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Wastewater treatment containing pesticides has become an intensively studied field in recent years. Titanium
dioxide is the most efficient photocatalyst that uses UV radiation, but the photocatalytic properties can be
improved under visible radiation conditions. The photocatalytic properties of titanium oxide are closely related
to materials defect disorders, such as oxygen vacancy and Ti** defect. Therefore, defective TiO, or black TiO5
nanoparticles are attractive materials for heterogeneous photocatalysis. Defective nanoparticles with superior
properties to white TiOz and efficient solar harvest in the photocatalytic application were synthesised in two
convenient and low-cost steps via facile sol-gel and NaBH,4 reduction techniques. In the reduction step of the
white titanium dioxide powder, the defects were controlled by varying the TiOy: NaBH4wt ratio at 350 °C for 1 h
in an argon atmosphere, obtaining powders with shades of grey to black. The characterisation measurements
include structure (XRD, XPS, EDS), morphology (SEM), optical properties (UV-vis DRS spectra), and particles
(surface area, porosity, DLS particle size distribution) were applied to investigate the properties of nano-
structured defective TiOz. EDS analysis revealed that the O: Ti ratio for the white TiOy powder sample was
approximately 1.7, which decreased from 1.7 to 1.6 and 1.4 as the TiO:NaBH4 ratio was 4:1, 2:1 and 1:1,
respectively. Photocatalytic activity of black titanium oxide under visible light was over 90% of imidacloprid
degradation and can be associated with the specific surface area, bandgap energy smaller than white TiO,, a
large amount of surface defect Ti* and oxygen vacancies that promote charge carriers’ separation.

1. Introduction exemplified by considering the most common photocatalyst, titanium
dioxide. A photocatalyst is activated by a radiation having hv> Eg (Eg =
bandgap energy), when electrons (e”) and holes (h") are generated Eq.

(1)) in the conduction and valence band, respectively, [11]. Holes

The release of neonicotinoid pesticides is a significant concern for the
environment due to their high mobility in the soil and the contamination

of groundwater and surface water [1]. For example, imidacloprid is one
of the most widely used neonicotinoid pesticides, effective against
agricultural pests, so it appears in the aquatic environment in increasing
concentrations, affecting insects, birds, crustaceans, fish, and organisms
in the soil by increasing acidity [2,3].

Advanced oxidation processes (AOP) are degradation processes of
organic pollutants, in particular pesticides, based on reactive oxygen
species (ROS) generated on the photocatalyst surface. Titanium oxide-
based heterogeneous photocatalysis for pollutant degradation has
been investigated over decades [4] and is based on the reaction between
a broad range of organic pollutants and ROS species [5]. The generally
accepted steps in heterogeneous photocatalytic processes [6-10] are
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participate in oxidation processes, such as organic compounds (Red;)
(Eq. (3)), H2O (Eq. (4)) or hydroxyl ions (HO™) (Eq. (5)), and electrons
participate in reduction processes (Egs. (6) and ((9)), if which they do
not combine each other Eq. (2)) [12]. ROS species are generated in the
photocatalysis process, so electrons and holes in Eq. (1), hydroxyl rad-
icals (HO ") in Egs. (4) and ((5), and superoxide radicals (O3 *) in Eq. (6).
Superoxide radicals fulfil the role of oxidising agents in reacting with
species formed on the catalyst’s surface. Superoxide radicals react with
protons to form HOj radicals (Eq. (7)), then superoxide radicals form O,
and H204 molecules (Eq. (8)). Finally, the electrons in the CB react with
the oxidant species according to Eq. (9).
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Fig. 1. SEM images of white TiO, powders.

Table 1
Elemental composition of powder samples.

Elemental composition measured by EDS

Sample Ti o C Na B* Trace elements (S, O:Ti
P, Si) ratio
TiOy 340 56.7 9.3 - - - 1.7
Bl 327 554 108 0.9 - 0.2 1.7
B2 343 546 99 1.1 - 0.1 1.6
B3 39.0 54.9 4.9 1.1 - 0.1 1.4
Elemental composition measured by XPS
Ti [¢] C Na** B Trace elements (S, O:Ti
P, Si) ratio
TiOy 248 587 165 - - <0.1 2.4
Bl 23.2 562 149 49 08 <0.1 2.4
B2 202 534 161 7.0 3.2 <02 2.6
B3 19.3 52.8 14.5 8.5 4.8 <0.2 2.7

*Boron detection by EDS is technologically limited and intentionally was not
executed

*Sodium concentration can be overestimated due to the partial overlap between
the Na 1 s and Ti LMM Auger electron peaks.

2TiO; + hv & TiO, (e”) + TiO, (h™) (€]
e~ + h™ ©2TiO, + heat (2)
h* + Red, © Ox; + TiO, 3
h* +H,0 & HO® +H" + TiO, “@
h* + HO™ & HO"® + TiO, (5)
e +0,40;° +TiO, (6)
0,* + H" ©HO; @)
2HO; < 0, + H,0, (8)
e~ + Ox; ©Red; + TiO, )

Radicals and ions formed on the surface of the semiconductor
participate in the following processes: a. react with adsorbed com-
pounds on semiconductor materials; b. may diffuse from the surface of
the semiconductor into solution by participating in chemical reactions;
c. they can recombine; responsible for low photodegradation efficiency
limited the applications.

