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ABSTRACT

In this study we present halloysite clay mineral combined with TiO,, as promising new class of
nanomaterials that can be used as an effective, cost-efficient, and environment-friendly procedure for
the decomposition of tebuconazole, C H,,CIN,O, [(RS)-1-p-chlorophenyl-4,4-dimethyl-3-(1H-1,2,4-
triazol-1-ylmethyl)-pentan-3-ol], TEB-fungicide, in water. For this purpose, halloysite-TiO, nanopar-
ticles are prepared using the sol-gel methodology combined with hydrothermal treatment of the
samples in mild conditions. The halloysite-TiO, nanocomposites are characterized by X-ray diffrac-
tion, scanning electron microscopy, transmission electron microscopy, and N, sorption-desorption
isotherms analysis by Brunauer—-Emmett-Teller to determine specific surface area (SSA). The total
pore volume of the halloysite 40%-TiO, 60% prepared nanocomposite and its SSA are 0.35 cm®/g
and 188 m?/g, respectively. This nanocomposite showed a photocatalytic efficiency of 39.5% to TEB
decomposition after 240 min under UV irradiation. The halloysite 30%-TiO, 70% nanocomposite has a
total pore volume of 0.34 cm®/g and a SSA of 187 m?/g. This nanomaterial shows 40.0% photocatalytic
efficiency for TEB destruction under UV exposure. The best photodegradation efficiency, 47.4% of
TEB was achieved with the halloysite 10%-TiO, 90% nanomaterial, instead of 33.2% decomposition
efficiency measured when commercial TiO, (Degussa P25) was used. In this case, the halloysite 10%—
TiO, 90% nanocomposite showed the highest SSA of 222 m?/g. The concentration of TEB did not show
any significant change in all the samples after 150 min exposure under UV illumination.

Keywords: Fungicide; Photocatalysis; Tebuconazole; Halloysite; TiO, nanocomposites

1. Introduction population affected by diseases related with the consump-
tion of unsuitable water, containing mainly bacteriological,
organic, and inorganic pollutants [1,2]. Fresh and ground
water contamination by pesticides is a subject of a great
importance affecting a big number of people living mainly in
areas with intense agricultural activities [3,4]. The effects of

The remarkable and rapid socio-economic development
over the past few decades has further stressed the hydro-
geological system. In many areas, locally and worldwide,
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past and present land-use practices become apparent in fresh
and ground water contamination and there is an increasing
need for the development of water purification technolo-
gies. Among them, advanced oxidation processes (AOPs)
have been used as effective methods for the photocatalytic
degradation of pesticides in the natural environment [5].
The application of AOPs for the mineralization of persistent
organic pollutants like pesticides, in aqueous solutions is
very effective because of the generation of hydroxyl radicals
("OH) and other oxidative chemical species, which have a
very strong destruction effect. Among other techniques, such
as Fenton’s reagent, ozone, UV/ozone, and UV/H,0O,, the use
of heterogeneous photocatalysis using semiconductor TiO,
as a catalyst for the oxidation of pesticides and other pollut-
ants have been extensively studied [5-10].

The high efficiency of TiO, to produce hydroxyl radicals
in solution under UV light illumination, the high stability
in water and the nontoxic response are major characteris-
tics. In addition, TiO, is a cost-efficient and very effective
photocatalyst for the decomposition of organic substances in
water and air [11-13]. The *“OH compounds are very reactive
chemicals with a redox potential of +2.8 V (vs NHE) and they
can react with the organic pollutants with a 10"-10"° M s
constant reaction rate [14,15]. The end product of the reaction
of the *OH radicals with the organic compounds are CO,,
H,O, and inorganic salts [14-17]. Because of hydroxyl radi-
cals” high redox potential (+2.8 V), they are more effective for
the decomposition of organic pollutants than other oxidants
like O, (+2.07 V), HOCI (+1.49 V), and H,0, (+1.78 V) used
for water purification and disinfection [14-17]. In addition,
the effectiveness of semiconductors for photoactivation is a
function of the energy required for the excitation of their crys-
tals. For TiO, in the anatase form this energy must be higher
than the band gap energy of E = 3.2 eV and for the rutile
higher than E = 3.0 eV. As a conclusion TiO, nanocrystals
excitation requlres energy in the near UV region (radiation
with A €380 nm for anatase and A <400 nm for rutile) [18].

