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Abstract

Titania (TiO2) photocatalyst was synthesized by the sol-gel method involving acid hydrolysis followed by oxidation
with hydrogen peroxide. Cobalt and nickel metal ions were impregnated at 1, 5 or 10 % concentrations using metal nitrate salt
solutions. The photocatalysts were characterized by various techniques. Scanning Electron Microscopy (SEM) and Diffused
Reflectance Spectroscopy (DRS) showed that the doped TiO2 were smaller in size and had smaller band gap than pure TiOz,
while X-ray Diffraction (XRD) and X-ray Fluorescence (XRF) spectroscopy showed that all the photocatalysts were rutile phase
and contained the expected elements. The percent degradation of Picric acid dye at pH 3, initial dye concentration 10 ppm,
catalyst concentration 0.10 g/l, and temperature 55 °C, had rank order: TiO2 < 1 % doped < 5 % doped < 10 % doped TiOz,
showing that the photocatalytic activities of the Co-TiO2 and Ni-TiOz increased with dopant concentration.
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1. Introduction

Access to clean water has become a major world-
wide concern. Meanwhile, everyday human activities such as
dyeing and production of textiles, cosmetics, drugs and paper
have polluted several water bodies by discharges. Waste
waters released when untreated or inadequately treated get
into rivers, seas, lakes and groundwater, and these are then
consumed by people, animals and plants without proper
purification (Okereke, Ogidi, & Obasi, 2016). Picric acid
(2,4,6-trinitrophenol) dye, for example, is a by-product from
nitration of benzene, and this is done in the preparation of
other dyes, fungicides and explosives (Goel & Singh, 2013).

Photocatalysis is an advanced oxidation process
used to treat various dyes and pollutants (Kulkarni & Thakur,
2014). Photocatalysis is the excitation of a semiconductor
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substance, such as titanium dioxide (TiO2), by photons (UV
irradiation) to produce charge carriers: conduction band
electrons (e7) and valence band holes (h*). The charge carriers
induce reduction and oxidation reactions respectively, and
degrade toxic compounds to less harmful products (Colme
nares & Luque, 2013).

Recent studies have observed that a photocatalysts’
activity can be improved by doping, meaning incorporating
other elements or compounds into the structure of the photo-
catalyst (Mohd & Mahani, 2018; Odeyemi, Owalude, &
Odebunmi, 2018; Razali, Mohd Noor, & Yusoff, 2017). Co-
balt and Nickel metals possess 3d bands, which are between
the conduction and valence bands of Titania, capable of
providing sub-band gap. Then low energy photons can excite
electrons from the valence band to dopant d-band, and from
the dopant d-band to the conduction band. This process
equally prevents premature recombination of charge carriers,
which could stop the reaction (Ibhadon & Fitzpatrick, 2013).

This study investigated the activities of synthesized
TiO2 along with doped Co-TiO2 and Ni-TiO2 photocatalysts,
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specifically in the degradation of picric acid dye.
2. Materials and Methods
2.1 Materials

Titanium trichloride (Tianjin Damao Chemicals,
China), concentrated hydrochloric acid (BDH Laboratory
Poole, England), 95% ethanol (BDH Laboratory Poole,
England), ammonia solution and hydrogen peroxide (Sigma-
Aldrich) were all used without further purification.

2.2 Synthesis of undoped and doped TiO2

Modifying the the sol-gel method by Molea &
Popescu, 2011 and Wang, Liu, Wei, Dai, & Li, 2015; a 100
cm? sample of 10 % TiCls containing 15 % HCI solution was
refluxed with 100 cm? distilled water and 150 cm?® 30 % NHz
solution for 24 hours at 70 °C. After cooling the resulting
solution, 50 cm? of 30 % H202 was added. The yellow sus-
pension that developed was aged for 12 hours and heated for 4
hours at 70 °C to produce a gel-like substance. The gel was
dissolved in water, autoclaved at 100 °C for 24 hours, filtered
and washed. The residue was oven-dried for 1 hour at 70 °C,
ground, and calcined at 450 °C for 1 hour to obtain TiO2
powder.