There are some limitations of titanium oxide photocatalysts in the
visible light application: (1) rapid recombination between electrons and
holes (Eq. (2) and (2) titanium oxide adsorption only under UV radia-
tion. Numerous studies are published yearly to elucidate these TiO,
limits toward photocatalytic activity under visible light irradiation [13,
14].

Black TiOy, usually called defective TiO,, is a recently investigated
material that exceeds these limits [15] by creating the defect species
such as oxygen vacancies and Ti3* [16] as described by the defect re-
action (Eq. (10)); enhanced photocatalytic capacity [17,18]. Ti®+ spe-
cies have been reported as colour centres leading to significant changes
in the E; value of TiO, [19] and electronic structure [20].
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Table 2
The textural parameters (N, adsorption-desorption measurement), crystallite size and crystalline form (XRD), DLS characterisation, pHzpc and bandgap of materials.
Samples N, adsorption-desorption DLS pHzpc XRD Eg
SBET Pore Average Mean Z-average PDL SIZE VOLUME Crystallite Crystalline (eV)
(m?/; g) volume pore size nanoparticle diameter (nm) (%) size form
(cm®/g) (nm) size (nm) (nm)
TiOy 34.69 0.078047 8.999 173 457 0.348 101.5 1 6.45 29.9 nm Anatase 3.45
559 49.7 50.5 nm Rutile
5278 49.3
B1 37.68 0.097878 10.39 159 458.8 0.41 747.3 68.3 6.485 25.5 nm Anatase 3.41
5389 31.7 26.3 nm Rutile
13.9 nm TiOx
B2 32.518 0.080050 9.84 184.5 489.8 0.383 611.6 40.2 6.4 28.3 nm Anatase 2.85
5163 59.8 17.3 nm Rutile
15.3 nm TiO,
B3 33.5 0.090632 10.82 179.08 391.1 0.35 107.5 1.9 6.94 23.1 nm Anatase 3.32
523.8 56.4 38.0 nm Rutile
5338 41.8 7 nm TiOx

Fig. 2. SEM images of black TiO, powders.

2T}, + O} —2Tiy, + 1/20, + V; (10)

Sodium borohydride (NaBHy4) can reduce Ti** to Ti*+ according to
Egs. (11) and (12) because Hj is formed in situ at room temperature (Eq.
(13)), and white TiOs turns to black powder and has Ti%* vacancies [15].

NaBH, + 80H —NaBO, + 6H,0 + 8¢~ an
Ti*" + e ->Ti*" 12)
BH; + 2H,0-BO; +4H, 13)

Getting a high concentration of surface defects on TiO2 without
impurities is still a big challenge. The presence of bulk oxygen vacancies

in the TiO; lattice causes an increase in chemical potential in the region
where bulk oxygen vacancies exist. In addition, surface defects play an
important role in photocatalytic processes on the TiOy surface. The
surface oxygen vacancies influence the photocatalytic activity under
visible light and act as traps to inhibit electron-hole recombination [21].
During the annealing of photocatalytic materials, diffusion of oxygen
vacancies from the bulk to the surface is possible, while oxygen ions
diffuse into the TiO; bulk. Therefore, defects such as Ti>* and oxygen
vacancies coexist in the defective TiOg, according to Eq. (14) [22].
0% +2Ti*" -0, + %oz +2Ti*" 14

The scavengers are assumed to react fast with a ROS species,
inducing other stable species not implicated in the photocatalysis
mechanism [23,24]. In this study, formic acid (20 mM), 2-propanol (1
M), 1,4 benzoquinone (1 mM), and potassium dichromate (1 mM) have
been used as species for holes (Eq. (15)), hydroxyl radicals (Eq. (16)),
superoxide ion radicals (Eq. (17)), and electrons scavengers (Eq. (18)) to
prove the contribution of these species in the photocatalysis mechanism.

HCOO™ +h'—CO, + H* @s)
HO' + (CH;),CH — OH—H,0 + (CH;)C' — OH 16)
BQ+ 0, »BQ™ +0, a7
Cr,07” + 14H' + 6e”—2Cr’" + 7TH,0 (18)

This work reports a systematic investigation of black TiO, nano-
particles for imidacloprid degradation under UV and simulated VIS
irradiation for the first time. The different ratios between NaBH, and
white TiO5 were chosen to investigate Ti®* and oxygen vacancies gen-
eration on the photodegradation of imidacloprid, in detail, a more
convenient and economical synthesis method compared with other re-
ported methods. Moreover, the scavengers effect on the degradation
mechanism were investigated.

2. Experimental procedures
2.1. Black TiO2 nanoparticles synthesis

Synthesis of black TiOz nanoparticles consists of the following steps:
(1) TiO; sol-gel was obtained from titanium isopropoxide (>97.0%,
Sigma-Aldrich), as Ti precursor in nitric acid medium and calcinated at
500 °C for three hours, the temperature was chose based on previously
our experiments to obtain mainly the structural form anatase and rutile
[25,26]. In the second step, a chemical reduction of the TiO; sol-gel with
NaBH, (sodium borohydride, 99%, VenPure) occurred. Powder of TiOy
and NaBH4 were mixed in a mass ratio of 4: 1 (denoted as B1), 2: 1 (B2)
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and 1: 1 (B3), respectively. The powders were mixed, homogenised, and
introduced in an oven at 350 °C for 1 h in the argon atmosphere
(increasing temperature by 5 °C/min). They were then cooled to room

o
o

Normalised Intensity
o o o o o
- N w - wn

o

' ' ' 1.0
TiO ﬂ Tizp |
o 2 Ti“ 09

Ols

B3 07

o
o

o
>

Normalised Intensity
(=]
»

o
w

o
N

o
-

1 1
53 534 532 530 528 526
Binding Energy (eV)

1 1 -
466 464 462 460 458 456 454
Binding Energy (eV)

Fig. 3. Comparison of Ti2p and O1 s core level electron spectra.

