Simultaneously, equation (5)
illustrates reduction reactions facilitated by electrons. The degradation
of the organic compound is detailed in equations (6) and (7), utilizing
hydroxyl radicals previously generated by the holes. Notably, holes
exhibit an exceptionally positive oxidation potential, enabling them
to oxidize a wide array of chemicals, as illustrated in equation (8). The
photoinduced reaction ceases upon discontinuation of the Ultraviolet
light, prompting the recombination of holes and electrons within the
TiO,, thereby concluding the entire reaction sequence.!*

Recognizing the complex composition of industrial dye wastewater,
this research aims to discern and compare the degradation behaviors
of Picric acid (PA), Alizarin red-S (ARS), and Crystal violet (CV)
under identical reaction conditions. The obtained data was subjected
to computation using Response Surface Methodology (RSM) software,
a powerful tool widely employed in wastewater treatment and
experimental design within engineering applications. RSM facilitates
the exploration of interactions among key parameters, offering valuable
insights into optimizing responses of interest.! In this context, the tool
was used to ascertain the optimal settings for control variables, namely
pH, dye concentration, catalyst concentration, and temperature and
identify the ideal conditions for the photocatalytic breakdown of
the chosen dyes. The objective is to identify ideal conditions that
yield either a minimum or maximum response, expressed as percent
degradation, all under the umbrella of a desirability response set at
1.000. This work adds significant knowledge to the field of wastewater
treatment optimization by forecasting the degradation efficiency of
TiO, across different compositions of dye wastewater.

EXPERIMENTAL
Materials

Potassium hydrogen phthalate (KHP) from Hopkin & Williams,
England; potassium dihydrogen phosphate (KH,PO,) and sodium
hydrogen phosphate (Na,HPO,) from BDH Laboratory Poole,
England; and potassium chloride (KCI), hydrochloric acid (HCI),
and sodium hydroxide (NaOH) are the chemical reagents used in this
study. These reagents were utilized to regulate the pH levels of the
aqueous dye solutions according to the guidelines provided in Weast.!¢
Picric acid dye was sourced from LABOGENS Fine Chemicals in
Punjab, India; Alizarin red-S dye was acquired from BDH Chemicals
Limited in Poole, England; and Crystal violet dye was procured from
KEM Light Laboratories in Mumbai, India.

Without any changes, all reagents were used exactly as they were
purchased, and the necessary concentrations were made right away.
The rutile TiO, photocatalyst used in the study was synthesized, and
comprehensive papers on its characterization and production have
already been released.!”

Characterization methods
UV-visible spectrum and Bandgap determination of TiO,

The UV-visible analysis of the photocatalyst was conducted using a
solid-state LAMBDA™ 1050 UV/Vis/NIR spectrometer (PerkinElmer,
Inc., Shelton, CT, USA). The band gap of a semiconductor is
determined by the equation:!®

E(ev)- he  1.240x10%eV
Mrea A(m)

In this equation, E in eV represents the band gap energy, ¢ stands for
the speed of light, h represents Planck’s constant, and A4 represents the
red edge of absorption (i.e., the wavelength at which light absorption
occurs). The term “band gap” refers to the energy difference between
the valence band and the conduction band of a photocatalyst through

©)

which electrons can jump from one band to another. Equation (9) is
suitable for rough estimation of band gap energy values.

X-ray diffraction (XRD) crystallography of the photocatalyst

X-ray diffraction (XRD) crystallography is a technique capable of
discerning the phases of crystalline samples.!” When powder samples
are exposed to a beam of X-rays, they scatter the beam, and the
intensity of scattered X-rays was measured. The XRD crystallography
patterns of the TiO, photocatalyst were obtained using a powder X-ray
diffractometer (Bruker D8 Advance) AXS Germany model, employing
Cu-Ka radiation, across the 20 range from 10° to 100° with intervals
of 0.020°.

FTIR Analysis of the Photocatalyst and Dyes

Using a Perkin Elmer 100 FT-IR spectrometer, Fourier Transform
Infrared (FTIR) spectroscopy was employed to examine the dyes prior
to and during their degradation along with the photocatalyst. The
wavelength range encompassed by the FTIR observations was 450 cm'!
to 4000 cm!. The obtained spectra were evaluated using IR resolution
software, with each spectrum being compared to its corresponding
background spectrum. This analytical approach allowed for the
comprehensive examination of molecular vibrations and structural
changes in the photocatalysts and dyes, providing valuable insights
into the chemical transformations occurring during the photocatalytic
degradation process.

