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Abstract

In this study, ~40 nm anatase TiO, nanoparticles were successfully prepared by a simple electrochemical method by using
succinic acid as a non-ammonia-based electrolyte solution and titanium sheets as electrodes. The effect of experimental
parameters such as conductivity (2—12 mS/cm), pH of the initial solution (5-9), current applied (0.05-2 A), and reaction
time (1-4 h) on catalyst productivity has been investigated. The analysis shows that at an optimum conductivity of 8 mS/cm
and pH 7, an increase in applied current and reaction time maximizes the productivity of TiO, nanoparticles. The obtained
catalyst was used for photocatalytic degradation of rhodamine B (RhB) under natural sunlight irradiation. The effect of
experimental parameters on photocatalytic degradation has also been studied. The result displayed that degradation efficiency
was enhanced by ~ 3 times in the alkaline region compared to the normal pH condition and increased with an increase in
catalyst loading and decreased with the initial concentration of RhB dye. Investigation of the photocatalytic mechanism by
radical trapping experiments showed that RhB photocatalytic degradation was mainly dominated by hole and superoxide
radicals, whereas hydroxyl radical plays a minor role. Moreover, the catalyst reusability analysis revealed good stability and
showed excellent degradation up to four consecutive cycles with nearly negligible loss of photocatalytic efficiency. Thus,
the present work offers a new opportunity in terms of maximization of productivity as well as sunlight-driven photocatalytic
activity of the catalyst for their industrial application.
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Introduction

Nanostructured metal oxide semiconductor solar photo-
catalyst has gained the attention of several researchers due
to its various unique characteristics features. Among all
metal oxide semiconductor photocatalysts, titanium diox-
ide (TiO,) has been extensively studied for the removal of
recalcitrant pollutants like dyes, pesticides, and pharmaceu-
tical wastes in wastewater treatment (Saouda et al. 2017;
Zeghioud et al. 2019). TiO, has three polymorphs states as
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anatase, rutile, and brookite with separate bandgap energies
of3.2eV,3.0eV, and ~3.2 eV, respectively. The wide spec-
tra of applications of TiO, as a photocatalyst are owing to
its super hydrophilicity, chemical stability, strong oxidizing
power, and visible light transparency properties (Nakata and
Fujishima 2012; Hajjaji et al. 2018). The excellent qualities
such as nontoxicity, low cost, biocompatibility, and earth
abundance make TiO, the most important photocatalyst with
industrial applications in the present and near-future sce-
narios (Dal Santo and Naldoni 2018; Zeghioud et al. 2018).
Hence, investigating a simple, direct, and new method to
synthesize TiO, photocatalyst is of academic and industrial
importance. Also, a synthesis method that emphasizes the
industrial scale-up possibilities with a maximum yield of
catalyst would open numerous prospectus for practical appli-
cations. In general, synthesis techniques such as precipita-
tion, sol-gel method, hydrothermal, polyol synthesis, etc.
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had been used for the synthesis of TiO, nanoparticles (Kang
et al. 2016; Gomathi Thanga Keerthana et al. 2018; Tripathy
et al. 2009). The disadvantages inherent to the precipitation
method, such as the inefficiency to produce high purity crys-
talline nanoparticles, nonuniformity in size and shape, and
batch to batch production variation, limit its practical appli-
cations. In the sol-gel method, aging of the gel and removal
of surfactant after reaction increases the time of nanoparticle
synthesis (Carter and Norton 2007). Removal of surfactant
by several repetitive washing may affect the physical prop-
erties of nanoparticles. The hydrothermal method is widely
practiced due to the versatility of the technique to ensure
the control of the nucleation and growth characteristics of
the nanomaterial but the secondary treatment to remove the
template makes the method less approachable (Rane et al.
2018). Although the polyol process yields high purity resid-
ual free nanopowders through low-temperature synthesis,
the reducing properties of the polyols can cause the produc-
tion of elemental metals in place of metal oxides during
the synthesis (Dong et al. 2015). Overall, the conventional
TiO, synthesis methods are time consuming and consist of
multiple processes. On the other hand, the electrochemical
synthesis process is easy, economical, and simple for scale-
up for industrial-level nanoparticles production (Das and
Srivastava 2017). In this process, a small amount of elec-
trical energy or current has been passed through the metal
sheet, which acts as a sacrificial anode to produce metallic
cations, which are further oxidized by the water oxidation
process and produce metal oxide. Properties of obtained par-
ticles could be controlled by current density and electrolyte
bath composition. This process is much more suitable for
synthesizing highly pure metal oxide particles with a high
surface area. Obtained particles could be easily separated
from the reactant solution as no other reagent is involved.
Extensive information is available on the synthesis of
TiO, nanotube (TNT) arrays by the electrochemical method.
The main disadvantage of the electrochemical method is
the detachment of the nanotubes from the substrate, which
requires further downstream processing (Roy et al. 2011).
Several reports have also been observed on TiO, thin film
production in the electrochemical method by cathodic dep-
osition techniques. In the cathodic deposition technique,
the agglomerated TiO, nanoparticles formed thin films on
the cathode. Subsequently, these films are either scratched
out of the cathode for further processing, or the cathode is
directly annealed for crystallization of the film. The nano-
films produced by this method generally have less surface
area available for application purposes. In this context,
the synthesis of dispersed TiO, nanoparticles by electro-
oxidation method has been rarely reported, and the stud-
ies focusing on the overall productivity of the catalyst are
even scarce. Researchers have mostly used ammonia-based
electrolyte solutions such as tetrabutylammonium bromide

and the mixture of tetra propyl ammonium bromide salt,
tetrahydrofuran, and acetonitrile for the synthesis of TiO,
nanoparticles by electro-oxidation method (Anandgaonker
et al. 2015; Bezares et al. 2015). Disposal of these ammonia-
based electrolyte solutions after the reaction is extremely
hazardous to the environment. The selection of a non-
ammonia-based, eco-friendly, and inexpensive electrolyte
solution is therefore advantageous to the industrial produc-
tion of nanoparticles by electrochemical method. To the best
of our knowledge, no studies have been carried out on the
synthesis of TiO, nanoparticles through the galvanostatic
electro-oxidation method by using the non-ammonia-based
aqueous succinic acid solution and its productivity maxi-
mization as well as utilization for natural sunlight-driven
photocatalytic applications.