Intensity, kcps
- -3 @

o N

o

>

Intensity, kcps

Tio, 8
Ti*4

\ .

giad e .

468 466 464 462 460 458 456 454 468 466 464 462 460 458 456 454

Int

O - N W s OO N

B2 8+ B3
% Tid
‘g 4 Ti*3
<2 _/\ /

468 466 464 462 460 458 456 454
Binding Energy (eV)

468 466 464 462 460 458 456 454
Binding Energy (eV)

Fig. 4. Fitting of white and black TiO, powder Ti2p peaks.

+ Anatase
’ of
® Rutile
a TiO,
3
© . +
- ++ By
Zlo oo e WA e K. s
=
L s \ \ .
c (— i~ w A~ N A
Bl A A h A A
Tio, A “ AA A
T T T T T T Y T T
20 30 40 50 60 70

2 Theta (degree)

Fig. 5. XRD patterns of white and black TiO, powders.
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temperature, washed with HCl 1 M solution, filtered many times until
the pH reached around 6-7, and dried in a forced-air oven for 12 h at
105 °C. The powders synthesised by this method have a dark grey to
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Fig. 6. (a) N2 adsorption-desorption isotherms and (b) BJH pore size distri-
bution diagram of catalysts.

black appearance, depending on the TiO:NaBH,4 ratio used in the
synthesis.

2.2. Photocatalysts characterisation

The X-ray diffraction was used to investigate the crystal structure of
the samples, the XRD equipment Bruker D8 with theta-theta goniometer
operation and Cu Ka radiation was used to obtain the patterns, and the
crystallite size was evaluated using the TOPAS software package. Pow-
der images and elemental composition were measured by Scanning
Electron Microscope (equipment: Hitachi S-3400 N) equipped with
Energy-Dispersive Spectrometer (equipment: Bruker Quad 5040). The
chemical composition of the samples was evaluated using X-ray Photo-
electron Spectrometer (equipment: PHI Versaprobe 5000) using mono-
chromated Al Ko radiation (1486.6 eV). These measurements were
performed using 25 W beam power, 100 pm beam size and 45° mea-
surement angle. Sample charging was neutralised using a dual system
consisting of low energy electrons and ions. As charge reference,
adventitious carbon Cls peak position of 284.8 eV was used. A diffuse
reflectance measurement and Kubelka-Munk model were utilised to
determine the band gap value of the materials. The particle size distri-
bution is an important parameter to study; freshly prepared samples in
distilled water were analysed using the dynamic light scattering (DLS)
method, analysed Zetasizer Nano ZS. Zetasizer Nano ZS has been used to
measure smaller particles ranging from 0.6 nm to 10 um. Triplicate
measurements were taken from diluted particle suspensions (10 mg/10

Surfaces and Interfaces 32 (2022) 102123

mL distilled water) after 5 min of sonication. Three replicate samples per
time point were performed, and the data were shown as mean. The data
for DLS is represented as volume frequency (%).

N adsorption-desorption isotherms for synthesised materials were
obtained at —196 °C (equipment: Micromeritics Tristar II Plus analysers)
after outgassing 4 h at 250 °C under vacuum (10’3 Pa). The measure-
ment provides the surface area and porosity measurements.

The mass titration method determined the zero point charge of TiO»
and black TiOg, and was experimentally done by acid-basic titration,
previously described [27,28]. As a result, the graphical representation of
Viotal Of acid as a function of pH, and by deriving the first order of the
graph (Fig. 1S), the values for isoelectric pH were obtained.

2.3. Photocatalytic experiments

The photocatalytic activity of materials was evaluated by investi-
gating the degradation of imidacloprid under UV and UV-VIS irradia-
tion at room temperature. Different quantities of photocatalysts (0.6 and
1 g/L) were added to 50 mL of IMD (20 mg/L) with unmodified pH, for
two reasons: (1) a concentration of 1 g/L was used to investigate the
photocatalytic efficiency of the synthesized materials as a function of
irradiation time and (2) a concentration of 0.6 g/L was chosen to
highlight the effect of ROS on the photodegradation mechanism of
imidacloprid. The suspension was magnetically stirred in the dark for 30
min to achieve adsorption-desorption equilibrium between IMD and the
photocatalyst. Ten tubes of Philips F18W/T8 black light and UVA light
(340-400 nm, Amax = 365 nm, 180 W) provided the UV irradiation. The
simulated solar irradiation (excluding IR) consists of 80% VIS and 20%
UV provided by 8 Philips TL-D Super 80 18 W/865 tubes, Vis light
(400-700 nm, Apax = 565 nm, 144 W) and two tubes Philips F1I8W/T8
black light (nominal power of 36 W). The sample was taken every 30
min for 6 h, centrifuged at 2000 rpm for 5 min, and filtered through
Millex 0.45 pm filters. The supernatant concentrations were analysed
using high-pressure liquid chromatography (HPLC). The Shimadzu LC-
20ADsp instrument is equipped with a UV detector SPD-20A and set at
a wavelength of 270 nm, a C18-Macherey Nagel column, Nucleosil 5 pm,
the mobile phase was acetonitrile: water (70:30), and flow was 1.2 mL/
min. The HPLC method was developed and validated in terms of line-
arity, range, the limit of quantification (LOQ) and the limit of detection
(LOD) using a series of standard solutions between 5 pg/L and 100 mg/L.
The degradation rate of IMD was calculated using Eq. (19).

e

0

-100 (19)

n

where: co=initial IMD concentration (mg/L), and c=IMD concentration
(mg/L) at a time t (minute).