Calibration of the UV-Visible Spectrophotometer

To monitor the photocatalytic degradation process, an N4S Search Tech
UV-Visible analyzer was calibrated using suitable aqueous solutions
of crystal violet (CV), alizarin red-S (ARS), and picric acid (PA). To
establish the calibration for CV, a 6-ppm solution was prepared with
de-ionized water. Absorbance measurements were taken at various
wavelengths within the range of 200-800 nm at 20 nm intervals.
The resulting plot of Absorbance against wavelength facilitated the
determination of the wavelength corresponding to the maximum
absorbance (lambda max, Amax) of CV dye. Analogous procedures
were replicated for ARS and PA, employing 15 ppm solutions for
both dyes.!® Additionally, the spectrophotometer calibration involved
measuring the molar absorptivity of each dye.

Concentrations ranging from 2 to 40 ppm for CV were prepared by
dilution from the 400 ppm stock solutions. Absorbance measurements
at lambda max were taken for each concentration. The Beer Lambert
equation (equation 10) was applied to draw a plot of absorbance
against concentration, from which the molar absorptivity (Extinction
coefficient, €) was determined using the slope. This calibration process
ensures accurate and precise measurements during the subsequent
UV-Visible spectrophotometric monitoring of the photocatalytic
degradation reactions.?

A =¢bC (10)

A is the absorbance, ¢ is the molar absorptivity, b, the path length
of the sample holder and c, the concentration of the absorbing
species. The same procedure was replicated for determining the
molar absorptivity of Alizarin red-S (ARS) and Picric acid (PA). For
these dyes, concentrations ranging from 5 to 100 ppm were prepared
through dilution from their respective stock solutions.?!

Construction of a photocatalytic reactor

A batch reactor was designed to optimize key factors such as
time management, heat loss prevention, and ensuring maximum
illumination. Constructed using strawboards, the degradation reactor
was insulated using cotton wools to counteract electric transmission
and mitigate heat loss by conduction. The complete reaction setup was
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shielded with black polyethylene film to maximize UV light exposure
and prevent external light interference. The design incorporated four
compartments housing reaction vessels and heating elements. This
effectively addressed efficiency concerns related to time management,
as four experimental runs were carried out concurrently. A crucial
consideration in the reactor design was the implementation of holes
at the top, facilitating the connection of aerators to the reaction. These
openings also served as access points for sampling at predefined time
intervals during the progression of the reaction. The reactor design,
crafted to enhance performance and precision, was adapted from the
Ph.D. thesis of Odeyemi,? attesting to the application of established
research methodologies in the experimental setup.

Photocatalytic degradation process

Buffer solutions spanning a pH range of 2-13 were prepared according
to established literature procedures.'® These buffers were then utilized
to make up the dye stock solutions to the desired pH and overall
quantity of 200 cm?®. With each dye solution maintained at a known
concentration, pH and temperature, initial absorbance was taken as
(Ao). Then a precise amount of catalyst was introduced.

The reaction containers were subjected to a 120-minute reaction
period. During this time, the aerators and UV-lamp were activated.
Supernatant solution samples (approximately 2 cm?) were withdrawn
at regular 15-minute intervals, and the final absorbance, taken as (A),
was measured at maximum wavelength (A.,,,) of each dye.? Percent
dye degradation was subsequently calculated by:**
A=A 100

A

o

% degradation =

(1)

Response Surface Methodology (RSM)

Data collected were treated by version 6.0.6 of Design Expert software,
leveraging historical data design to assess and liken the dyes’ reactivities
in response to degradation by the titania. While percent degradation
was the primary response variable the process variables were dye
concentration, pH, temperature and catalyst concentration.?> The
software facilitated the analysis of historical data to identify trends and
patterns in the experimental outcomes.

Optimal degradation conditions were determined using the
software, and the results were subjected to the desirability scale
within the framework of Response Surface Methodology (RSM). A
desirability value of precisely 1.000 indicated that the response variable
of interest (percentage degradation) had been perfectly optimized
under the given conditions. This systematic approach allowed for the
identification of the most favorable parameter settings.

RESULTS AND DISCUSSION
Characterization results
TiO, Bandgap determination

Figure 2 shows the UV-visible absorption spectra of TiO,. The spectral
data perceives a strong cut off at 434.81 nm where the absorbance value
is minimum. Using equation (9) and given values of the constants (hc)
and (A,g,), the calculated bandgap of the TiO, is 2.852 eV which agrees
with literature that the band gap of rutile TiO, falls between 2.8-3.0 eV

XRD phase analysis of TiO,

XRD spectra for the photocatalyst are presented in Figure 3. It reveals
peaks agreeing with the rutile phase of TiO, at 41.32°(211), 39.18° (111),
36.15° (101), and 27.56° (110) which have already been published.?®

FTIR of dyes and photocatalyst

Figure 4 illustrates the FTIR spectra for the photocatalysts and the dyes
before and after degradation in a superimposed form. In Figure 4(I),

the CV spectra depict (a) TiO, only, (b) TiO, + dye after degradation,
and (c) dye only. Similar plots in Figures IT and III correspond to ARS
and PA dyes, respectively. A consolidated overview of the spectral
assignments for the photocatalysts, dyes, and the photocatalyst after
use is presented in Tables 1, 2, and 3, respectively.

