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Abstract

Herbicides in wastewater are considered as a serious issue to environmental pollution. Different impregnated metal
zinc oxide (Cu/ZnO and Ni/ZnO) as catalysts were prepared through wet impregnation method for the degradation
of herbicides Isoproturon and triasulfuron. The prepared impregnated catalysts were characterized using scanning
electron microscopy (SEM) and x-ray diffraction (XRD), energy dispersive x-ray (EDX) analysis, Fourier-transform infra-
red spectroscopyand surface area. The degradation of selected herbicides were investigated using combined effect
of photocatalysis and sonication. The experimental parameters such as pH, irradiation time, photocatalyst dose, effect
of oxidants, diverse ion effect, herbicide concentration and catalyst reusability have been optimized. The percent
removal of isoproturon was found to be 99 and 98% at pH 7 and triasulfuron was 98% at pH 6 using Cu/ZnO and 99%
at pH 7 using Ni/ZnO photocatalysts respectively.
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1 Introduction

While increased use of pesticide results in more crops
grown, it has a negative impact on organisms and causes
environmental contamination. Pesticides have a negative
impact on the environment, using them in large quanti-
ties leads to a deadly situation. Accumulation in soil can
make it unsuitable for cultivation. Living organisms and
food can be affected by the persistence of pesticides in
them. Mixing with runoff and groundwater can contami-
nate water resulting in pollution [1, 2]. Water resources
are continuously contaminated by pesticides and other
chemicals used in fields, farms and our environment.
These chemicals not only affect the quality of drinking
water, but are also harmful to aquatic life. All pesticides
are toxic, but their degree of toxicity to living things var-
ies. Some pesticides are very toxic, while others are less
harmful [3]. Environmental pollution caused by herbi-
cides is a growing threat to humans. Herbicides released
from various sources not only affect humans, but also
cause contamination of food, soil and water [4]. Photo-
catalysis is an important method for treating wastewa-
ters due to its ability to remove contaminants in the ppb
range, absence of formation of aromatic compounds,
greater speed and lower cost [1, 5]. Traditional meth-
ods of wastewater treatment like filtration, air stripping,
ozone oxidation, photo Fenton, electrochemical degra-
dation, co precipitation, ion exchange, biodegradation
[6] and adsorption [7-9] were used for the removal of
herbicides from the water sample but these methods

suffer from the limitations such as incomplete removal,
complex sludge formation and slow degradation [10].
Alternatively, photocatalysis is an economical and widely
used technique for water purification. The photocataly-
sis procedure not only aims to decompose the organic
compound, but also to mineralize the intermediates into
water, salt and mineral acids [11]. Impregnated photo-
catalysts are the catalyst of which surface pore has been
filled by active substances. It is superior to simple cata-
lyst due to increase surface area, high catalytic activity
and selectivity [12]. Different nanoparticles are used as
catalysts in a wide range of applications due to their large
surface area and strong catalytic property [13]. Semicon-
ductor metal oxides including titania, zinc oxide, silver
oxide, copper sulphide, tin oxide, nickel oxide, cupre-
ous oxide, magnetic and cadmium sulfide have been uti-
lized as photocatalysts. Impregnated catalysts have also
been used for the degradation of organic contaminants
due to ease of use, low cost, faster degradation and reus-
ability [14]. Surface modified semiconductor decreases
the band gap between the conduction band and valence
band, thus shifting absorption to longer wavelength.
Among the modified surfaces, the impregnated zinc
oxide presents great potential for the removal of sev-
eral types of organic compounds, mainly for emerging
organic contaminates [15].

For the present work, two herbicides are selected.
Isoproturon (3-(4-isopropylphenyl)-1, 1-dimethylurea)
is substituted urea herbicide. The chemical formula is
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C,H gN,O. It is absorbed by the roots and stem, inhib-
iting the photosynthesis of unwanted plants [16]. It is
used in cereal crops to control the growth of weeds and
annual grasses. Isoproturon is one of the most detected
herbicides in soil and drinking water [17]. Triasulfu-
ron (2-(6-methoxy-4-methyl, 1, 3, 5-triazine-2-yl)-
1-(2-(2-cholrethoxy) phenylsulfonyl urea) is a selective
sulfonyl urea pre- and post-emergence herbicide [18]. It
suppresses broadleaf and grassy weeds in wheat, barley,
pastures and arid pastures. It controls weeds by inhibit-
ing valine and isoleucine synthesis which impede cell
growth and therefore plant growth. It is toxic to the
aquatic ecosystems.