The TiO,/UV technique is based on the UV irradiation
of the TiO, and the generation of electron (-)/(+) holes pairs
which in aqueous system produce the reactive redox chemi-
cal species onto the catalyst surface [19]:

TiO, +hv —>e_ +h) 1)
0, +e, —»0O;° 2)
H,O+h], —» "OH+H" ®)

The main oxidizing agents produced are *‘OH and O,
radicals which react with the organic pollutants, e.g., pesti-
cides to produce intermediates and CO, and H,O as the end
products.

This paper examines the decomposition rate of tebuco-
nazole (TEB) which is a common fungicide used in agricul-
tural applications all over Europe. It belongs to the triazoles
group of toxic-organic substances, in concentrations up
to 18.72 pg/L in natural waters [20]. TEB is a biorefractory
contaminant which cannot be degraded using conventional
techniques and limited studies are available for the photocat-
alytic treatment of this fungicide. The most common photo-
catalyst used for the degradation of TEB in water suspensions

is TiO, [20-22]. However, new studies show that new mate-
rials as clay minerals and others combined with TiO, can be
used as efficient photocatalysts for water purification pur-
poses [23-28].

To this perspective we synthesized clay mineral-based
nanocomposites, halloysite-TiO, and used them for the deg-
radation of TEB fungicide in aqueous solution. The charac-
terization and photocatalytic efficiency of the new class of
material is presented.

2. Methodology
2.1. Materials and chemical reagents

A halloysite sample from Utah, USA was used for the
synthesis of the Hal-TiO, nanocomposites. Titanium tetraiso-
propoxide, Ti(OC,H,),, HCl acid, nanopure water (triple dis-
tilled-3D), and absolute ethanol were used for the preparation
of the TiO, sol dispersion. Tebuconazole, C H, CIN,O,
[(RS)-1-p-chlorophenyl-4,4-dimethyl-3-(1H-1,2,4-triazol-1-
ylmethyl)-pentan-3-ol], was used for the fungicide samples
preparation. Commercial TiO, (P25-TiO,) used as standard
photocatalysthas an anatase to rutile ratio 80:20, average parti-
cle size 20 nm, and particle specific area ~50 m?/g. All reagents
were of analytical grade commercially available from Merck
(KGaA) and Sigma-Aldrich (Germany). A stock TiO, sol dis-
persion was prepared by mixing titanium tetraisopropoxide,
Ti(OC,H,),, with hydrochloric acid, nanopure water (3D),
and absolute ethanol. The TiO, stock dispersion was diluted
in absolute ethanol, stirred for 2 h and then a halloysite-water
dispersion was added. The slurry was stirred for 24 h and the
resulting dispersion was washed with 3D water and centri-
fuged. The halloysite-TiO, composites were treated in mild
hydrothermal conditions in an autoclave for 5 h at 180°C. The
detailed methodology was used for the preparation of the
halloysite-TiO, nanocomposites is described by Papoulis et
al. [24]. In order to study the photocatalytic performance of
the halloysite-TiO, materials, we examined five samples with
three different weight ratios of TiO, over halloysite, namely
TiO,/halloysite =3/2, 7/3, and 9/1, pristine TiO, (P25-TiO,) and
halloysite as the rest two samples. In addition, we have cho-
sen the TEB concentration as 1 mg/L. The mass/volume ratio
was 0.1375 g of catalyst/250 mL of TEB solution, in order to
give 550 mg/L of catalyst concentration in the solution [20].

2.2. Instrumentation

X-ray diffraction (XRD) patterns for the determination
of the phase compositions of TiO, treated halloysite samples
were monitored with Bruker D8 advance diffractometer, with
Ni-filtered CuKa radiation. Halloysite-TiO, morphology was
examined by field emission scanning electron microscopy
(FE-SEM), FEI inspect TM F50. In order to investigate TiO,
dispersion on clay mineral surfaces a transmission electron
microscopy (JEOL JEM-2100 electron microscope) operating
at an acceleration voltage of 200 kV was also used. Nitrogen
sorption—-desorption isotherms for each sample degassed
at 100°C for 3 h were obtained with a Micromeritics Tristar
3000 and the surface area, porosity, and pore size distribution
were derived by differentiating them according to Brunauer—
Emmett-Teller (BET) method. For the photocatalytic tests, a
cylindrical reactor was used in all experiments (Fig. 1). Four
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Fig. 1. Photographs showing the samples preparation and photocatalytic reactor used in all experiments.

black light fluorescent tubes of 4 W each nominal power were
placed around the reactor. The whole construction was cov-
ered with a cylindrical aluminum reflector. Before the UV
illumination, we applied continuous stirring to the samples,
for 15 min in the dark in order to achieve the zero point of
adsorption prior to the photocatalytic tests. Cooling was
achieved by air flow from below the reactor using a venti-
lator. Continuous stirring of the samples in the reactor was
achieved with a magnetic stirrer.