In Figure 4(a), bands between 3350-1620 cm™ signifies Ti-O-H
stretching vibrations while 1600-1630 cm™ shows H-O-H bending
vibrations. These observations provide clear evidence of the presence
of hydroxyl groups and water molecules in the photocatalyst, essential
prerequisites for degrading dye molecules in solution.”? Additionally,
a broad absorption band in the range of 470-490 cm™, as observed in
Table 1, supports the existence of O-Ti-O bond, further confirming that
TiO, particles were obtained, as reported in literature.??32 The spectral
assignments of the photocatalyst, although subtle, were detected by
the FTIR instrument. Furthermore, evidence of their presence is also
observed in the FTIR spectrum of the photocatalyst after degradation,
XRD spectrum and UV-visible characterization result.

For Figure 4(b) in L, II, and III, bands observed at 3080-3100 cm'!
and 1450-1600 cm™ indicate C-H and C=C aromatic stretching,
respectively, revealing the aromatic structures present in all the dyes.?
In Figure 4(I), the presence of the N-CH; peak at 2914.95 cm™ in
CV (Tris(4-dimethylamino) phenylmetylium chloride) is indicative
of a positive substituent, forming part of its chromophore. For
ARS  (1,2-dihydroxy-9,10-anthraquinone sulfonic acid sodium
salt) in Figure 4(II), the chromophore is identified at 1663.63 cm™,
while Figure 4(III) for PA (2,4,6-trinitrophenol) shows the negative
substituent N=O at 1525.81 cm'!, representing its chromophore. These
spectral assignments are detailed in Table 2.

Comparative analysis of the FTIR spectra of the catalyst after
degradation in Figure 4(c) of I, II, and III reveals that the dyes were
degraded by and adsorbed onto the catalyst surface at wavenumbers
ranging between 447 and 1635 cm. This is further elucidated in the
spectral assignment provided in Table 3. Consequently, the hydroxyl
radicals present on the TiO, catalysts are observed to effectively
degrade the dyes°.

UV-Visible Characterization of the dyes

The spectra of the ARS, PA, and CV dyes at their wavelength of
maximum absorption (A,,,) are shown in Figures 5(a—c), respectively.
For the dyes CV, ARS, and PA, the measured values were 585 nm,
255 nm, and 355 nm, respectively. All the dyes shows significant
absorption in the 240-300 nm UV wavelength region while only the
CV dye shows a clear peak at 585 nm. These measured values are in
good agreement with the data presented in Weast’s CRC Handbook of
Chemistry and Physics, 58th edition,'® confirming the precision and
coherence of the experimental findings with accepted reference data.

5

Absorbance

0

3(')0 400 500 600 700 800 900
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Figure 2: UV-visible spectra of the TiO, photocatalyst
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Table 1: Infrared spectra assignment of TiO2 Photocatalyst Infrared spectra
assignment of the photocatalyst

Table 3: Infrared spectra assignment of TiO, after degradation

Infrared spectra assignment of the photocatalyst after degradation

Fhotocatalyst 0(I+O-H)em? OMHOHM)em” 0(0-T+-O)cm’ Vibration bands TiO,with CV  TiO, with ARS  TiO, with PA
TiO, 3350 - 1620 cm™! 1627.92 480.39 (CV) (ARS) (PA)
0 (Ti-O-H) cm! 3385.37 - 3416.36 - 3402.63 -
Table 2: Infrared spectra assignment of CV, ARS, and PA 1633.23 1633.62 1637.56
Infrared spectra assignment of the Dyes 0 (H-O-H) em! 1633.23 1633.62 1637.56
Vibration bands Crystal violet ~ Alizarin red S Picric Acid 0 (O-Ti-0) em! 447.82 >01.44 44876
(cv) (ARS) (PA) 9(0-H) cm! - 3416.36 3402.63
9(0O-H) cm™! - 3476.49 3532.95 0(C-H) cm™ aro. str 3255.21 3100.82 -
9(C-H) cm™ aro. str 3200.78 3093.8 3103.27 9(C-H) cm™ ali. str - - -
0(C-H) cm™ ali. str 3087.63 - - 0(N-CH;) cm™! - - -
5(N-CH,) cm™! 2914.95 - - 5(C=0) cm’! - - -
9(C=0) cm™! - 1663.63 - 9(C=C) cm'! str 1442.46 1588.89 1590.46
9(C=C) cm'! str 1470.88 1588.2 1607.26 0(N=0) cm™! - - -
9(N=0) cm! - - 1525.81 9(C-H) cm™ bend - 1149.18 -
0(C-H) cm™! bend 1156.62 1154.91 1150.56 0(C-N) cm! - - -
9(C-N) cm-! B, . 1087.02
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Figure 5: UV-visible spectrum of (a) CV, (b) ARS and (c) PA dyes