Based on the above discussion, we have successfully
prepared TiO, nanoparticles by an electrochemical method
by using aqueous succinic acid and titanium sheets as the
electrolyte and electrodes, respectively. The obtained TiO,
nanoparticles were characterized by using several characteri-
zation techniques. Our work aims to synthesize TiO, nano-
particles by using non-ammonia-based aqueous succinic
acid as an electrolyte solution and to study the influence of
operating parameters to optimize for maximum productivity
of TiO, nanoparticles. The photocatalytic efficiency of the
obtained catalyst was explored by degrading RhB dye under
natural sunlight irradiation. The UV fraction of the natural
sunlight spectrum is mainly responsible for the photocata-
lytic activity of TiO, nanoparticles. Moreover, another goal
of the present work is to analyze the effect of the catalyst
dose, pH of initial dye solution, and dye concentration on
photocatalytic degradation of RhB. In addition to a plausible
photocatalytic mechanism of the TiO, catalyst, scavengers
study showed that hole and superoxide radicals are key con-
trolling parameters for photocatalytic degradation of RhB.
The presence of oxygen vacancies and surface defects as
described by PL spectra confirms the better charge separa-
tion in TiO, catalyst, which enhances the degradation effi-
ciency. We have succeeded in re-using the TiO, catalyst up
to 4 cycles without any loss of photocatalytic activity, which
shows its potential application in industrial wastewater treat-
ment. We have also conducted adsorption studies to verify
that the removal of RhB via adsorption remains very small.

Materials and methods

All chemicals such as succinic acid (C,;H¢O,, > 99 wt%),
sodium hydroxide pellets (NaOH, > 97 wt%), nitric acid
(HNO;, 69 wt%), and potassium chloride (KCL, 99.8 wt%)
were purchased from Sigma-Aldrich. Titanium sheets of
2.4 mm thickness were purchased from Norrust Electro
Tech, Chennai. Ultrapure water (18 M2 cm) was used for
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all experimental purposes. All the reagents were used with-
out further purification.

Fabrication of TiO, nanoparticles

TiO, nanoparticles were synthesized by using a 0.15 M
aqueous succinic acid electrolyte solution. The pH and con-
ductivity of the electrolytic solution were maintained by uti-
lizing 1 M NaOH and KCL solution. Electrochemical exper-
iments were performed by immersing the titanium electrode
by keeping a gap of 1.5 cm between the electrodes within a
glass electrolyte cell. The exposed dimension of titanium foil
was about 2x2x0.2 cm? for all the experiments. A direct
current power source was used to supply the current to the
electrodes. The experiment was conducted at a constant agi-
tation speed of 300 rpm. The colloidal precipitated particles
were collected by centrifuging and washing with DI water to
remove any un-reacted reactants. The obtained nanoparticles
were dried at 60 °C for 24 h, subsequently followed by cal-
cination at 500 °C for 5 h within a muffie furnace. Finally,
the white color powder sample was collected and used for
various characterizations. After each experiment, electrodes
were cleaned with an aqueous 10% nitric acid solution and
distilled water for reuse.

Characterization

Different analysis was done to identify the obtained com-
pound. FTIR spectra were recorded by FTIR spectroscope
(Thermo Nicolet 6700, NEXUS, USA). X-ray diffraction
analysis (XRD) was done to carry out a crystallographic
phase analysis of the photocatalyst by using a Bruker
AXS/D8 diffractometer. Thermogravimetric analysis
(TGA) was performed in EX STAR 6300 instrument from
room temperature to 1000 °C. The surface morphology of
TiO, nanoparticles was analyzed by FE-SEM techniques
(QUANTA, Model 200 FEG, Netherland). The elemen-
tal distribution of the obtained sample was analyzed by
EDX analysis. FEI Tecnai G2 20 S-Twin machine was
used to record TEM images. UV-vis diffuse reflectance
spectra (UV—vis DRS) were recorded by model UV-2450,
SHIMADZU instrument to analyze the optical proper-
ties and the bandgap of the samples within a wavelength
range of 200-800 nm. BELSORP-mini II (BEL. Japan
Inc) surface area and porosity analyzer at — 197 °C were
used to analyze the textural properties of the catalyst. The
specific surface area of the obtained sample was deter-
mined by Brunauer—Emmett-Teller (BET) surface area
method by analyzing multipoint nitrogen adsorption—des-
orption isotherms. The pore size distribution of catalyst
was analyzed from the adsorption isotherm using Bar-
rett—Joyner—Halenda (BJH) method. Room temperature
photoluminescence spectra of the synthesized catalyst
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were collected using a PerkinElmer LS45 fluorescence
spectrometer at an excitation wavelength of 300 nm. UV
spectrophotometer, model UV-1800, Shimadzu, was used
for the analysis of the degradation efficiency of RhB dye
solution.

Photocatalytic activity and adsorption experiments

The photocatalytic degradation efficiency of TiO, nano-
particles was analyzed by degrading RhB dye solution
under natural sunlight. The experiments were performed
by preparing a known concentration of aqueous dye solu-
tions with a particular amount of catalyst loading. The
mixture of dye solution and catalyst was placed under dark
with stirring for 30 min to attain the adsorption—desorp-
tion equilibrium, subsequently, the mixture was irradiated
by natural sunlight for degradation. Before starting the
adsorption—desorption equilibrium, the solution was main-
tained at a particular pH. During the photocatalytic experi-
ment, 3 ml aliquot was withdrawn at a regular interval of
30 min and continued till the dye was completely degraded
into a colorless solution. The photocatalytic degradation
efficiency of RhB was examined at 4,,, =554 nm. The
degradation efficiency # (%) was calculated by using Eq. 1:

%Degradationefficiency(n) =

S —C 00
e )
where ¢, and ¢ denote the concentration of RhB dye at initial
and different irradiation time, respectively.