A 0.06 g (1 % w/w) sample of Ni (NOs)2 salt was
dissolved in 100 cm? distilled water and ethanol (3:1 v/v)
(Kumar, Hitkari, Singh, Gautam, & Pandey, 2015). Then, 5.94
g (99 % w/w) TiO2 was added and refluxed for 4 hours at 70
°C. After cooling, the resultant solution was filtered and the
residue oven-dried at 70 °C for 1 hour, ground and calcined at
450 °C for 1 hour to obtain 1% Ni-TiO2 (Muneaki, Tomoko,
Naoto, Toyokazu, & Shinya, 2015). The same procedure was
followed for other doped photocatalysts at their respective
dopant levels.

2.3 Characterization methods

The photocatalysts were characterized using Scan-
ning Electron Microscopy (SEM), X-ray Diffraction (XRD)
Crystallography, X-ray Fluorescence (XRF) and Diffuse
Reflectance Spectroscopy (DRS) methods. The SEM images
were recorded on a Scanning Electron microscope (Aspex
3020) at 20 kV accelerating voltage. The samples were coated
with gold using Balzer’s sputtering device before imaging.
XRD crystallography patterns were obtained with a powder
X-ray diffractometer (Bruker D8 Advance) AXS Germany
model, using Cu-Ka radiation, over the 26 range from 10° to
100° at steps of 0.020°. The XRF spectra were recorded on
3600B Energy Dispersive X-ray Fluorescence Spectrophoto-
meter. The band gaps were obtained on a solid-state LAMB
DA™ 1050 UV/Vis/NIR Diffuse Reflectance spectrometer.
Quartz substrate was dipped into the suspension of the sample,
then dried and placed in the spectrophotometer with one side
in the sample beam and the other in the reference beam.
Spectra were obtained for the photocatalysts, and the band
gaps were calculated from the equation (Vijayalakshmi &
Rajendran, 2012):

(Ahv)"/2 = a(hv — E,) @)
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In the equation, Eq = band gap energy, h = Planck’s
constant, v = frequency (1/s), A = constant, ¢ = optical ab-
sorption coefficient. From a plot of (Ahv)* versus hv, a curve
was obtained, and the band gap was calculated from the
intersection of a straight line drawn as a tangent to the hv-axis.
The dye degradation was monitored using a N4S UV-Visible
Spectrophotometer.

2.4. Photocatalytic degradation process

A 400-ppm stock solution of Picric acid dye was
prepared and lower concentrations were obtained by dilution.
The absorbances of dye solutions were measured at 0 min
when no catalyst was present. The solutions were placed in a
photo reactor irradiated with 20 W UV-lamp and aerated.
About 2 cm?® samples were taken at regular time intervals of
15 mins for a maximum period of 120 mins to the absorbance
measurement at 355 nm, which is the wavelength of maxi-
mum absorbance (Amax) Of Picric acid (Montazerozohori,
Nasr-Esfahani, & Joohari, 2012). Dye concentration, pH, cata-
lyst concentration and temperature were parameters consi-
dered in the degradation process. The activity of each photo-
catalyst on the dye was measured in percent degradation
according to the equation (Odeyemi et al., 2018):

Ap— A

% degradation = X 100, )

o

Ao and A are initial (at 0 min) and final absor-
bances, respectively.

The reaction parameters were varied to obtain the
optimum for the degradation of the dye. From the absorbance
values, a plot of natural logarithm (In) of absorbance against
time, t, was made motivated by the first-order rate equation:

In[A] =In[A,] — kt 3)

The slope of the plot then gives the first order rate
constant, k, for the reaction. The case with the largest rate
constant had the optimum conditions for dye degradation.

2.4.1 Measurement of the effect of pH

Buffer solutions at pH 2-11 were prepared with an
initial dye concentration of 5 ppm Picric acid. Initial absor-
bance was measured and 0.1 g/l of photocatalyst was added.
At 30 °C, the solution in a 200 cm? glass flask was transferred
to the reactor. Supernatant solution samples were taken at 15
min intervals up to 120 mins, and their absorbances were
measured (Abo-Farha, 2010).