The intensity of radiation was measured with a Solar Light
PMA-2100 UV-Photometer and found equal with 0.9 mW/
cm?. The reactor was filled with 200 mL of the sample and the
irradiation applied for a total of 300 min. Total organic carbon
(TOC) analysis was performed using the combustion-infrared
method, Standard Method (SM) 5310B (Standard Methods
for the Examination of Water and Waste Water, American
Water Works Association) [29,30]. All analyses were carried
out using a Shimadzu TOC analyzer (TOC-VCSH).

3. Results and discussion

Three different ratios of TiO, nanoparticles over hal-
loysite clay mineral besides the pristine materials were
used and evaluated to the photocatalytic decomposition of
tebuconazole fungicide in water. The textural properties of
the samples were analyzed by nitrogen (N,) sorption and

Table 1
Structural characteristics of photocatalysts used

desorption porosimetry. The hysteresis loop appears to a
high relative pressure region (0.8 < P/P, < 1.0), which sug-
gests that TiO, particles of all samples, form large pores. The
BET specific surface area (SSA) for pristine halloysite and
commercial TiO, powder (P25-TiO,) is 47 and 50 m?/g respec-
tively. Surprisingly, the SSA of the composite halloysite/TiO,
system is much higher ranging at 187-222 m?/g depending
on the quantity of TiO,. We attribute the very high values of
SSA to the hydrothermal treatment of the composite material
which usually leads to the formation of highly porous TiO,
at relatively low temperature and also to the good dispersion
of the TiO, particles onto the halloysite nanotubes. The total
pore volume (V) ranged from 0.25 to 0.35 cm®/g for all sam-
ples. The BET §SA, the V, and the total porosity (¢) for all
samples are presented in Table 1.

The equation for the calculation of the total porosity is
given as follows:

T @
38 7

From the values obtained it can be seen that the less porous
sample is the commercial P25-TiO,, while the sample with the
highest porosity is the composite halloysite 10%~TiO, 90%.

Sample Basal spacing d (001) Total pore volume (V) (cm?/g) Sppr (M?/g) & (%)
P25-TiO, - 0.25 50 48.7
Halloysite 7.40 0.29 47 52.5
Halloysite 10%-TiO, 90% (Hal 10- TiO, 90) 7.29 0.35 222 57.1
Halloysite 30%-TiO, 70% (Hal 30-TiO, 70) 7.29 0.34 187 56.7
Halloysite 40%-TiO, 60% (Hal 40-TiO, 60) 7.29 0.35 188 57.1
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XRD patterns were used to identify the crystal phase and
the size of the as-synthesized nanocomposite TiO, besides
the halloysite nanocomposite clay. Fig. 2 shows the results
of XRD patterns of the three composite halloysite/TiO, sam-
ples. Nanocomposite’s XRD patterns show only the presence
of halloysite 7 A and anatase, confirming the samples phase
purity, while the intensities of basal reflections of halloysite
7 A are significantly smaller than those of pure anatase,
especially in the nanocomposite with the lowest amount
(10%) of halloysite (Fig. 2). The XRD patterns of the prepared
nanocomposites showed all the characteristic reflections of
anatase (y-TiO,), which are marked in Fig. 2. For the sam-
ples, intense peaks at 2-theta angles of 25.3°, 37.5°, 48.01°,
and 55.0° can be observed, which suggests that there is pure
anatase crystal phase (Fig. 2).

The average size of the crystallites was determined using
the Scherrer’s semi-empirical equation (5) for the strongest
Bragg peaks:

K\
4= Bcos6 ©)

where A is the wavelength of X-rays (0.154 nm), {3 is the full
width at half-maximum (FWHM) in radian, and 0 is the
Bragg angle. Taking into account the FWHM of anatase (101)
plane both samples exhibited approximately the same crystal
size 14-16 nm.