Scavenger study was carried out by adding 6 mM of
scavengers such as ethylene diamine tetraacetic acid
(EDTA), isopropyl alcohol (IPA), and ascorbic acid (AA)
to 5 mg/L RhB solution at 1 g/L TiO, catalyst loading at
pH 12. Furthermore, the dye solution was irradiated under
sunlight for 240 min, and a 3 mL aliquot was withdrawn
every 30 min interval. The collected sample was centri-
fuged repeatedly to eliminate the suspended photocata-
lyst. The dye solution concentration was measured by a
UV-visible spectrophotometer.

The adsorption experiments for the removal of RhB dye
were performed in a batch process where a 100 mL flask
containing 25 mL mixture of known concentration dye
solution with a catalyst loading was kept within an orbital
shaker incubator. All the experiments were performed at
a shaking speed of 100 rpm and allowed sufficient time to
reach adsorption equilibrium. At the end of the adsorp-
tion process, the solution was centrifuged to eliminate
any suspended catalyst. The RhB dye solution concentra-
tion was measured by a UV-visible spectrophotometer at
Amax =954 nm. The amount of dye adsorption onto TiO,
catalyst at equilibrium,g, (mg/g), was obtained as follows:
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where ¢, and ¢, represents the concentration of RhB dye
solution at initial and equilibrium conditions (mg/L), respec-
tively. V is the volume of the dye solution (L) and m is the
weight of the adsorbent used (g).

Result and discussion

The surface morphology of the TiO, nanoparticles was ana-
lyzed by performing SEM and TEM techniques, as shown in
Fig. 1A and 1B. The analysis shows that obtained samples
are a cluster of nanoparticles of ~40 nm diameter.

To explore the elemental distribution of the samples,
EDX and elemental dot mapping analyses were carried out.
The EDX analyses result for pure TiO, is shown in Fig. 2,
along with point EDX data. Result illustrated that the major
peaks corresponded to the Ti and O elements. The absence
of any other peak confirmed the purity of the samples, as
shown in Fig. 2B. The obtained result was reaffirmed by
performing point EDX analysis, as shown in Fig. 2C. At
three different points, EDX data was collected, and the result
is displayed in Fig. 2C. The analysis revealed that every
point within the sample shows the existence of titanium and
oxygen, which shows the uniformity of the obtained sample.
Furthermore, the EDX elemental dot-mapping images of the
obtained sample have been shown in Fig. 2A. The results

Fig. 1 A SEM image of TiO,
nanoparticles synthesized by
electrochemical method. B
TEM image of the TiO, sample

L T

(keVy

o ©

(Wt %)

Spot 1 51.62 48.38
Spot2 61.54 38.46
Spot3 57.09 42.91

Fig.2 EDX and elemental dot mapping for the purity of TiO, nanoparticles
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affirmed the high local dispersion of both Ti and O elements
over the surface of the catalysts.

The FTIR spectra of the obtained TiO, nanoparticles
between 4000 and 400 cm™! were taken in ATR mode, as
shown in Fig. 3a. The absorption peaks observed at 3019
and 1739 cm™! corresponds to the stretching and bending
vibrations of the OH group. The peaks appearing at 1366
and 1219 cm™! are attributed to the COO~ and carboxylic
groups bonds resulting from residual succinic acid in the
prepared sample. The characteristics band between 800 and
400 cm™! represents the stretching vibrations of Ti—O and
Ti—O-Ti bonds which is in agreement with the previous lit-
erature (Gomathi Thanga Keerthana et al. 2018).

Powder X-ray diffraction pattern of obtained samples
with Miller indices (hk/) indicating the crystal family of
planes for each diffraction peak is illustrated in Fig. 3b.
The sample obtained before calcination shows low inten-
sity, a very broad line centered at about 25° (26) indicating
amorphous behavior. Whereas the sample obtained after
annealed at 500 °C, all diffraction peaks can be attributed
to the characteristics of the highly crystalline structure of
anatase TiO,, which perfectly matches with JCPDS card
no: 00-004-0477 (Abazari et al. 2014). The lattice parame-
ter observed is a=b=3.783 A, c=9.51 A, a=f=y=90°,

and V (a*c)=136.1 A3. The intense diffraction peaks
appear at Braggs angles (26) of 25.35°, 38.50°, 48.07°,
53.92°,55.12°, 62.72°, 68.59°, 70.35°, 75.09°, and 83.14°
correspond to the crystal planes of (101), (112), (200),
(105), (211), (204), (116), (220), (215), and (312) indicate
the tetragonal structure of the TiO, crystal structure. No
diffraction peaks related to secondary phases such as rutile
and brookite were observed. The absence of peaks other
than TiO, confirmed the phase purity of the prepared sam-
ple. The Debye—Scherrer equation (D = KA/f cos 6) was
utilized to determine the average crystallite size. Where
D represents the average crystallite size (z&), K denotes
the Scherrer’s constant (shape factor) ranging from 0.9 to
1.0, 1 is the incident X-ray wavelength (1.54 A), p denotes
the full width at half maxima (FWHM) of the individual
XRD peaks, and the diffraction angle is 8. The calculated
average mean crystallite size is about 17.42 nm from the
major diffraction peak at (101), (112), (200), (105), (211),
and (204), where FWHM values are 0.51725, 0.34313,
0.52236, 0.43167, 0.57537, and 0.8195, respectively. The
crystallite size changes the electronic properties of the
catalyst and plays a vital role in the photoinduced charge
separation efficiency within the material. The smaller
crystallite size of TiO, offers a larger surface area for dye

Fig.3 a XRD pattern of
prepared TiO, nanoparticles
before and after calcination at
500 °C. b FTIR spectra of TiO,
nanoparticles. ¢ TGA analysis
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adsorption, which would be beneficial for increasing the
photocatalytic efficiency of the catalyst.

TGA analysis was done to analyze the thermal stability
of the synthesized TiO, nanoparticle. Figure 3c shows the
TGA analysis result of before calcination and after calcina-
tion of TiO, sample. Results for uncalcined TiO, exhibits
two transition zones from room temperature 27-164 °C and
150-452 °C. The first regime of weight loss of ~8% arises
due to the removal of water molecules from the obtained
sample and the densification of the TiO, matrix. The second
zone corresponds to~10% weight loss due to the removal
of volatile matter present in the sample. The total weight
loss was calculated as ~ 18% for the uncalcined sample. TGA
of pure TiO, nanoparticles obtained at 500 “C shows ~2%
weight loss due to surface moisture content which shows
the purity of the material as confirmed by XRD analysis.