Preliminary studies were performed in the absence of the photo-
catalyst in the dark, indicating that IMD has good photochemical sta-
bility and the absence of photolysis processes. Furthermore, the
photolysis mechanism (only pollutant under illumination conditions)
does not significantly affect the photodegradation tests.

All experiments indicated pseudo-first-order photodegradation ki-
netic (Eq. (20)) concerning the IMD concentration and modelled by the
Langmuir-Hinshelwood relation (Eq. (21)), which allows determining
the values of the kinetic constants (k, min ) and the half-life (t; ,2) when
half of IMD concentration is degraded (Eq. (22)).

c=cpe ¥ (20)

Inc/cy = —kt 21)
In2

typ =~ (22)

The scavengers effect was investigated to elucidate the photo-
degradation mechanism of imidacloprid over nanoparticles photo-
catalyst. The reaction was accomplished with an aqueous solution of
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Fig. 7. Particle size distribution examined by DLS measurements. Particles size between 0.6 nm and 10 um, represent as volume frequency (%) produced by
irradiation of a solution of 10 mL distilled water containing 10 mg nanoparticles of TiO2 (a), B1 (b), B2 (c) and B3 (d) respectively.

imidacloprid 20 mg/L containing 0.6 g/L photocatalysts for up to six
hours and with the addition of scavenging species, formic acid (20 mM),
2-propanol (1 M), 1,4 benzoquinone (1 mM), and potassium dichromate
(1 mM) for holes (Eq. (15)), hydroxyl radicals (Eq. (16)), superoxide ion
radicals (Eq. (17)), and electrons scavengers (Eq. (18)).

3. Results and discussions
3.1. Materials characterisation

EDS and XPS techniques analysed the elemental composition of
white and black powders (Table 1). EDS technique obtains most of its
signal from the depth of 1-2 um and provides a more generalised
composition of the powders. In contrast, XPS is a surface analysis
technique and provides information only from the top 5-10 nm. Un-
fortunately, both methods can not warranty high quantitative precision.
Nevertheless, their combination can provide valuable qualitative in-
sights into the difference between the ,,bulk” and the top surface of the
powders.

EDS analysis revealed that O:Ti ratio for the white TiOy powder
sample was approximately 1.7. Slightly sub-stoichiometric O:Ti ratio of
TiO5 powder produced by sol-gel is not extraordinary and can be present
if 500 °C annealing temperature is used [29]. Theoretically, TiOg
reduction by NaBH4 Egs. (1) and ((2) should partly change the oxidation
state of titanium from +4 to +3 and create oxygen vacancies. In practice,
these reactions are reflected by shrinking the O:Ti ratio, which
decreased from 1.7 to 1.6 and 1.4 as TiO5:NaBH4 ratio was 4:1, 2:1 and
1:1, respectively.

Interestingly, O:Ti ratios measured by XPS demonstrate a completely
opposite tendency to the values provided by EDS. First, O:Ti ratio for all
samples is higher than the stoichiometric value. Second, the O:Ti ratio

increases as a higher quantity of NaBH4 is used for the reduction. In
general, the over-stoichiometric O:Ti ratio obtained by XPS can be
explained entirely by the peculiarities of the method. XPS obtains in-
formation from the top surface; therefore, its data combines the signal
coming from the sample and adventitious contamination composed of
various hydrocarbons and moisture. In the current study, before XPS
analysis, samples were handled in air, which is the main source of the
observed carbon and additional oxygen (in EDS study, most of the car-
bon signal was observed from the carbon conductive tabs which were
used for the powder placement).

While the reasoning behind stoichiometry discrepancy is relatively
straightforward, the nature of different O:Ti ratio trends for “surface”
and “bulk” is unambiguous. To understand it, we compared Ti2p and
O1s core level electron spectra (Fig. 3) and looked for surface chemistry
changes. Main Ti2p3 s peaks for all samples were positioned at 458.8 eV,
and corresponding Ti2p;,» peaks were placed at 464.5 eV. Position of
the peaks, duplet separation energy (5.7 €V), and high peak symmetry
(Fig. 4) [30] confirmed that at the surface of white TiO, powder, nearly
all titanium was fully oxidised to Ti™* state. Detailed analysis of black
powder Ti2p spectra (Fig. 4) identified additional weak peaks at
approximately 457.1 eV and 462.8 eV which are attributed to the Ti*>
state [31]. Mathematical fitting revealed up to 3%, 6%, and 2% of ti-
tanium at the surface in Ti*® oxidation state, for samples B1, B2, and B3,
respectively. Combined with EDS data, these numbers suggest that
“bulk” and “surface” regions of black TiO, powder are not uniform. The
bulk has many oxygen vacancies, whereas its surface is nearly fully
oxidised. Presumably, limited oxidation of TiO surface could have
taken place during their drying at 350 °C. Ols spectra of white TiO;
powder has the main peak located at 530.0-530.1 eV. This peak well
corresponds with the reported values of TiO, [32]. A small shoulder
peak at approximately 531.0-531.5 eV can be attributed to the C-O [33]
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Table 3

Photodegradation rate constants and half-lives of IMD in two photocatalyst concentrations (1 g/L and 0.6 g/L) and under two irradiation types (UV and UV-VIS).
Samples k (min~1) t1/2 (h) R? k (min~1) t1/2 (h) R? k (min™1) t1/2 (h) R? k (min™1) t1/2 (h) R?