2.4.2 Measurement of the effect of dye concentration

Several concentrations (5-30 ppm) of picric acid
were prepared from the stock solution with buffer corres-
ponding to the optimum pH. At 30 °C and 0.1 g/l catalyst, the
degradation was carried out (Montazerozohori et al., 2012).
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2.4.3 Measurement of the effect of catalyst
concentration

At the optimum pH and dye concentration, catalyst
concentrations were varied between 0.1 - 0.35 g/l for the
degradation reaction at 30 °C (Susheela, 2012).

2.4.4 Measurement of the effect of temperature

Temperature was varied within 30-60 °C for the
degradation at otherwise optimal reaction conditions (Soares,
Lansarin, & Moro, 2007).

2.5 Determination of activation energies of the
photocatalysts

Motivated by the linear form of Arrhenius equation

Ea
RT

Ink=InA-— 4)

the In of rate constant was plotted against the reciprocal of
temperature in Kelvin (Choquette-Labbe, Shewa, Lalman, &
Shanmugam, 2014). Here A is a pre-exponential factor, Ea is
the activation energy and R is the gas constant. The activation
energies Ea for the uncatalyzed and catalyzed degradation
reactions were determined from the slopes of the linear plots,
and were compared to confirm catalysis (Odebunmi, 2013).
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3. Results and Discussion
3.1 SEM

The SEM micrographs of the photocatalysts are
presented in Figures 1 (a) — (g). The undoped TiO2 particles
are larger than the doped particles at close working distances
(WD) of 22.21, 21.53, 21.37 and 21.24 mm for undoped TiO2,
1 % Co-TiO2, 5 % Co-TiOz, 10 % Co-TiO, and 21.57, 21.43
and 21.24 mm for 1 % Ni-TiOz, 5 % Ni-TiOz and 10 % Ni-
TiO2 respectively. This is because the metal ions impregnated
into the TiO2 broke down larger particles into smaller sizes
(Kumar et al., 2015).

3.2 XRF

Elemental compositions of the photocatalysts were
assessed from X-ray fluorescence spectra in Figures 2 (a) — (9)
as summarized in Table 1. Neuwirthova, Matejka, Kutlakova,
& Tomasek, (2012) used this technique to observe the elemen-
tal proportions in photocatalytic materials. In this work, only a
single titanium peak was observed in the undoped TiO:
spectrum, while other peaks attributed to the dopant ions were
observed in the doped cases (Brouwer, 2010). The intensity of
dopant ion peak increased proportionately as the concentration
increased. Therefore, the undoped and doped TiO2 contained
the expected elements in the appropriate quantities.

S ANW WO 21.24mm .
200w NI DasE 200 pm

Figure 1. SEM micrographs of (a) TiOy, (b) 1 % Co-TiO,, (¢) 5 % Co-TiO,, (d) 10 % Co-TiO,, (e) 1%
Ni-TiOy, (f) 5 % Ni-TiO, and (g) 10 % Ni-TiO,.
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Figure 2. XRF spectra of (a) TiO,, (b) 1 % Co-TiO,, (€) 5 % Co-TiO,, (d) 10 % Co-TiO,,
() 1% Ni-TiOy, (f) 5 % Ni-TiO,, and (g) 10 % Ni-TiO,.
Table 1. XRF data of the photocatalysts.
Compositions of photocatalysts by weight %
Element TiO, 1 % Co-TiO, 5 % Co-TiO, 10 % Co-TiO, 1 % Ni-TiO, 5% Ni-TiO, 10 % Ni-TiO,
Ti 96.19 96.93 93.5 93.04 96.68 95.19 93.49
Co - 0.14 1.42 2.49 - - -
Ni - - - - 0.24 0.97 2.25
Total 96.19 97.07 94.92 95.53 96.92 96.16 95.74
3.3 XRD where Cs = crystallite size, K = shape constant (0.89), =