The UV-visible diffused reflectance spectra of the syn-
thesized nanomaterial are illustrated in Fig. 3d. The obtained
TiO, nanoparticle exhibits ~53% reflectance in the vis-
ible region (420-700 nm) with an absorption edge falling
at~340 nm. The absorption in the UV region increases from
47 to 80% due to the absorption and scattering properties
of TiO, nanoparticles, which is on par with the literature
[Li et al. 2015]. The optical tl)and gap E, is calculated from
the following equation (hda)» = A(h9 — Eg); where hd rep-
resents photon energy of the incident radiation, a denotes
the absorption coefficient, E, implies the optical band gap,
and A stands for the absorption coefficient. The exponent n
has been taken as 2 to calculate the indirect allowed transi-
tion. The absorption coefficient @ has been replaced with
the Kubelka—Munk function F(R) = s where R denotes
the diffused reflectance (Das and Srivastava 2017). Thus the
equation can be represented as

(h9F(R)): = A(h9 — E,)

The indirect bandgap of anatase TiO, was calculated by
converting the absolute reflectance to Kubelka—Munk function

and the Tauc plot depicted as an inset in Fig. 3d shows a band-
gap of 3.23 eV.

The structural and textural properties of the TiO, nanopar-
ticle samples calcined at 500 °C were analyzed by liquid N,
adsorption—desorption isotherms at 77 K as shown in Fig. 4a.
According to IUPAC classification, TiO, nanoparticle shows
type IV isotherm exhibiting the mesoporous structure of the
pores (2-50 nm). The result displays a very small H3 hyster-
esis loop at a relative pressure range of 0.8—1p/p0. The adsorp-
tion at high relative pressures indicates the presence of slit-
shaped macropores (plates or edged particles like cubes) in the
prepared catalyst. The obtained BET-specific surface area of
TiO, nanoparticles was 56.34 m?/g. Barrett—Joyner—Halenda
(BJH) adsorption pore size distribution graph is shown in
Fig. 4b. BJH pore sizes were calculated from the nitrogen
adsorption branches and pore volumes were obtained from the
cumulative volume of pores. The pore volume was measured

at? / po = 0.99. The result shows average BJH pore size, pore

volume, and pore area are 3.2 nm, 0.0682 cm3/g, and 37.45
m’g~!, respectively. Pore volume distribution analysis shows
high pore volume in the mesoporous region, which covers the
pore diameter range of 2—50 nm. The macroporous region
(> 50 nm) illustrates the decreases in pore volume signifi-
cantly. These mesopores act as the pathways for improving the
diffusion and transport of dye molecules on the active site of
the catalysts. Thus, the mesoporous nature of catalyst with a
large surface area and smaller pore diameter enhanced the pho-
todegradation efficiency (Hosseinpour et al. 2016).

TiO, nanoparticles were synthesized by an electrochemical
method according to the following reaction:

At anode:

Ti — Ti*" +4de” A3)
At cathode:

2H,0+2e¢” - H,+20H" 4)

Reactions exhibited that Ti metal was oxidized in Ti** as
per anodic reaction (3), and hydrogen was generated as per

Fig.4 a N, adsorption/desorp- ® ] (® 50
tion isotherms of TiO, nanopar- _sor * gdsorp?.on ) 0.07¢ s
ticle. b Pore volume distribution & esorption E 0.06F T i “ l
for TiO, photocatalysts, where “ 40 b % H s 1
inset shows pore area analysis .#: E 0.05f g M I
data S U
3 0f  0.04f N N N
2 i % s 100 1% 200
8 20 F o 0.03F t pore diameter (nm)
E £ 3
g .L; 0.02f ®
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water reduction cathodic reaction (4). During the electro-
chemical process, dissolution of metal (Ti) from the metal-
lic electrode and corresponding OH radical production via
water oxidation method is in confirmation with the litera-
ture (Bezares et al. 2015). Furthermore, these metal ions
adsorbed produced hydroxyl radicals and formed Ti(OH®).
The production of OH ions is mainly depending on the inter-
action between electrode and electrolyte solution. Again, the
surface of the electrode has a significant contribution to the
electrochemical and chemical performance of heterogeneous
hydroxyl radicals Ti(OH®) and metal oxide (TiO,) formation
as per water oxidation via reaction (5)

Ti+ H,0 — TiO, + 4H" + 4e— 5)

TiO, nanoparticle yield synthesized by the electrochemi-
cal process was further investigated by varying the operating
parameters such as conductivity of electrolyte solution, pH
of the solution, reaction time, and applied current. Electro-
chemical experiments were performed at constant applied
current, whereas conductivity varied in the range of 2 to 10
mS/cm. as shown in Fig. 5a. The result shows that with an
increase in conductivity, nanoparticle yield increases up to
conductivity 6 mS/cm, after that graph shows a plateau value
from 6 to 10 mS/cm, and further increases in conductivity
productivity decrease. An increase in conductivity increases
the current passing through the electrolyte solution, which
in turn increase the productivity of nanoparticle, further
increase in conductivity nanoparticle production reaches
maximum plateau value. After a maximum current produc-
tion, amorphous titanium dioxide film was formed on the

surface of the electrode, which reduces the dissolution rate
of titanium surface, and a lesser quantity of titanium ion
formation automatically reduces the nanoparticle production
(Armstrong 2001).

Figure 5b shows the effect of pH variation on the produc-
tivity of the nanoparticle. It has been observed that the nano-
particle yield increases with an increase in pH of the solution
up to pH ~ 7 and gives maximum productivity at pH = 7,
after that, it followed a decreasing tendency toward pH ~ 11.
Figure 5c shows the effect of applied current on nanoparti-
cle production. The analysis illustrated that an increase in
applied current from 0.05 to 0.2 A increases the TiO, nano-
particle yield approximately triple of the initial value after
2 h of reaction. Dissolution of the electrode increases with
applied current density in the electrochemical dissolution
process (Armstrong 2001), which illustrate the formation
of more titanium ion from the anode. Enhanced formation
of titanium ions will increase the reaction with an electro-
lyte solution which in turn improves nanoparticle produc-
tion. The effect of reaction time on nanoparticle production
has been shown in Fig. 5d. The result shows an increase in
reaction time productivity of nanoparticles increases. An
increase in reaction time produce more number of titanium
ion, therefore more number of nanoparticles are produced.