In Figures 6(a—c), the Beer-Lambert plots illustrate absorbance
against different concentrations of CV, ARS, and PA, respectively. The
linear nature of these plots indicates that the absorbance of each dye
is directly proportional to its concentration, confirming adherence to
Beer-Lambert’s law. The molar absorptivity values obtained from the
plots are 0.1046, 0.0333, and 0.0532 (M''cm™) for CV, ARS, and PA,
respectively. High absorbance signifies that a significant amount of
light is absorbed by the sample, and vice versa. In other words, the
higher the molar absorptivity, the greater the light absorbed by the
dye.?! Consequently, the values of molar absorptivity highlight that CV
dye, absorbs more light compared to PA and ARS. This insight into the

light-absorbing capabilities of the dyes is essential for understanding
their behavior in photocatalytic degradation processes.

The Photocatalytic reactor

The reactor designed and implemented for the degradation of the dyes
is presented as a 3D structure in Figure 7(a), with an accompanying
orthographic drawing in Figure 7(b-d) providing detailed dimensions
of the reactor.

With two upper and lower levels, the reactor was shaped like a
rectangle. Six compartments made up the upper layer, four of which
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Figure 7: 3D structure with orthographic drawing of the photocatalytic reactor

were used to store glass jars that held the dye solutions. The remaining
two compartments, one at each end, supported the heating element
for the reactor. There were small circular holes at the top and bigger
holes at the bottom of the reactor through which oxygen from aeration

pumps is supplied into the solution and light irradiate the reactants
respectively. The reactor was also insulated throughout with layers of
cotton wool to prevent radiation of heat, guaranteeing controlled and
effective operation.
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Relative reactivity of the dyes

The impact of criteria for deterioration was systematically investigated
through optimization plots, revealing the interactions between each
dye and titania.* The analysis of variance underscores the significant
influence of all process variables on the yield of dye degradation.®
Desirability values further indicates that optimal responses were
achieved at pH 6.9, 7.5 ppm dye, 0.15 g/1 catalyst amount, and 28.9 °C.
These specific conditions are identified as points of optimization for all
the dyes, serving as the basis for comparison. The desirability values
highlight the efficacy of the photocatalytic degradation process under
these specific parameter settings, providing valuable insights into the
conditions that maximize the degradation efficiency for each dye.

Effect of pH

Figure 8 shows that the maximal dye degradation at the ideal pH of
6.99 is greatest for CV dye and least for PA dye. While ARS is slightly
acidic and CV is basic and carries positive charges, PA is known
for being extremely acidic and carrying negative charges. TiO, has
a positively charged surface at pH < 6.25 and a negatively charged
surface at pH > 6.25, according to literature studies.’® This indicates
that pH 6.25 is the point of zero charge for TiO,. As a result, it is
assumed that the photocatalyst will protonate less at pH 6.99. Because
there are many hydroxyl (OH-) ions at this pH, there is less adsorption
of ARS and PA, which causes ionic repulsion between the negatively
charged catalyst.” Furthermore, at this pH, ARS is more degraded
than PA since it is less acidic than PA. This means that at the ideal pH
of 6.99, CV dye is more reactive than both ARS and PA, highlighting
its greater reactivity with the TiO, photocatalyst.

Effect of dye concentration

In Figure 9, all the dyes demonstrate optimal degradation at a dye
concentration of 7.5 ppm. However, higher degradation was observed
for CV compared to PA and ARS. This observation can be explained
by considering that at 7.5 ppm, there are more CV dye molecules
present than PA and ARS, effectively covering the active sites on
the same amount of catalyst. This increased the degradation rate for
CV,38% leaving more active sites available on the catalyst for PA and
ARS. Additionally, the residual catalyst sites impeded the radiation
intensity from being absorbed by the dye molecules, consequently
raising the turbidity of the solution.** Degradation efficiency
decreased because of the increased turbidity, which also increased the
supernatant solution’s absorbance. Therefore, the interplay between
dye concentration and catalyst availability is crucial, with higher dye
concentrations affecting the coverage of active sites and influencing
the overall degradation rate.