XRD spectra (Figures 3 a — g) show peaks corres-
ponding to the rutile form of TiO2 at 27.56 (110), 36.15 (101),
41.32 (111) and 54.30 (211) (Landmann, Rauls, & Schmidt,
2012). Insignificant peaks belonging to the brookite phase
were also observed showing that the photocatalysts were a
mixture of rutile and brookite phases. Dopant ion peaks were
not observed in all the doped XRD patterns implying that
crystal structures were not altered by the dopants (Mugundan
et al., 2015). All the peaks are in good agreement with the
Joint Committee on Powder Diffraction (JCPD) data and
similar to the standard spectrum for rutile TiO2 (Landmann et
al., 2012). The photocatalysts have crystallite sizes of
approximately 13, 12, 9, and 8 nm for TiOz, 1 % Co-TiOz, 5
% Co-TiO2, and 10 % Co-TiO2, and 12, 10 and 8.5 nm for 1
% Ni-TiO2, 5 % Ni-TiO2, and 10 % Ni-TiO2 respectively
according to the Debye-Scherer formula (Bizarro & Rodil,
2015):

K
- B Cos@

Cs ®)

wavelength of measurement = 0.154184 nm, and @ = full
width at half maximum (FWHM) in radians.

3.4 DRS

The undoped titania has a direct band gap energy of
2.951 eV (Figure 4 a), which agrees with literature (Vijayalak
shmi & Rajendran, 2012). The doped photocatalysts however,
have reduced band gap energies of 2.636 and 2.793 eV for 10
% Co-TiO2 and 10 % Ni-TiOz2 respectively (Figures 4 b — c).
This reduction is attributed to the creation of a sub-band level
between the valence band and the conduction band of rutile
TiO2 (Kumar et al., 2015). The 10 % doped TiO2 were
selected as representative for the DRS analysis to observe
effects from the maximum reduction in band gap.

3.5 Photocatalytic degradation of picric acid dye

From the typical first order plot (Figure 5) for the
picric acid degradation, the rate constant for each reaction was
obtained, and an R? value of 0.99 indicated a good linear least
squares fit.
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Figure 3. XRD spectra of (a) TiOy, (b) 1 % Co-TiO,, (¢) 5 % Co-TiO,, (d) 10 % Co-TiO,, (e) 1% Ni-
TiO,, (f) 5 % Ni-TiO,, and (g) 10 % Ni-TiO,.
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First order plot for Picric acid degradation at pH 3, initially
10 ppm dye, 0.1 g/l catalyst and 55 °C.

3.5.1 Effect of pH

Figure 6 (a) shows that, as the pH of the dye solu-
tion increased from 2 to 3, the rate constant for the degrada-
tion of picric acid dye increased. The dye was rapidly
degraded at a highly acidic pH. The picric acid dye is nega-
tively charged because of the electron withdrawing group,
NO2, in its structure, while the surface of the catalyst is
protonated by the hydrogen ion (H*) in solution at acidic pH
(Guillard et al., 2003; Konstantinou & Albanis, 2004). As a
result, the positive charge induced on the catalyst and the
negative charge on the dye attracted each other, facilitating
degradation (Behnajady, Modirshahla, & Shokri, 2005). As
the pH increased, H* concentration decreased while the
negative ions increased making the catalyst surface complete-
ly negative. The negative charges on the catalyst and dye
molecules then repelled each other. Photocatalytic degradation
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Figure 6. Variation of rate constant with (a) pH, (b) dye concentration, (c) catalyst concentration, and (d) temperature.

of the dye was enhanced by an acidic pH and inhibited by an
alkaline pH for all the photocatalysts (Stephen, Micheal, &
William, 2015).

3.5.2 Effect of dye concentration

Rate constant for the dye degradation in Figure 6 (b)
increased first from 5 ppm reaching a maximum at 10 ppm,
and then decreased from 15 to 30 ppm under otherwise similar
degradation conditions. The initial increase resulted from
more active sites on the catalyst than dye molecules in solu-
tion, while the subsequent decrease in rate constant resulted
from more dye molecules than there were catalyst sites. Thus,
the absorbance of the supernatant solution increased as dye
concentration increased (Reza, Kurny, & Gulshan, 2017) . The
excess dye molecules blocked the UV-light from illuminating
the catalyst surface hence reducing degradation rate (Saquib
& Muneer, 2003). Although the optimum dye concentration
obtained was 10 ppm for all the photocatalyst, more dye
molecules were degraded by the doped catalysts.