Photocatalytic degradation of rhodamine B
pH of the solution

In photocatalytic degradation reaction, the pH of the pol-
lutant solution is an important factor that pronouncedly

Fig.5 Effect of various
experimental parameters on
nanoparticle production a Effect
of conductivity on nanoparticle
production ta 0.1 A current,
reaction time 2 h and pH 7. b
Effect pH at 0.1 A current, reac-
tion time 2 h and conductivity
8. ¢ Effect of current at reaction
time 2 h, conductivity 8 and pH
7. d Effect of reaction time at
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affects the degradation efficiency. The degradation of
5 mg/L RhB dye solution has been studied by using
obtained TiO, catalyst (1 g/L) under direct sunlight irra-
diation by varying the pH in the range of 5.5—-12 by adjust-
ing with 1 M NaOH solution as shown in Fig. 6a.

The result indicates that the catalytic activity increases
with an increase in pH value from the normal to the basic
range and allows complete degradation of RhB within
240 min at pH 12. The result shows no significant adsorp-
tion (~ 1%) of dye molecules during degradation experi-
ments. This observation illustrates that in an alkaline
medium, the production of reactive intermediates such
as superoxide hydroxyl radicals increases which in turn
enhances the reaction rate. The TiO, nanoparticle prepared
at 500 °C showed ~ 100% degradation efficiency for pH 12,
which is ~ 3 times higher than the normal pH condition.
Figure 6b shows the photocatalytic degradation of RhB
with different pH values by plotting In (C/Cy) vs irradia-
tion time (¢). The slopes of the plots determine the pseudo-
first-order rate constants, k (min~!). It has been observed
that the reaction rate constants significantly enhanced from
0.0019 to 0.0224 min~! with an increase in pH value in the
basic region. In another word, the reaction rate constant
was enhanced by ten times by enhancing the initial pH
value of the RhB solution from 5.5 to 12.

100

Effect of catalyst loading The effect of catalyst loading on
dye degradation was investigated by varying TiO, catalyst
loading from 0.2 to 1 g/L by keeping a constant initial dye
concentration (5 mg/L RhB aqueous solution) at pH 12 for
all the experiments as shown in Fig. 6¢. No significant dye
adsorption has been observed due to catalyst loading. The
degradation efficiency of the dye solution was increased
from 51 to 100% with an increase in catalyst loading from
0.2 to 1 g/L, respectively. An increase in catalyst loading
increases the available active sites on the surface of the cata-
lyst for the generation of hydroxyl and superoxide radicals,
which increases the degradation rate. The degradation of the
dye follows first-order kinetics, and the kinetic parameters
are depicted in Fig. 6d for different catalyst loading. The
apparent rate constants for the reaction are 0.0035, 0.0057,
0.0079, and 0.0224 mi~' for 0.2, 0.5, 0.7, and 1 g/L catalyst
loading, respectively, which illustrated an increase in cata-
lyst loading reaction rate constant also increases.

Effect of initial dye concentration The effect of concentra-
tion of initial dye solution was tested by performing degra-
dation experiments with varied dye concentrations from 5 to
50 mg/L at pH 12 and 1 g/L catalyst loading until 240 min
light irradiation as shown in Fig. 7a. It has been found that
as the initial concentration of the dye increased from 5 to

Fig.6 a Effect of initial pH on
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50 mg/L, the overall photocatalytic degradation efficiency,
including the adsorption part, decreased from ~ 100 to 8%.
At lower dye concentrations, dye molecules were degraded
by superoxide/hydroxyl radicals, which were produced dur-
ing the excitation of semiconductors by light irradiation.
At higher dye concentration, penetration of light within
dye solution is more difficult, as a result, the amount of
light absorbed on catalyst surface is also decreased, which
directly affects the degradation efficiency of dye molecules
by reducing the production of superoxide radicals. Dye mol-
ecule adsorbed on the catalyst surface for a range of dye
concentrations 5 to 50 mg/L was calculated and shown in
Fig. 7b. The result shows that with an increase in dye con-
centration from 5 to 30 mg/L, adsorption of dye molecule
also increases from 1 to 6%, after that, it decreases from 6
to 2% with increased dye concentration up to 50 mg/L. A
fixed amount of adsorbent can adsorb only a fixed amount
of adsorbate species. Due to the availability of vacant pores
at the catalyst surface, dye molecules adsorbed rapidly with
increasing dye concentration. After reaching a maximum
value, the available pores will be blocked by excess dye
molecules hence decreasing in the amount of adsorbed dye
molecule (Ajmal et al. 2014). The kinetic rate constants for
the reaction are 0.0224, 0.0112, 0.0081, 0.0058, 0.0031,
and 0.0002 min~! for 5, 20, 30, 40, and 50 mg/L dye load-
ing, respectively. The result illustrates that the reaction rate
constant decreases with an increase in initial dye loading
concentration.

The decolorization efficiency of RhB at optimum condi-
tion was compared with only under dark and only sunlight
without catalyst (photolysis) condition as shown in Fig. 8a.
Photolysis of RhB shows the degradation of ~4% up to light
irradiation of 240 min. This result indicates a very weak
photolysis degradation of RhB. In dark conditions, the
adsorptive removal efficiency was found to be~6%. The
absorption spectra of RhB at optimum condition (1 g/L
catalyst loading, pH 12, and 5 mg/L dye loading) with dif-
ferent time irradiation have been shown in Fig. 8b. It has

been observed that absorption spectra after 30 min adsorp-
tion—desorption reaction almost overlapping with the initial
spectra, which implies the fact that the catalyst is showing
very less absorption (~1%) phenomena for RhB degrada-
tion. The result shows that the catalyst 100% degrades the
dye solution up to light irradiation of 240 min. The overall
result shows that TiO, catalyst is highly efficient to degrade
dye molecules.