The XRD patterns also indicated that the relatively
increased temperature (180°C) of the hydrothermal treatment

A~ —— Hal
—— P25-Ti02

Hal —— Hal 40% TiO2 60%

‘ —— Hal 30% TiO2 70%

Hal 10% TiO2 90%

Relative Intensity

10 20 30 40 50 60
°20

Fig. 2. XRD patterns of pristine halloysite, P25-TiO,, and halloysite—
TiO, nanocomposites at different ratios. (Hal: Halloysite,
A: Anatase).

of the halloysite-TiO, nanocomposites did not modify the
native halloysite 7 A structure [24].

The morphology of halloysite and composite halloysite/
TiO, samples was examined by FE-SEM microscopy (Fig. 3),
where surface image of the samples showed the grain growth
structure. Mostly, the grain boundaries are relatively regular

Fig. 3. SEM images: (a) Halloysite nanotubes morphology, (b) Hal 30-TiO, 70 sample, (c) Hal 40-TiO, 60 sample, and (d) Hal 10-TiO,
90 sample. The arrows indicate the TiO, nanoparticles on the halloysite nanotubes.
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and less aggregated, delineating a homogeneous compo-
sition with uniform porous allocation. SEM observations
showed that TiO, in the crystal form of anatase was well fab-
ricated on the halloysite nanotubes. SEM images of the nano-
composites showed that many uniform TiO, grains of less
than 30 nm in size were deposited on the external surfaces
of halloysite tubes (Figs. 3 (b)—(d)). The TiO, nanoparticles
were found to be distributed very well on halloysite external
surfaces but not homogeneously, which would be the ideal
but rather impossible or at least unexpected. TiO, nanopar-
ticles seem to partially cover the lumen of many halloysite
tubes (Figs. 3 (b)—(d)). In the case of halloysite, an average
width of 88-300 nm and average length of 1,000-1,200 nm
was observed.

The dispersed TiO, nanoparticles in the size of 14-30 nm
depending on the aggregation level were also monitored in
Figs. 3 (b)—(d). The size of the TiO, nanoparticles as it was
observed in SEM images is in good agreement with calculated
average size from XRD data. Additionally, high-resolution
TEM images clearly present the dense and homogeneous TiO,
nanocrystals (Fig. 4) with average particle size of 3-10 nm,
and lattice spacing of TiO, particles to be approximately
0.35 + 0.02 nm (measured in higher magnification, not

presented herein), indicating that it belonged to the (101)
crystallographic plane of anatase type as was also found by
XRD presented in Fig. 2.

In order to estimate the photodecomposition rate (r) of
TEB fungicide, we employed the following equation:

Cc -C
r:—( UC ) (6)

o

where C is the initial concentration of the pollutant (TEB in
our case) measured in solution and C is the final concentra-
tion after irradiation with UV light. Then we can calculate the
degradation efficiency (e%) as follows:

(€,-9)
% == x100% @)

0

As it was expected, the pristine halloysite sample did not
perform any photocatalytic effect to the TEB fungicide. In
addition, the photocatalytic efficiency of TiO, P25 is lower
than the halloysite-TiO, nanocomposites. The highest pho-
tocatalytic efficiency, 47.4%, was achieved with the halloysite
10%-TiO, 90% sample because of the higher photocatalyst

100 nm

200 m_

Fig. 4. TEM images presenting TiO, grains of about 3-10 nm on TiO,-halloysite samples: (a) Hal 40-TiO, 60, (b) Hal 30-TiO, 70, and

(c) Hal 10-TiO, 90.
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Fig. 5. Degradation efficiency of TEB.

proportion and the high SSA 222 m?/g, among all the mate-
rials used. The halloysite 40%-TiO, 60% and halloysite
30%-TiO, 70% sample also shows better degradation effi-
ciency compared with P25-TiO, but lower photocatalytic
activity than the halloysite 10%-TiO, 90% nanocomposite.
This is probably due to the relatively lower amount of the
photocatalyst (anatase) despite the relatively better disper-
sion of the TiO, photocatalyst on the halloysite nanotubes
(Figs. 4(a)—(c) and 5).

The P25-TiO, decomposition efficiency reaches a max-
imum of 33.2% after 240 min of irradiation, while the
halloysite 30%-TiO, 70% and the halloysite 40%-TiO,
60% nanocomposite shows 40.0% and 39.5%, respectively,
degradation efficiency in the same period of time.