Effect of the concentration of catalyst

For every dye in Figure 10, a catalyst concentration of 0.15 g/l is
found to be ideal, where 64.95 % for CV shows the highest amount of
degradation. When compared to the other dyes, CV’s dye molecules
are more strongly attracted to the catalyst’s sites, which accounts for
its increased reactivity. The different charges on the catalyst’s surface
and the CV dye are what cause this attraction. On the other hand, the
ARS and PA catalyst surfaces show more comparable charges, which
increases repulsions.’”* These repulsions highlight the importance of
the interaction between charge interactions and catalyst concentration
in the photocatalytic degradation process by slowing down the
degradation of both ARS and PA at the same catalyst concentration.

Effect of temperature

In Figure 11, the degradation efficiencies at a temperature of
28.9 °C are approximately 72 % for triphenylmethane dye, 59.8 % for
anthraquinone, and 40.1 % for nitro dyes.

1 I L
5.8 8.7 9.7 31
% Picric acid = 7.81933 % Alizarin red-S = 158146
7
173 4 9

% Crystal violet= 35.1 pH = 6.99999

Desirability = 1.000

Figure 8: Comparison of the percent degradation of the dyes at optimum pH
of 6.9
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Figure 9: Comparison of percent degradation at optimum dye concentration
of 7.5 ppm
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Figure 10: Comparison of percent dye degradation at 0.15 g/l catalyst
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Figure 11: Comparison of percent dye degradation at temperature of 28.9 °C

This result is consistent with the explanation given by Mozia,
Morawski, Toyoda, & Inagaki * which states that either the product’s
desorption or the dye substrate’s adsorption affects the photocatalytic
degradation of a dye. The percentage of degradation increases overall
at 28.9 °C due to a considerable enhancement in the limiting reaction,
or the adsorption of the CV dye substrate.

Reactivity between CV and PA dyes is reliably shown by ARS
over a range of process conditions. The optimal responses and
successful degradation of all dyes under the given conditions are
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indicated by the desirability value of 1.000. This optimization
highlights the effectiveness of the photocatalytic degradation process
for triphenylmethane, anthraquinone, and nitro dyes at the given
temperature, emphasizing the importance of temperature control in
achieving optimal degradation outcomes.

CONCLUSION

Increasing global demand for clean water is imperative for the
survival of both humans and animals. However, human activities
such as dyeing contribute to water pollution, necessitating research
on wastewater degradation to mitigate environmental impact. Titania
photocatalyst, widely acknowledged in literature, shows promise for
effective degradation. The extent of degradation observed in this
study relies on the reactivity of specific dyes towards titania under
various process conditions. The following results were obtained from

a comparison of the reactivities of Picric Acid (PA), Alizarin Red-S

(ARS), and Crystal Violet (CV) dyes at ideal process parameters: TiO,

photocatalyst effectively degraded the chromophoric groups of CV,

ARS, and PA dyes under optimized process parameters.

1. Process parameters were fine-tuned at pH 6.99, 7.5 ppm dye
concentration, 0.15 g/ catalyst concentration, and 28.9 oC using
response surface methodology, achieving a desirability of 1.000.

2. Maximum degradation levels were attained at 72%, 59%, and 44%
for CV, ARS, and PA dyes, respectively, at a low temperature.

3. The reactivity order of the selected dyes is CV > ARS > PA.

This study predicts the potential of titania photocatalyst in degradation
of various dye wastewater composition and highlights the significance
of optimizing process parameters to enhance degradation efficacy.

ACKNOWLEDGEMENTS

The Department of Chemistry, University of Ilorin, has provided
the research facilities and a favorable environment for the successful
completion of this work, and the authors would like to thank them
for that.

ORCIDS

OT Odeyemi: https://orcid.org/0000-0003-4832-885X
JA Lawal: https://orcid.org/0000-0001-9433-3188
AG Olaremu: https://orcid.org/0000-0002-8463-7564

REFERENCES

1. Gregory P. Dye and Dye Intermediates. Van Nostrand’s Encyclopedia of
Chemical Technology. Wiley. 2005; pp 1-66.

2. Kiernan J. Classification and Naming of dyes, stains and fluorochromes.
Biotech Histochem. 2001;76(5-6):261-278. https://doi.org/10.1080/bih.76.5-
6.261.278.