The room temperature photoluminescence spectra of the
synthesized TiO, nanoparticle under an excitation wave-
length of 300 nm by Xe lamp have been represented in
Fig. 8c. The PL spectra provide information on charge sepa-
ration and radiative electron—hole recombination efficiency
of semiconductors (Khore et al. 2018). The emission peaks
of PL are based on the charge carrier density and probability
of transition of excited electrons from upper energy state
to vacant lower energy state. The result shows the intense
broadband in the range 320-550 nm, which is a part of the
UV and visible region. The emission peak at 398 nm in the
UV region near band edge (NBE) free excitation-emission is
attributed to the direct transfer of electrons from the conduc-
tion band to the valance band of TiO,. The peaks that exist
in the deep level emission (DLE) band in the visible region
provide information related to the site defects present in the
TiO, sample. The peak adjacent to 412 nm in violet emis-
sion is attributed to the presence of defect states on the sur-
face. Peaks near 440 and 460 nm in blue emission depicted
the oxygen vacancies and surface defects that occur during
electrochemical synthesis. Peaks in the blue-green spectrum
(476 and 521 nm) are attributed to the transition of two
trapped and one trapped electron from the oxygen vacancies
to the valance band of the semiconductor. Strong broadband
in the visible region denoted the presence of a large amount
of defect in the TiO, sample, and all these defects are ben-
eficial for improving photocatalytic properties.
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Stability of the photocatalyst

Besides its photocatalytic activity, the chemical stability
of photocatalysts is another significant parameter for its
photocatalytic application. To establish the stability of
the catalyst, the as-synthesized TiO, was recycled by a
simple filtration method for RhB dye degradation. Fig-
ure 8d shows the degradation of RhB up to 4 cycles using
TiO, nanoparticles at optimum condition under natural
sunlight. After every experiment, TiO, catalysts were
collected from the solution and washed with deionized
water to remove any residual dye from the surface of the
nanoparticle. The nanoparticle was then dried in an oven
at 60 °C for 12 h. It has been observed from the result
that the degradation rate is pretty stable up to 4 cycles.
Therefore, TiO, may prove to be a beneficial candidate for
industrial applications. There is a possibility of catalyst
poisoning due to the accumulation of the reaction inter-
mediates on the active site of the catalyst surface during
the photocatalytic oxidation process and this poisoning
could reduce the efficiency of the catalyst (Saoud et al.
2017). The above result shows that up to 4 recycling, there
is no significant change in degradation efficiency, which
exhibited no catalyst poisoning. However, there may be
a possibility of catalyst poisoning after more recycling
processes which could reduce the degradation efficiency.

Wavelength (nm)

Mechanism of photodegradation

In the photocatalysis process, semiconductor materials are
being excited by incident radiation, which comprises energy
more than the bandgap energy of semiconductor materials.
After excitation, excited electrons migrate from the valence
band to the conduction band of the semiconductor and gen-
erate electron—hole pairs which further degrade dye mol-
ecules. To estimate the possibility of active species (0,°,
*OH) generation over the semiconductor, it is essential to
understand the relative positions of the valance and conduc-
tion band with respect to the redox potentials of O,/O,°~ and
*OH/H,0. A plausible charge transfer mechanism between
TiO, and RhB for the degradation of dye has been repre-
sented in Fig. 9. The band edges for conduction band (Ep)
and valence band (Eyy) of a semiconductor are obtained
from the following equation (proposed by Butler and Ginley
(1978)):

1
Eeg=1x—- EEg +E, (6)
Eyg = Ecg + E, (7

where y denotes the Sanderson electronegativity of the
semiconductor, the geometric mean of the Mulliken
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Fig.9 Schematic presentation
of the possible photocatalytic
mechanism in terms of energy
level diagram of TiO, with
respect to Energy (vs NHE) of
0,/0,°~ and ¢OH/H,0 and the
HOMO-LUMO energy level
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electronegativities of the constituent atoms. E, is the band-
gap of the semiconductor calculated from the Tauc plot and
E, is the standard potential of hydrogen in the NHE scale.
The Mulliken electronegativity is determined as the arithme-
tic average of the first ionization energy of the atom and the
electron affinity of the formed anion. The ionization energy
and electron affinity of Ti are reported as 6.83 and 0.083 eV,
and for oxygen, the values are 13.63 and 1.46 eV, respec-
tively (Li et al. 2014). Therefore, the Mulliken electronega-
tivity of Ti and oxygen are found to be 3.45 and 7.54 eV. For
a compound notated as M, Xy, the Sanderson electronega-
tivity can be calculated as per the equation y = (y;, ;(f)m
(Yong and Schoonen 2000). Where y,, and y, are the abso-
lute electronegativities of the atoms M and X. The calculated
Sanderson electronegativity of TiO, is found to be 5.8 eV.
The conduction band edge and valance band edge of TiO,
were estimated to be —0.315 and 2.915 eV as per Egs. 6 and
7, respectively. The redox potentials of *OH/H,O and O,/
O,"” have been taken as+0.13 eV vs NHE and 2.68 eV vs
NHE, respectively (Kumar et al. 2013).

Since the conduction band edge (—0.315 eV) of TiO, is
more negative than the reduction potential of O,/O,"”, the
electrons from the conduction band can react with oxygen

@ Springer

molecules and produce superoxide radicals which subse-
quently take part in the dye degradation. Similarly, holes
from the valance band can react with water molecules to
produce hydroxyl radicals as the valance band is more posi-
tive (2.915 eV) than the electrode potential for the genera-
tion of hydroxyl radicals in an aqueous solution. Therefore,
the combined action of superoxide and hydroxyl radicals
completely mineralize the pollutant leading to the formation
of CO, and H,O. The photoexcitation of the electrons results
in charge separation, thereby the generation of active species
(0,°7,*0OH, *OO0HR) for the degradation of organic pollutants
as follows (Ajmal et al. 2014):

H,0 + hygt—"OH + H*
0, +ecg™ = Oy

05 + H*<OOH
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2HOO" — H,0, + 0,