3.5.3 Effect of catalyst concentration

The degradation rate of picric acid increased with
catalyst concentrations from 0.1 g/l to 0.35 g/l (Figure 6 c)
reaching a different optimum for each photocatalyst. At first,

more active sites were found on the catalyst, which were
sufficient for the dye molecules, thus increasing the degra-
dation rate (Saquib & Muneer, 2003). Beyond the optimum
catalyst concentration, less dye molecules occupied the sites
leaving empty sites on the catalysts surface, which increased
the turbidity of the solution and prevented UV-irradiation
from being absorbed by the catalyst (Gogate & Pandit, 2004;
Li & Chen, 2011). Optimum catalyst concentrations found
were 0.15, 0.20 and 0.25 g/l for the 10 %, 5 % and 1 % doped
TiOz2 respectively and 0.25 g/I for the undoped TiO2. This was
so because the area of active sites exposed to degradation
increased as the dopants were introduced and equally
increased as percent dopant concentration increased (Gogate
& Pandit, 2004).

3.5.4 Effect of temperature

From Figure 6 (d), the degradation rate constant
increased with temperatures from 30 °C up to a maximum of
55 °C, which is in good agreement with literature (Mozia,
Morawski, Toyoda, & Inagaki, 2009). At low temperatures the
adsorption of dye molecules and final product was favoured,
while desorption of the products which tends to inhibit the
reaction was not favoured. When the temperature was raised
above the optimal 55 °C, degradation rate decreased. This was
because adsorption of the dye, which is the rate limiting step,
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becomes disfavored while desorption was enhanced. The
doped TiO cases were also found to have higher degradation
rates at all the temperatures tested, than the undoped catalyst,
because the energy levels introduced by the dopant ion into
the band structure of the TiO2 reduced the recombination of
the charge carriers at the various temperatures (Mamba,
Mamo, Mbianda, & Mishra, 2014).

3.6 The activation energies

Activation energies of the uncatalyzed and catalyzed
dye degradation reactions (Table 2) were obtained from the
slopes of the various Arrhenius plots (Figure 7). The acti-
vation energy of the uncatalyzed reaction was higher than of
the catalyzed reactions, confirming true catalysis (Odebunmi,
2013; Odebunmi, Ogunlaja, & Owalude, 2010). Also, the acti-
vation energies decreased as the dopant concentration in-
creased. This decrease indicates higher efficiency of the doped
than undoped photocatalysts and much higher than of the
uncatalyzed reaction. All the values obtained fall within the
range of activation energies reported in prior literature for
photocatalytic degradation reactions, which is 5-55 KJ mol!
(Shah et al., 2003).

3.7 Comparison of photocatalytic activities

Maximum dye degradation with and without cata-
lyst was 87 % and 4.6 %, respectively (Figures 8 a - b). This
amounts to about 21 times more activity when catalyzed than
when not catalyzed. Among the photocatalysts, the undoped
TiO2 gave the least degradation, which is attributed to a wider
band gap than when doping the photocatalyst. The dye
degradation also increased as dopant concentration increased,
because the energy level created by the higher dopant
concentration was closer to the valence band than with lesser
dopant concentrations. As a result, more holes in the valence
band were created in the former case. The cobalt and nickel
dopants produced almost equal degradation rates at the equal
doping levels of 1 %, 5 % or 10%.

4. Conclusions

In the synthesized Ni-TiO2 and Co-TiO2 catalysts,
the metal ions increased the photocatalytic activity of TiOa.
The characterization studies showed increasing activity of the
photocatalysts in the rank order: undoped < 1 % doped <5 %
doped < 10 % doped TiO2. Degradation occurred both in the
presence and absence of photocatalysts, but the catalysts in-
creased both rate and extent of degradation.
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