Cphotocat=1 g/L,UV irradiation Cphotocar=0.6 g/L,UV irradiation Cphotocar=1 g/L,UV-VIS irradiation Cphotocar=0.6 g/L,UV-VIS irradiation

TiO, 0.00259 4.46 0.99744 0.00362 3.19 0.96984 0.0023 5.02 0.99696 0.00168 6.88 0.99744
Bl 0.00421 2.74 0.98273 0.00214 5.40 0.94756 0.00248 4.66 0.99086 0.00173 6.68 0.98964
B2 0.00554 2.09 0.98425 0.00184 6.28 0.8623 0.00274 4.22 0.98846 0.00194 5.95 0.9867
B3 0.00479 2.41 0.97869 0.00234 4.94 0.99183 0.00252 4.58 0.98783 0.00166 6.96 0.98917

or O-H groups [34]. Reduced samples have a significantly stronger
shoulder extended towards higher binding energies. According to liter-
ature, Ols components at 532.0-532.5 eV can be attributed to the
adsorbed water moisture, C=0, and Ti;Os [30]. However, considering
relatively small fractions of observed Ti*3 and low probability of car-
bonate formation, we assume that most of the surplus oxygen is brought
up by the adsorption of water moisture. It can be noticed that reduction
by NaBHjy increases the surface area of black TiOy powders, which is a
potential booster for moisture adsorption. Accordingly, it would explain
the increased O:Ti ratio trend observed by XPS but not by EDS analysis
(Table 1).

XRD patterns of white and black powders are presented in Fig. 5.
Titanium oxide forms anatase and rutile phases mixture in all samples,
where anatase fraction is approximately 94-96%. In addition to the
stoichiometric titanium dioxide phases, samples B1, B2, and B3 also
have several relatively wide peaks which were not fully matched by any
of the titanium-oxygen compounds included in the comprehensive PDF-
4 + 2022 Powder Diffraction File database. The unknown phase did not
correspond to the database’s titanium or sodium oxide, borate, hydride

or hydroxide phase. On the other hand, it can be noticed that the in-
tensity of the unknown phase well correlates with the intensity changes
of Ti*® peaks in XPS spectra (Fig. 4). Moreover, all but one peak of the
unknown phase was matched by the PDF pattern #01-071-6414,
attributed to the orthorhombic Tis 505 oxide. Considering these two
factors, we assume that reducing white TiO, powder resulted in some
crystalline titanium suboxide phase formation. Synthesis of such sub-
oxide phase would agree with EDS data presented above. Crystallinity
determination is complicated with an unknown phase because it is not
clear which features belong to this possible TiOx phase. More quanti-
tative details of the observed phases and their distribution are provided
in Table 2.

The detailed experimental data related to the BET surface area,
porosity, volume of pores, pore size and nanoparticle size were calcu-
lated by the BJH method and are listed in Table 2 to explore the effect of
pore structure and surface area on IMD photocatalysis. The specific BET
surface area and pore size slightly vary after reduction, in which the
surface area, pore size and pore volume of TiO, sample were 34.69 m?/
g, 8.999 nm and 0.078 cm®/g, respectively, then increased in B1 sample
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Table 4
Comparison of the photocatalytic performance between defective black TiO, materials.
Pollutant/category Photocatalyst: Synthesis method Properties Irradiation source Experimental Photodegradation Refs.
and experimental conditions condition efficiency, kinetics
Imidacloprid sol-gel followed by NaBH,4 Sger =32.518 UV - Philips UV-B tubes (180 Catalyst = 1 g/L 90%, 360 min, UV, k = This
(pesticide) reduction, 350 °C, 1h m¥g w) IMD=20 mg/L 0.00554 min ! work
Eg=2.85eV UV-VIS - 144 W Philips TL-D 67%, 360 min, UV-VIS, k =
tubes and UV-B tubes 36W 0.00274 min !
Gallic acid (phenolic green chemical precipitation Sger =99.98 500 W halogen lamp Catalyst = 16 g/L 48.17%, 3 h, VIS [45]
compound) synthesis using glycerol as a m¥g GA=224.85 mg/L
reducing agent Eg=2.67eV
Tetracycline H, treatment p = 5 bar, 24 h, 400 °C Sper =22.2 1000 W Xe lamp, 400 nm Catalyst=0.2 g/L 66.2%, 4 h, VIS, k = 0.0045 [46]
(pharmaceuticals) m?¥g cut-off filter (40 mW ecm™?)  TC= 10 mg/L min~!
Acetaminophen H, atmosphere, flow of 100 mL/min,  Spgr =40.62 A 150 W Xe arc lamp Catalyst: pellet 90%, 3 h, VIS, k =0.998 h ~ [47]
(pharmaceuticals) for 3 h at 500 °C m?¥g ACE= 1 mg/L 1
E,—2.53eV
Rhodamine B (dye) the evaporation-induced self- Sper =233 300 W Xe lamp, 400 nm cut-  Catalyst =0.006 93%, 50 min, VIS,k = 0.038 [48]
assembly followed by NaBH,4 m¥g off filter g/L min~?
reduction RhB=0.005 mM 90%, 10 min, UV, k = 0.236
min~!
Rhodamine B (dye) hydrothermal synthesis method, Eg=2.54 eV 300-W Xenon lamp Catalyst = 0.4 g/L.  57.8%, 180 min, VIS,k = [49]
180 °C for 12 h, ascorbic acid as RhB=5 mg/L 0.0031 min~!
reductant
Rhodamine B (dye) sol-gel hydrothermal method, Sper =173.6 300 W Xe lamp, 400 nm cut- Catalyst = 1 g/L 99%, 20 min, VIS [50]
200 °Cfor 1 h m¥g off filter RhB=20 mg/L
Methyl orange (dye) sol-gel TiO, by NaBH,4 reduction Sper =42.4 UV 0.044 W/m?, (75 W Catalyst =1 g/L 82.17%, 4 h, UV [51]
500 °C for 10 h, NaBH,: TiO, = 1:1  m?¥g Philips) MO=10 mg/L 71.92%, 4 h, VIS
(molar ratio) Eg=1.7 eV VIS, 0.291 W/mz, asw
Philips TL-D standard colour
lamp)
Methyl orange (dye) Anatase TiO, powder and Eg=2.5eV 300 W Xe lamp, cut-off filter ~ Catalyst = 0.5 g/L.  56%, 120 min, VIS, k = [52]
aluminium reduction, 650 °C 60 min (A > 420 nm) MO=500 mg/L 0.334h 1
methylene blue (dye) colourful defective tio,. Sprr =255.4 300 W Xe lamp, 400 nm cut- Catalyst = 2 g/L 90%, 1 h, VIS [53]
microspheres solvothermal method m¥g off filter MB= 2:10"°M
E,=2.16 eV
Methylene blue (dye) black TiO, 4 microspheres, Eg=2.82 eV 300 W Xe lamp and Air Mass Catalyst =1 g/L 78%, 2 h, VIS, k = 0.01040 [54]
-1