2 Experimental

2.1 Material and Methods

Reagents like sodium chloride, sodium perchlorate,
hydrochloric acid, zinc oxide were of analytical grade
purity manufactured by BDH, England. Sodium hydrox-
ide from Merck, Darmstadt, Germany. Potassium persul-
fate K,S,04 from Sigma, Aldrich (Burlington, MA, USA).
Hydrogen peroxide (H,0O,, 30% w/w), Zinc oxide ZnO
powder (99% purity), copper nitrate Cu(NO,),-5H,0,
nickel nitrate Ni(NO;),-7H,0 were used for the prepa-
ration of impregnated catalyst. Standard references of
drugs were provided by Cirin Pharmaceutical (Pvt) Ltd.,
Hatter, Pakistan. Commercial formulations of the iso-
proturon having molecular formula: C,,H;4N,O, molec-
ular weight, 206 g mol ™}, solubility in water, 0.07 g L
percent purity 98.3% was used and phenyl sulfonylurea
having molecular formula: C,,H;cCIN;O;S, molecular
weight, 401 g mol™}, solubility in water, 0.815 g L™, 97%
percent purity was used in this research. As an ultra-
sonic radiation source, a Kum Sung Ultrasonic bath with
40 kHz frequencies was used. As a visible source for pho-
tocatalytic degradation of emerging pollutants, a 200 W
tungsten filament lamp was used. The TOC-VCPH ana-
lyzer (Shimadzu, Japan) was used to measure the con-
tents of TOC.

The surface morphology and particle size of the sup-
port ZnO impregnation were evaluated before and
after by 30 kV Scanning Electron Microscope (SEM)
(JSM5910, JEOL, Japan). The samples were prepared
using conventional methods; the powdered samples
were mounted on standard specimen stubs with double
adhesive carbon tape. For elemental analysis, the Energy
Dispersive X-ray (EDX) mappings of the catalyst were
obtained using EDX-INCA 200, UK Oxford Instrument.
X-ray diffraction (XRD) patterns were taken using a JDX-
3532 JEOL (Japan) diffractometer with monochromatic
Cu-Ka radiation (\=1.5418 A) at 40 kV and 30 mA in the
20 range of 10-80° with 1.03° min~. The surface area of
Cu and Ni impregnated ZnO catalysts was determined
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through Brunauer Emmett-Teller method. Before the
analysis, the samples were dried for 2 h at 50 °C in oven
to remove all adsorbed moisture and then it was grinded
well before analysis.

2.2 Preparation of Photocatalysts

Nickel and copper impregnated zinc oxide (Ni/ZnO, Cu/
ZnO) catalysts were prepared using the wet impregna-
tion method as reported in our previous work [19-21].
Nitrate salts of the metals Cu and Ni were impregnated
over zinc oxide as a supporting material. The amount of
copper and nickel in the form of their nitrate salts for 3%
impregnation was calculated and weighted for a known
weight (97%) of the support. The precursor metal salts
were dissolved in appropriate amount of water and were
added to the slurry of zinc oxide supporting material kept
on magnetic stirrer. The mixture was stirred at 50 °C for
30 min, followed by drying in oven at 120 °C for 4 h. The
sample was calcined at 300 °C for 4 h and then passed
through mesh of size <445 pm.