3. Girses A, Agikyildiz M, Giines K, Giirses MS. Dyes and Pigments: Their
Structure and Properties. In: Dyes and Pigments. SpringerBriefs in
Molecular Science, SpringerBriefs in Green Chemistry for Sustainability.
Cham: Springer. 2016; pp 13-28. https://doi.org/10.1007/978-3-319-33892-
7_2.

4. Goel N, Singh UP. Syntheses, Structural, Computational, and Thermal
Analysis of Acid-Base Complexes of Picric Acid with N-Heterocyclic
Bases. ] Phys Chem A. 2013;117(40):10428-10437. https://doi.org/10.1021/
jp406138k.

5. Cooksey CJ. Quirks of dye nomenclature, 7: gentian violet and other violets.
Biotech Histochem. 2017;92(2):134-140. https://doi.org/10.1080/10520295
.2017.1286038.

6. Mani S, Bharagava RN. Exposure to Crystal violet, its toxic, genotoxic and
carcinogenic effects on environment and its degradation and detoxification
for environmental safety. Rev Environ Contam Toxicol. 2016;237:71-104.

7. Tariq M, Ali M, Shah Z. Characteristics of Industrial effluents and
their possible impacts on quality of underground water. Soil Environ.
2006;25:64-69.

8. HaoOJ,KimH, Chiang PC. Decolorization of Waste Water. Crit Rev Environ Sci
Technol. 2000;30(4):449-505. https://doi.org/10.1080/10643380091184237.

9. Tayade R]J, Surolia PK, Kulkarni RG, Jasra RV. Photocatalytic degradation
of dyes and organic contaminants in water using nanocrystalline anatase
and rutile TiO2. Sci Technol Adv Mater. 2007;8(6):455-462. https://doi.
org/10.1016/j.stam.2007.05.006.

10. Deegan AM, Shaik B, Nolan K, Urell K, Oelgeméller M, Tobin J, Morrissey
A. Treatment options for wastewater effluent from Pharmaceutical
companies. Int J Environ Sci Technol. 2011;8(3):649-666. https://doi.
org/10.1007/BF03326250.

11. Linsebigler AL, Lu G, Yates JT Jr. Photocatalysis on TiO2 Surfaces:
Principles, Mechanisms, and Selected Results. Chem Rev. 1995;95(3):735-
758. https://doi.org/10.1021/cr00035a013.

12.da Silva CG, Faria JL. Photochemical and photocatalytic degradation
of an azo dye in aqueous solution by UV irradiation. J Photochem
Photobiol Chem. 2003;155(1-3):133-143. https://doi.org/10.1016/S1010-
6030(02)00374-X.

13. Chladova A, Wiener J, Polakovd M. Testing the photocatalytic activity of
TiO2 nanoparticles with potassium permanganate solution. Nanocon 2011,
Brno, Czech Republic, 21-23 September 2011. Ostrava: TANGER Ltd.

14. Colmenares JC, Luque R. Heterogenous Photocatalytic nanomaterials:
prospects and Challenges in selective transformations of biomass-deried
compounds. Chem Soc Rev. 2014;43(3):765-778. https://doi.org/10.1039/
C3CS60262A.

15. Jasni AB, Kamyab H, Chelliapan S, Arumugam N, Krishnan S, Md Din
ME Treatment of Wastewater Using Response Surface Methodology: A
Brief Review. Chem Eng Trans. 2020;78:535-540. https://doi.org/10.3303/
CET2078090.

16. Weast RC. CRC Handbook of Chemistry and Physics. Ohio: CRC Press
Inc; 1977.

17. Odebunmi EO, Odeyemi OT. Comparative activity of Titania, Ni-
Titania and Co-Titania for Photocatalytic degradation of Picric acid dye.
Songklanakarin J Sci Technol. 2020;42:1148-1156.

18. Valencia S, Marin JM, Restrepo G. Study of the Band gap of Synthesized
Titanijum Dioxide Nanoparticles using the Sol-gel Method and a
Hydrothermal Treatment. Open Mater Sci J. 2010;4:9-14. https://doi.org/
10.2174/1874088X01004020009.

19. Bizarro M, Rodil SE. Physicochemical Characterization of Photocatalytic
Materials. In: Hernandez-Ramrrez A, Medina-Ramrrez I, editors.
Photocatalytic Semiconductors. Cham: Springer International Publishing;
2015. pp 103-153. https://doi.org/10.1007/978-3-319-10999-2_4.

20. Hardesty JH, Attili B. Spectrophotometry and the Beer-Lambert Law: An
Important Analytical Technique in Chemistry. Collin College, Department
of Chemistry; McKinney, USA; 2010.