ultrasonic spray pyrolysis, 900 °C

1.5 Global Filter

MB=210"°M

min

IMD=imidacloprid, GA= gallic acid, TC=tetracycline, ACE=acetaminophen, RhnB=Rhodamine B, MO=methyl orange, MB=methylene blue.
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Fig. 9. Effect of holes, electrons, hydroxyl radicals and superoxide radicals scavengers on photocatalytic degradation of IMD under UV, 1 h (a) and 6 h (c) and
UV-VIS, 1 h (b) and 6 h (d) irradiation (Experimental conditions: photocatalyst 0.6 g/L, IMD 20 mg/L).

at 37.68 m?/g, 10.39 nm and 0.097 cm®/g, respectively, indicating a
large number of interconnected fine TiO, nanoparticles, observed in
SEM analysis (Fig. 2) rendering the generation of oxygen vacancies

exhibit a high photocatalytic activity (Fig. 8).
The catalysts’ Ny adsorption and desorption isotherm curves and the
pore size distribution plots obtained by BJH are shown in Fig. 6a and
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Table 5
The significance of active species in the imidacloprid photodegradation pathway.
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Catalysts Photodegradation mechanism
UV irradiation (6 h) UV-VIS irradiation (6 h)
holes electrons hydroxyl radicals superoxide ion radicals holes electrons hydroxyl radicals superoxide ion radicals
TiO, x < LS v x L3 @ v
Bl x v < @ < v v &
B2 x < ® v @ v v v
B3 * < 4 v/ v v v v

x The scavenger influence on the degradation efficiency is insignificant or missing
v
The scavenger influence on the degradation efficiency is significant
&
The scavenger influence on the degradation efficiency is average
h"+IMD - intermediates/mineralisation products.
e +0,— 0z
‘OH + IMD - intermediates/mineralisation products.
‘03 +IMD— intermediates/mineralisation products

Fig. 6b, respectively. As shown in Fig. 6a, all the samples belong to the
same shape as a type IV isotherm, which has a clear H4 hysteresis loop
for TiO, and H3 hysteresis loop for black TiO,, appearing at high relative
pressure p/pp=0.6-0.9, characteristic of mesoporous materials [35],
indicating that the samples have narrow mesopores, which is beneficial
for exposure organic pollutants of more active sites [36]. On the other
hand, the reduced black TiO3 (B1, B2 and B3) hysteresis loop at a higher
pressure (p/po 0.8 to 0.9) reflected the structural defects formed during
the reduction process. In Fig. 7, the pore distribution of samples shows
the highest peak value at 8.77 nm, 13.19 nm, 8.95 nm and 12.43 nm,
respectively, corresponding to TiOy, B1, B2 and B3, that it has mainly
mesopores as reported in the literature [37], suitable for effective
diffusion of imidacloprid molecules (5.9 ;\) into channels and provide
accessibility to the active sites.