The concentration variation of TEB fungicide in aqueous
solution with time under UV irradiation in the presence of

(a) (b)
I T —
—ll— Halloysite
'\ —— r2s-TiO,
—@— Hal 10- TiG, 90
o 0.8 Hal 30 - TiQ, 70 G
O i —A— Hal40- TiQ, 60 <
B =)
SJ
0.6 c
—
T \\ HO
<\N
0.4
cl
L] I L] I L] I L] I L]
0 50 100 150 200 250
Time (min)

photocatalysts was also monitored with TOC measurements
appear in Fig. 6(a). All the data obtained after 1°h of fungi-
cide’s presence with catalyst in dark in order to reach absorp-
tion equilibrium. After 150 min of illumination no change
was observed for the photodegradation of TEB for all sam-
ples studied. It should be noted that the halloysite 30%-TiO,
70% and the halloysite 40%-TiO, 60% nanocomposites show
lower photocatalytic activity than halloysite 10%-TiO, 90%
despite the significantly lower amount of the anatase and
very well dispersion on halloysite tubes. The halloysite sub-
strate acts as an efficient absorbent of the organic contami-
nant accelerating the removal of TEB from solution by a bet-
ter mass transfer of the pollutant to the TiO, photocatalyst
surface. In addition, the halloysite clay mineral prevents the
agglomeration of the TiO, nanoparticles. This phenomenon
enhances TEB accessibility to the TiO, surface, resulting to

P25-TiO,

Hal 10 -TiO, 90
1 = Hal30-TiO, 70
Hal 40 -TiO, 60

00 ——F———T——7—

— T T T T T 1
60 80 100 120 140 160

Time (min)

Fig. 6. (a) TEB decomposition with time of irradiation in the presence of various photocatalysts. Inset: The chemical formula of TEB.

(b) In

(C/C) of TEB as a function of irradiation time.
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a higher degree of irradiation exposure as well as a better
photocatalytic performance of the catalyst.

For each case, the constant rate (k__ ) was calculated by the
slope of the lines in the graphs of ln(p(i/C) versus irradiation
time (Fig. 6(b)). The maximum value was calculated for the
halloysite 10%-TiO, 90% sample (5.2 x 10 min™), without
substantial reduction over repetitions. The constant rate for
halloysite 30%-TiO, 70% and halloysite 40%-TiO, 60% sam-
ple was found to be a few lower (4.9 x 10 and 4.8 x 10 min™},
respectively), while for P25-TiO, sample the constant rate
was even lower (3.5 x 108 min™). It is obvious that the content
of TiO, nanoparticles strongly influences the reaction rate of
TEB decomposition.

For the reproducibility in the long term, the halloysite
10%-TiO, 90% photocatalyst was tested three times for TEB
degradation. Finally, it has been proved that the halloysite
10%-TiO, 90% powder doesn’t present any notable loss to its
efficiency for TEB destruction. Specifically, diminish of the
dissociation rate over repetition times doesn’t exceed 5.4%
for TEB fungicide.

4. Conclusions

In this study, the photocatalytic performance of new
halloysite-TiO, nanocomposites was examined. We synthe-
sized halloysite 10%-TiO, 90%, halloysite 30%-TiO, 70%,
and halloysite 40%-TiO, 60% nanomaterials. The charac-
terization of the new composites showed that the anatase
form of TiO, was apparent and well dispersed onto the
halloysite nanotubes. The new materials have high SSAs of
187, 188, and 222 m?/g for the halloysite 30%-TiO, 70%, the
halloysite 40%-TiO, 60%, and the halloysite 10%-TiO, 90%,
respectively. The photocatalytic decomposition of TEB was
performed under UV illumination for 240 min. The results
indicated that the new halloysite-TiO, nanocomposites can
be used as effective catalysts for the photodecomposition
of TEB in water in comparison with P25-TiO,. Indeed, the
decomposition efficiency of P25-TiO,, halloysite 40%-TiO,
60%, halloysite 30%-TiO, 70%, and halloysite 10%-TiO,
90% was 33.2%, 39.5%, 40.0%, and 47.4%, respectively. In
addition, the maximum 47.4% of tebuconazole content has
been decomposed within first 150 min under UV irradia-
tion, while no further photocatalytic activity was observed
the last 90 min of UV exposure.
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