21. Burnett RW. Accurate Measurement of Molar Absorptivities. ] Res Natl
Bur Stand, A Phys Chem. 1972;76A(5):483-489. https://doi.org/10.6028/
jres.076A.042.

22.Odeyemi OT. Preparation and Characterization of Titania, Ni-Titania
and Co-Tiatania Photocatalysts for degradation of Triphenylmethane,
Anthraquinone and Nitro dyes. University of Ilorin; 2018.

23. Montazerozohori M, Nasr-Esfahani M, Joohari S. Photocatalytic
Degradation of an Organic Dye in some Aqueous buffer solutions using
nano Titanium Dioxide: A Kinetic Study. Environ Prot Eng. 2012;38(3):45-
55. https://doi.org/10.37190/epe120305.

24. Odeyemi OT, Owalude SO, Odebunmi EO. Photocatalytic Degradation
of Alizarin Red Dye in Aqueous Solution using Titania-Nickel and
Titania-Cobalt Nanocomposites. Ife J Sci. 2018;20(3):705-710. https://doi.
org/10.4314/ijs.v20i3.21.

25. Carley KM, Kamneva NY, Reminga ]. Response Surface Methodology.
CASOS  Technical Report, CMU-ISRI-04-136; 2004. https://doi.
org/10.21236/ADA459032.

26. Morshedi A, Akbarian M. Application of Response Surface Methodology:
Design of Experiments and Optimization: A Mini Review. Indian J.
Fundam. Appl. Life Sci. 2014;4:2434-2439.

27. Vijayalakshmi R, Rajendran V. Synthesis and Characterization of nano-
TiO2 via different methods. Arch Appl Sci Res. 2012;4:1183-1190.

28. Weller MT. Inorganic Materials Chemistry. New York: Oxford University
Press Inc.; 1994.


https://doi.org/10.1080/bih.76.5-6.261.278
https://doi.org/10.1080/bih.76.5-6.261.278
https://doi.org/10.1007/978-3-319-33892-7_2
https://doi.org/10.1007/978-3-319-33892-7_2
https://doi.org/10.1021/jp406138k
https://doi.org/10.1021/jp406138k
https://doi.org/10.1080/10520295.2017.1286038
https://doi.org/10.1080/10520295.2017.1286038
https://doi.org/10.1080/10643380091184237
https://doi.org/10.1016/j.stam.2007.05.006
https://doi.org/10.1016/j.stam.2007.05.006
https://doi.org/10.1007/BF03326250
https://doi.org/10.1007/BF03326250
https://doi.org/10.1021/cr00035a013
https://doi.org/10.1016/S1010-6030(02)00374-X
https://doi.org/10.1016/S1010-6030(02)00374-X
https://doi.org/10.1039/C3CS60262A
https://doi.org/10.1039/C3CS60262A
https://doi.org/10.3303/CET2078090
https://doi.org/10.3303/CET2078090
https://doi.org/10.2174/1874088X01004020009
https://doi.org/10.2174/1874088X01004020009
https://doi.org/10.1007/978-3-319-10999-2_4
https://doi.org/10.6028/jres.076A.042
https://doi.org/10.6028/jres.076A.042
https://doi.org/10.37190/epe120305
https://doi.org/10.4314/ijs.v20i3.21
https://doi.org/10.4314/ijs.v20i3.21
https://doi.org/10.21236/ADA459032
https://doi.org/10.21236/ADA459032

RESEARCH ARTICLE Odeyemi, Lawal and Olaremu 217
S. Afr. J. Chem., 2024, 78, 209-217
https://journals.co.za/content/journal/chem/

29. Mugundan S, Rajamannan B, Viruthagiri G, Shanmugam N, Gobi R,
Praveen P. Synthesis and Characterization of undoped and cobalt-doped
TiO2 nanoparticles via sol-gel technique. Appl Nanosci. 2015;5(4):449-
456. https://doi.org/10.1007/s13204-014-0337-y.

30. Bagheri S, Chekin F, Abd Hamid SB. Cobalt doped Titanium dioxide

nanoparticles: Synthesis, Characterization and Electrocatalytic study. ]
Chin Chem Soc (Taipei). 2014;61(6):702-706. https://doi.org/10.1002/
jccs.201300486.

. Choudhury B, Choudhury A. Luminescence characteristics of cobalt

doped TiO2 nanoparticles. J Lumin. 2012;132(1):178-184. https://doi.
org/10.1016/j.jlumin.2011.08.020.