The dynamic light scattering (DLS) measurements assume that all
particles are spherical. However, most of the particles studied in this
paper are not spherical and scatter the light differently depending on its
orientation. Furthermore, since the measurements are performed for
particles in DI water, the particles in the solution are arbitrarily floating
around, and the error source is random. The aggregates of TiO2 nano-
particles suspended in water were determined using DLS measurements
(Nano ZS) (Fig. 7) under three conditions: (1) after 5 min of ultrasonic
treatment (designed red in the graph, as immediate particle size), (2) 3
min (designated as green) (3) 6 min (designated as blue) after the
experiment was started. The measurement shows TiO, nanoparticles
consist of aggregates with a Z-average diameter of 457 nm, with the
main contribution of 49.7% of the particles of 559 nm, 49.3% of 5.278
um in diameter. In suspension in distilled water, black TiO, Z-average
diameter was 458.8 nm (B1 sample), 489.8 nm (B2 sample) and 391.1
nm (B3 sample), respectively, as shown by DLS technique (Table 2,
Fig. 7). The aggregates between 400 nm and 5 um were also observed in
the SEM images (Figs. 1 and 2).

The isoelectric point of the materials is another quantity of param-
eters that influences the photodegradation processes of pollutants. At pH
values lower than pHyzpc, the surface becomes positively charged, while
at pH> pHypc, the surface becomes negatively charged. Consequently, in
acidic solutions (the pH of the imidacloprid solutions used in the pho-
todegradation tests was 6.35), due to the existence of electron-rich ar-
omatic rings in the structure of the imidacloprid molecule, it tends to be
adsorbed on the positively charged surface of the powders. Synthesised,
thus from an electrostatic point of view, all materials are charged
favourably (positively) at the pH of the pollutant (6.35), favouring the
photodegradation reactions, a fact confirmed by the very good photo-
degradation efficiencies (Fig. 8). Imidacloprid is a pesticide whose pKa
are 1.56 and 11.12 [38]. The pHpyzc were around 6.4 ... 6.94 (Table 2)
and above 6.35 characteristic of imidacloprid at which photocatalysis
takes place, favouring the degradation reaction by electrostatic in-
teractions established between the pollutant molecules and the surface

of the photocatalyst (Table 2S). On the other hand, when working at pH
< pHpyzc, the catalyst surface becomes positively charged, and there are
repulsive forces between the positively charged surface of the IMD.
Therefore, an attraction between photocatalyst surface and contaminant
molecules begins at pH values higher than pHpyzc.

3.2. Photocatalytic degradation of imidacloprid

The potential application of as-prepared black TiO, samples was
evaluated for imidacloprid photodegradation as an environmentally
friendly technology, under UV and UV-VIS irradiation, after various
time intervals. The detection of imidacloprid was performed using a
series of standard solutions. The calibration curve showed linearity in
the concentration ranges 5 pg/L-100 mg/L with correlation coefficients
of 0.9999. The LOD and LOQ were 50 ug/L and 160 ug/L, respectively.
The regression equation for imidacloprid residue detection is
y=45851x-+8003.8, with a correlation coefficient R>=0.9999.

The IMD degradation was under 3% in the photolysis experiments,
which indicates the stability of IMD under UV and simulated visible light
irradiation and without the presence of a photocatalyst. At an optimal
photocatalyst concentration, a more significant number of active centres
at the catalyst surface were available for more pollutant molecules.
Thus, the degradation rate increases, which is characteristic of hetero-
geneous photocatalysis and agrees with the studies reported earlier [17,
39-43]. The effect of initial catalyst concentration was investigated
under 0.6 and 1 g/L. For example, white titanium dioxide shows the best
photodegradation efficiency of IMD under UV radiation if 0.6 g/L pho-
tocatalysts were used; increasing this amount to 1 g/L leads to a decrease
in efficiency from 73% to 68%. As shown in Fig. 8, the degradation ef-
ficiency of IMD associated with B1, B2 and B3 photocatalysts reached
83%, 90%, and 86%, respectively, in 360 min, compering with only 68%
in the presence of white TiO, photocatalyst, under UV irradiation.
However, this difference between white and black TiO5 is neglected
under simulated visible irradiation, and only the B2 sample showed
higher degradation efficiency of 67%.

The almost organic compounds followed the Langmuir-Hinshelwood
kinetics. At very low concentrations of the pollutant, as run in this study,
the kinetics is respect to pseudo-first-order. Table 3 shows that the most
effective catalyst for IMD degradation was B2 applied with a concen-
tration of 1 g/L under UV irradiation with a highest kinetic constant of
0.00554 min~! consequently, the shorter half-life time 2.09 h. The same
photocatalyst shows the best photocatalytic activity under UV-VIS ra-
diation. The IMD half-life decreases from 4.46 h for TiO, to 2.41 for B1,
2.09 h for B2, 2.74 for B3, respectively, when the photocatalyst is in
concentration 1 g/L, under UV irradiation. The narrow bandgap of black
TiO, (sample B2), 2.85 eV lower than white TiO; 3.45 eV (Table 2),
confirms the most significant IMD degradation after 6 h of irradiation,
around 90% under UV and 67% under UV-VIS irradiation, respectively.



L. Andronic et al.

The best photocatalytic activity of this material is associated with
greater absorption of radiation due to the lower bandgap energy of all
synthesised materials. The surface Ti>* defects and oxygen vacancies in
the B2 sample repressed the recombination of charge carriers, resulting
in the highest photocatalytic activity [44].