H,0, — 20H

RhB + h9(\ > 340nm) — RhB*(excitedstate)
RhB* — CO, + H,0

RhB* + (05, OH, OOH) — intermediates — CO, + H,0

The UV fraction of the natural sunlight spectrum
(4 < 400nm) is responsible for the photocatalytic activity of
TiO, nanoparticles. In addition, under visible light irradia-
tion (4 > 400nm), the dye in bulk solution changes from the
ground state to an excited state, and the excited state of the
dye reacts with the dissolved oxygen in the aqueous solution
giving rise to the generation of active oxygen species which
further degrades the dye.

hd
RhB — RhB*
RhB* + O, - RhB™" + O3
O; +H* - OOH

OOH /O3 + RhB — Degradedproducts

In general, hole (h*), superoxide radical (O,*”), and
hydroxyl radical (*OH) are always considered the key reac-
tive species involved in the photocatalytic degradation
process. To confirm the major active species involved in
the degradation process, a scavenger study was carried out
by adding 6 mM of different scavengers such as ethylene
diamine tetra-acetic acid (EDTA, h* quencher), isopro-
pyl alcohol (IPA, *OH quencher), and ascorbic acid (AA,

0,°” quencher) to the photocatalytic system. Figure 10
shows the degradation profile of RhB up to an irradiation
time of 240 min under the optimum condition with and
without scavengers. The result illustrated that in the pres-
ence of EDTA and AA, the degradation efficiency of RhB
was highly suppressed, and the photocatalytic degradation
rates were only ~23 and 5%, respectively. The addition of
IPA has very less suppression with a dye degradation effi-
ciency of ~85%. It has been observed that the decrease in
the removal rate in the presence of scavengers presents the
following trend: AA>EDTA > IPA. Results illustrated that
the hole and superoxide radicals acted as dominant active
species for photocatalytic degradation of RhB under vis-
ible light irradiation. Thus, it can be inferred that the holes
and superoxide radicals acted as dominant active species
for photocatalytic degradation of RhB under visible light
irradiation.

Adsorption study of rhodamine B

During the photocatalytic experiments of RhB, the mixture
of dye solution and catalyst was placed under dark with stir-
ring for 30 min to attain the adsorption—desorption equilib-
rium at room temperature. The result showed very poor dye
adsorption in the case of RhB dye solution. At optimum
experimental conditions (pH 12 and 1 g/L catalyst loading),
varying initial dye concentration from 5 to 50 mg/L shows
maximum adsorption of ~6%, as shown in Fig. 7. For a bet-
ter understanding of the adsorption process, we have per-
formed the adsorption experiments in detail.

The adsorption isotherm of RhB dye was investigated
over a range of RhB dye concentrations from 5 to 30 ppm
at four different temperatures of 30, 40, 45, and 55 °C. All
the experiments were carried out at 5 g/L catalyst loading,
pH 12, and a fixed contact time of 60 min. In this study,
the Langmuir and Freundlich isotherm models were tested
to understand the adsorption mechanism. The adsorption
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parameters were calculated by using the following linear
form of the Langmuir isotherm model:

o1

e

where C,, q,, and g,, represent the equilibrium concentration
of RhB (mg/L), the amount of mass of RhB absorbed per
gram of adsorbent at equilibrium concentration (mg/g), and
the maximum adsorption capacity, respectively. K; denotes
the Langmuir constant (L/mg) (Dinh et al. 2019, Raghav
et al. 2018).

The linear form of the Freundlich adsorption isotherms
model is represented by

1
Ing, = InK; + —InC
nqe nf nne (9)

where K is Freundlich’s constant and is used to measure the
adsorption capacity. “n” denotes the adsorption intensity,
which is useful to determine the adsorption trend. n = 1indi-
cate the linear adsorption,n < 11is an indication of chemical
adsorption and unfavorable and n > 11is a representation of
physical adsorption and favorable (Al-Ghouti and Al-Absi
2020). The parameters of the adsorption isotherm with the
corresponding coefficient of determination (R?) values are
tabulated in Table 1.

The parameters of the adsorption isotherm with the cor-
responding coefficient of determination (R?) values are
tabulated in Table 1. The calculated R? values are close to
1 for both the isotherms, which validates the applicability
for both the isotherms. Specifically, R? values are slightly
higher for the Langmuir isotherm than those obtained from
the Freundlich isotherm model at 45 and 55 °C, although
the difference are very small. These small difference in R?
values at 45 and 55 °C suggest that the Langmuir isotherm
model is slightly better fitting than the Freundlich isotherm
model, thus indicating the formation of a monolayer of RhB
dye on a homogeneous surface (Dinh et al. 2019).

In the Langmuir isotherm model, the dimensionless con-
stant is known as separation factor (R, ) was calculated from

Table 1 Parameters for the equilibrium models at different tempera-
tures

Isotherm models Parameters Temperature (°C)
30 40 45 55
Langmuir q, (mg/g)  1.1375 1.6625 2.2502 2.3855
K, (L/mg) 0.0483 0.0414 0.0329 0.0362
R? 0.9765 0.9967 0.9976 0.9945
Freundlich Ke (L/mg) 0.0678 0.0933 0.0978 0.1162
n 1.3945 14310 1.3563 1.3972
R? 0.9702 0.9925 0.9784 0.9825
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the following equation (Raghav et al. 2018; Maruthapandi
et al. 2018):

1

R, = ———
LT T+K.C, (10)

where Cy(mg/L) and K; (L/mg) represent the initial RhB
concentration and Langmuir equilibrium constant, respec-
tively. The value of R, is larger than 1 indicates the unfa-
vorable process, R; equal to 1 implies the linear process, R;.
is equal to zero means irreversible process, and R; is within
arange of 0 to 1 corresponds to a favorable process. In our
analysis, the values of R; are found to be within a range of
0.408-0.858 for RhB adsorption, which indicates the favora-
ble adsorption of RhB onto adsorbents. On the other hand,
the analysis revealed that the values of “n” are within a range
of 1.35 to 1.43. According to the result, the higher values
of “n,” which lies in between 1 and 10, represent that the
RhB dye adsorption process onto TiO, catalyst is a favorable
physical process. This is consistent with the result of the
Langmuir model.