32. LuX, Lv X, Sun Z, Zheng Y. Nanocomposite of poly(L-lactide) and surface-
grafted TiO2 nanoparticles: synthesis and characterization. Eur Polym J.
2008;44(8):2476-2481. https://doi.org/10.1016/j.eurpolymj.2008.06.002.

33. Coartes, J. Interpretation of Infrared spectra, A practical approach. In: Meyers
RA, editor, Encyclopedia Analytical Chemistry. Chichester: John Wiley &
Sons Ltd. 2000; pp 10815-10837. https://doi.org/10.1002/9780470027318.
a5606.

34. Ogunkunle O, Oniya OO, Adebayo AO. Yield Response of Biodiesel
Production from Heterogeneous and Homogeneous Catalysis of Milk Bush
Seed (Thevetia peruviana) Oil. Energy Policy Res. 2017;4(1):21-28. https://
doi.org/10.1080/23815639.2017.1319772.

35. Busari RA, Akpenpuun TD, Iyanda MO. Effect of Processing Parameters
on Solvent oil expression from Loofah Seeds (Luffa Cylindrica L.) using
Response Surface Methodology. Arid Zo. J. Eng. Technol. Environ.
2019;15:365-374.

36. Amalraj A, Pius A. Photocatalytic Degradation of Alizarin red S and
Bismarck Brown R Using TiO2 Photocatalyst. J. Chem. Appl. Biochem.
2014;1:1-7.

37.Rauf MA, Ashraf SS. Fundamental Principles and Applications of
Heterogenous Photocatalytic Degradation of dyes in solution. Chem Eng J.
2009;151(1-3):10-18. https://doi.org/10.1016/j.cej.2009.02.026.

38. Kulkarni M, Thakur P. Photocatalytic Degradation and Mineralization of
Reactive Textile Azo Dye Using Semiconductor Metal Oxide Nanoparticles.
Int. J. Eng. Res. Gen. Sci. 2014;2:245-254.

39. Reza KM, Kurny AS, Gulshan F. Parameters affecting the Photocatalytic
Degradation of Dyes using TiO2: A Review. Appl Water Sci. 2017;7(4):1569-
1578. https://doi.org/10.1007/s13201-015-0367-y.

40. Neppolian B, Choi HC, Sakthivel SB, Arabindo O, Murugesan V. Solar/
UV-induced Photocatalytic Degradation of three commercial Textile dyes.
] Hazard Mater. 2002;89(2-3):303-317. https://doi.org/10.1016/S0304-
3894(01)00329-6.

. Kamble SP, Sawant SB, Pangarkar VG. Batch and Continuos Photocatalytic
Degradation of Benzenesulfonic acid using concentrated solar radiation. Ind
Eng Chem Res. 2003;42(26):6705-6713. https://doi.org/10.1021/ie030493r.

42. Gogate PR, Pandit AB. A Review of Imperative Technologies for Waste Water
Treatment I: oxidation Technologies at ambient conditions. Adv Environ
Res. 2004;8(3-4):501-551. https://doi.org/10.1016/51093-0191(03)00032-7.

43. Ishaq M, Saeed K, Shoukat A, Ahmad I, Khan A. Adsorption of Alizarin red
S dye from aqueous solution on an Activated Charcoal. Int. J. Sci. Invent.
Today. 2014;3:705-718.

44. Mozia S, Morawski AW, Toyoda M, Inagaki M. Application of Anatase-
phase TiO2 for decomposition of Azo dye in Photocatalytic membrane
reactor. Desalination. 2009;241(1-3):97-105. https://doi.org/10.1016/j.
desal.2007.12.048.

3

—

4

—_


https://doi.org/10.1007/s13204-014-0337-y
https://doi.org/10.1002/jccs.201300486
https://doi.org/10.1002/jccs.201300486
https://doi.org/10.1016/j.jlumin.2011.08.020
https://doi.org/10.1016/j.jlumin.2011.08.020
https://doi.org/10.1016/j.eurpolymj.2008.06.002
https://doi.org/10.1002/9780470027318.a5606
https://doi.org/10.1002/9780470027318.a5606
https://doi.org/10.1080/23815639.2017.1319772
https://doi.org/10.1080/23815639.2017.1319772
https://doi.org/10.1016/j.cej.2009.02.026
https://doi.org/10.1007/s13201-015-0367-y
https://doi.org/10.1016/S0304-3894(01)00329-6
https://doi.org/10.1016/S0304-3894(01)00329-6
https://doi.org/10.1021/ie030493r
https://doi.org/10.1016/S1093-0191(03)00032-7
https://doi.org/10.1016/j.desal.2007.12.048
https://doi.org/10.1016/j.desal.2007.12.048