The kinetic behaviours of photocatalytic degradation of IMD were
also studied for synthesised photocatalysts by the Langmuir-
Hinshelwood kinetic model, given in Eq. (20). Fig. 8 shows the linear
relations between In c/cy and irradiation time t, indicating that IMD
degradation follows pseudo-first-order kinetics. The degradation rate
constants of IMD increase to 0.00259, 0.0042, 0.00479, and 0.00554
min~}, over the white TiO,, B1, B3 and B2, respectively, after 6 h of UV
irradiation (Fig. 8). In addition, the B2 sample displayed the best pho-
tocatalytic activity, which is almost two times higher than the white
TiO4 photocatalysts, respectively. Under simulated visible light irradi-
ation, the degradation rate slowly increased in the following order TiO,
(white)>B1>B3>B2. The results revealed that the activity of the B2
nanoparticles is two times greater under UV than simulated UV-VIS
irradiation. Therefore, it can be noticed that the black TiO, nano-
particles show an increase in photocatalytic activity relative to white
TiO,, and the prepared nanoparticles can have a suitable application in
photocatalytic processes.

Finally, we compared the photocatalytic performance of the mate-
rials synthesised in this work with other black TiO2 materials, and the
outcomes are provided in Table 4.

3.3. Effect of holes, hydroxyl radicals, superoxide ion radicals and
electrons scavengers on photodegradation mechanism

In situ trapping, experiments were conducted to investigate species
generated during photocatalysis of imidacloprid under settled condi-
tions: IMD concentration 20 ppm, catalyst dosage 0.6 g/L. Upon UV
adsorption, electrons are excited from the VB to the CB; the holes remain
in the VB and could facilitate imidacloprid photodegradation, leading to
their degradation to form inorganic such as NO3, NHJ, CO, and HxO.
The process of recombining electrons and holes is a process that di-
minishes the efficiency of photodegradation. Thus, the addition of
HCOOH as a hole scavenger leads to an increase in the degradation ef-
ficiency of IMD, allowing electrons to migrate to the catalyst surface and
react with Oy to form O; (Eq. (6)). These results indicate that super-
oxide radicals are the key species for IMD photodegradation. The in-
crease in the photodegradation efficiency of IMD in the presence of hole
scavengers is partly due to the capture of holes by the HCOOH (Eq. (14)),
allowing electrons to participate in reduction reactions. Thus, the
recombination reaction between holes and electrons no longer takes
place. If the electrons and the holes are separated promptly, then the
electrons on the surface can turn into superoxide radicals, and the holes
turn into hydroxide radicals.

After 1 h of IMD degradation under UV irradiation (Fig. 9a), scav-
engers’ presence decreases the photodegradation efficiency, which
means there is a competition between ROS formation from the begin-
ning of the photodegradation reaction. IMD photodegradation after one
hour is between 17 and 22% for all materials without scavengers. An
important role in this time interval is attributed to hydroxyl radicals,
considered the dominant ROS in the photocatalytic systems, for white
TiO5 and black TiO; [55]. The role of reactive oxygen species (ROS) in
the photodegradation mechanism of IMD after 6 h of UV irradiation in
the presence of white TiO, decreases in order O; >e~ > HO > h*
(Fig. 9c¢). Superoxide radicals have a minimum effect in the IMD pho-
todegradation in the first 120 min, then their role increases due to their
formation in Eq. (6), the degradation efficiency decrease in the presence
of 1,4 benzoquinone. Additionally, other reactive species are formed on
the photocatalyst’s surface [56].

A reasonable mechanism of IMD degradation over black TiO, is
presented in Fig. 9. Oxygen vacancies produce a donor state below the
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CB, which has promoted the visible-light response and charge transport
property and captured the photogenerated electrons from VB. The
electrons diminish the O, to (O3*) with a strong oxidation capacity,
having an important role in the imidacloprid degradation mechanism.

A summary of the importance of the species generated in the pho-
tocatalysis process is presented in Table 5. Generation of superoxide
anion, hydroxyl radicals and electrons are competitively contributing to
the imidacloprid photodegradation, especially under simulated VIS
irradiation and black TiO9 as photocatalyst. The main active species in
the IMD photodegradation are the hydroxyl radicals, especially under
simulated VIS irradiation. In addition, the oxygen defects formed at the
black titanium oxide surface can react with oxygen molecules adsorbed
at the photocatalyst surface and generate more superoxide radicals.

4. Conclusions

The synthesis of nanomaterials with applications in the degradation
of pollutants from wastewater, efficient in the presence of solar radia-
tion, through a cheap, energy-efficient and large-scale production, re-
mains a great challenge. We report a facile synthesis method of black
TiO4 that shows an enhanced performance compared to the pristine
white TiO,, and the photocatalytic performance was explored for imi-
dacloprid degradation with enhanced VIS activity. Remarkably photo-
catalytic activity of black TiO, under visible light can be associated with
the synergistic effect of specific surface area, bandgap energy smaller
than white TiO,, a large amount of surface defect Ti>" and oxygen va-
cancies promote charge carriers’ separation. A reduced bandgap value
from 3.45 to 2.85 eV enhanced absorption of the visible light and thus
increased the IMD degradation. The degradation mechanism of IMD
over white and black TiO, photocatalysts was investigated in the pres-
ence of different radical scavengers as active species trapping. As a
result, the degradation efficiency of IMD was significantly decreased
with the addition of superoxide anions scavenger after 120 min of
irradiation, which demonstrates that superoxide radicals were the main
reactive species that participate in the IMD photocatalytic degradation.
The degradation efficiencies in the presence of hydroxyl and electron
scavengers were similar to superoxide, revealing that HO ~ and e~
together with superoxide ROS played an essential role in the photo-
degradation reaction. However, the IMD degradation efficiencies in the
presence of h' scavengers were similar in the absence of scavengers,
indicating that h* has a minor role in the mechanism.
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