Effect of temperature on RhB adsorption

The effect of temperature on RhB adsorption was studied
by carrying out the adsorption experiments at 5 g/L catalyst
loading, pH 12, and a fixed contact time of 60 min at four
different temperatures of 30, 40, 45, and 55 °C, as shown
in Fig. 11. Experimental result shows that the adsorption
capacity g, increases with an increase in temperature which
indicates the higher temperature is favorable for the adsorp-
tion process (Fu et al. 2015; Mushtaq et al. 2016). The pos-
sible explanation could be, at the higher temperature, intra-
particle diffusion increases, which boosts up the adsorption
phenomenon (Fu et al. 2015).

Thermodynamic study

In order to describe the thermodynamic behavior of adsorp-
tion of RhB, the adsorption experiments were performed
over a range of RhB dye concentrations from 5 to 30 ppm at
four different temperatures of 30, 40, 45, and 55 °C. All the
experiments were carried out at 5 g/L catalyst loading, pH
12, and a fixed contact time of 60 min. The thermodynamic
parameters for the adsorption process such as a change in
Gibbs free energy (AG), enthalpy (AH), and entropy (AS)
were evaluated in the temperature range 30 to 55 °C from the
following equations (Liu 2009; Lima et al. 2019):

AG = —RTIn(K,)

AG = AH -TAS
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Fig. 11 Effect of temperature on the adsorption of RhB onto TiO2
surface

Table 2 Thermodynamic parameter for adsorption of RhB onto TiO,
at different temperatures

T (°K) AG (kJ/mol) AS (J/mol.K) AH (kJ/mol)
303.15 —-25.63 47.56 -10.82
313.15 —-26.09

318.15 —25.87

328.15 —-26.94

In(K,) = AS/R — AH/RT

where K| represent the Langmuir equilibrium constant (L/
mol), R denotes the universal gas constant (8.314 J/mol K),
and T refers to the absolute temperature (K). The values of
the thermodynamic parameters obtained from the adsorption
process are presented in Table 2. The analysis shows that
the calculated AG values were found to be negative, which
indicates the spontaneous nature of the adsorption process.
A similar type of result has also been reported by previous
researchers (Dinh et al. 2019). The negative AH value repre-
sents that the Rhodamine B adsorption process is exothermic
(Noreen et al. 2020). The positive AS value suggests some
structural changes in the TiO, adsorbent and RhB and the
increasing randomness at the solid-solution interface during
fixation of RhB onto the active sites of TiO, (Fu et al. 2015).
Overall, the thermodynamics parameters illustrated that the
adsorption process is spontaneous and exothermic.

The analysis shows that the adsorption capacity g. (mg/g)
values are very less (0.2 to 1.11 mg/g) for the RhB adsorp-
tion onto obtained TiO, catalyst. Thus, the result repre-
sents that the adsorption of RhB onto TiO, nanoparticles
is poor, which we have already mentioned in the result of

adsorption—desorption of photocatalytic degradation experi-
ments. In the literature also, researchers have shown anatase
TiO, as a very poor adsorbent which is in agreement with
our result (Niu et al. 2021).

In summary, the degradation of RhB dye was mainly
dominated by the photocatalytic activity of catalyst rather
than the adsorption process. The overall performance of a
photocatalyst is collectively determined by many interrelated
parameters. In the present work, the crystallinity, crystallite
size, surface area, pore size distribution, presence of oxy-
gen vacancies, and defect states in the TiO, play a key role
in the photocatalytic efficiency of TiO, nanoparticles. It is
evident from the literature that high crystallinity provides a
better charge diffusion pathway for electron transfers from
the conduction band of the material to the active sites, hence
the high crystallinity of the prepared TiO, material has a
significant impact on the photocatalytic activity. Similarly,
a smaller crystallite size of TiO, provides better adsorption
of the pollutants onto the crystallite surface. A large surface
area with mesoporous nature and wide pore size distribution
help in the diffusion of pollutants to the interior of the pores
and subsequent adsorption in the active sites providing bet-
ter photodegradation. The presence of oxygen vacancies and
surface defects, as demonstrated in the PL spectra, confirms
the better charge separation in the material by suppressing
the charge recombination enhance the degradation process.
Furthermore, the photocatalysis process was aided by the
operating parameters such as pH, catalyst dosage, and initial
concentration of the dye.

Conclusion

In summary, we demonstrated a cost-effective, simple elec-
trochemical technique to synthesize TiO, nanoparticles
where succinic acid was used as a non-ammonia-based aque-
ous electrolyte solution. Various characterization techniques
XRD, FTIR, SEM, TEM, BET, and UV-DRS confirm the
anatase phase of tetragonal TiO, nanoparticles of ~40 nm
diameter. The result showed that the productivity of the TiO,
nanoparticle could be maximized by increasing experimental
parameters such as applied current and reaction time at an
optimum pH and conductivity. The adsorption study of RhB
onto TiO, nanoparticles exhibited poor adsorption capacity
for RhB. Photocatalysis analysis revealed that factors like pH
of the solution, catalyst loading, and dye concentration have
a significant effect on the RhB photodegradation process.
At the optimum experiment conditions of pH 12 and 1 g/L
catalyst loading, ~ 100% degradation of 5 mg/L. RhB was
noticed in 240 min where the degradation process followed a
first-order reaction kinetics with an apparent rate constant of
0.0224 min~". The crystallinity, crystallite size, surface area,
pore size distribution, presence of oxygen vacancies, and
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defect states in the TiO, play a key role in the photocatalytic
efficiency of TiO, nanoparticles. Furthermore, the photoca-
talysis process was aided by the operating parameters such
as pH, catalyst dosage, and initial concentration of the dye
under natural sunlight. Efficient photocatalytic degradation
of RhB under natural sunlight shows its good opportunity
in future application in degrading various other organic pol-
lutants as well as industrial wastewater treatment. Stabil-
ity experiments and scavenger study of RhB degradation
showed that the TiO, remains highly photocatalytic active
and stable for a long time duration. Thus, it is expected
that this TiO, catalyst can be a low-cost and environment-
friendly promising candidate for natural sunlight-driven
photocatalytic application in industrial effluent treatment.
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