2.3 Sonication assisted photocatalytic study
Degradation experiments were carried out in small beak-
ers, containing known amount of herbicides (isoprotu-
ron and triasulfuron) and photocatalysts (Cu/ZnO or Ni/
Zn0). The solutions were allowed for 30 min in dark to
attain equilibrium and then under the visible light lamp
in the sonicator. Aliquots of 5 mL were taken periodically
after every 10 min from the mixture and centrifuged to
remove particles, the absorbance was measured at maxi-
mum absorption wavelength of isoproturon (230 nm)
and triasulfuron (340 nm). The concentration of the
remaining herbicides in the solution was calculated from
the linear equation of the calibration curve of stand-
ards. The degradation is noted in %, which is the percent
ratio of the concentration of herbicide after and before
the degradation (Eq. 1). Optimization studies were per-
formed using standard solution containing isoproturon
and triasulfuron. Parameters like pH of solution, catalyst
dose, substrate concentration, and irradiation time and
scavenger effect were investigated.
) ACp — ACy
Degradation = —ac. % 100 (1)

(o]

where initial concentration of herbicides is AC, and AC;
is the final concentration of herbicide solutions after
irradiation at time t. All the experimental work was per-
formed at room temperature (25 °C) and in triplicate.

3 Results and discussion

3.1 Characterization of photocatalysts

The prepared impregnated catalysts (Cu/ZnO and Ni/
ZnO) were characterized using SEM, EDX, XRD and
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surface area analysis. SEM was used to investigate the
physical nature and surface morphology of the ZnO
and ZnO support impregnated with copper and nickel
to confirm that copper and nickel after impregnation
were significantly dispersed throughout the ZnO sur-
face. The morphology of Cu/ZnO and Ni/ZnO and
ZnO is shown in Fig. 1a, b and c. The dispersed and

)
Fig. 1 SEM of a ZnO b Cu/ZnO and ¢ Ni/ZnO
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mosaic nature of impregnated Cu/ZnO and Ni/ZnO
compared to naked ZnO shows that the active metals
Cu and Ni are successfully impregnated onto the zinc
oxide surface. The same results were also obtained by
other researchers [22, 23].

The EDX spectra for Cu/ZnO, Ni/ZnO and ZnO
are given in Fig. 2a, b and c, respectively. The spectra
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show that the concentration of Cu and Ni shows that
copper and nickel are successfully impregnated in
ZnO. The same results were also obtained by other
researchers [24].

The XRD patterns of ZnO, Cu/ZnO and Ni/ZnO are
given in Fig. 2d, XRD of pure ZnO with ICCD num-
ber 11136, 30,888, 361,451 and 11,244 and shows peak
at 28, 31, 32, 34, 36, 47, 50, 56, 62, 66, 67 and 69°. Fig-
ure 2d (b) is XRD of Cu/ZnO and its pattern according to
ICDD number 11136, 30,879, 30,981, 50,661 and 50,664
whereas Cu shows peak at 43.6°, 50.7° and 74.4. The XRD
diffraction pattern of Ni/ZnO are given in Fig. 2d (c).
The XRD micrograph of Ni/ZnO showing pattern ICCD
number 30888, 30,891, 50,664, 211,486, 471,019 and
11,025 (software Cmpr and Logic). In these figures, the
corresponding peaks at angle greater than 30° show resi-
due peaks that might have come from any residue present
in water. It is observed that 20 values for the major reflec-
tions of Cu/ZnO is in range of 28° to 74.4° while for ZnO
ranges from 28° to 69°. Based on Scherer’s equation, the
thicknesses of the crystal lattice were found in the range
of 10.8 to 24.8 nm for ZnO, 11.2 to 25.5 nm for Cu/ZnO
and 15.5 to 30.2 nm for Ni/ZnO. For Ni impregnation on
ZnO, XRD patterns attain similar spectra to ZnO, except
decreased peak intensities which occur due to impregna-
tion of Ni ion into ZnO. As atomic radii of Ni*" is slightly
less than Zn*" so no additional peaks have been obtained
[25] however in case of Cu/ZnO additional peaks of Cu
were obtained 43.6°, 50.7° and 74.4°. From the XRD data
the shape of the photocatalysts was also found using a
XRD software LOGIC and CMPR and it was found hex-
agonal for ZnO and octahedral for Cu/ZnO and Ni/ZnO.
Surface area of ZnO, Cu/ZnO and Ni/ZnO was found to
be 181, 190 and 186 m?* g~'. When the strength of radia-
tions for 200 W was measured using a digital lux meter,
the average light intensity was 3205 Lux. Band gap and
FTIR of ZnO, Cu/ZnO and Ni/ZnO are reported in our
previous work [20].

3.2 Effect of pH

The solution pH is important in the process of ultra-
sound assisted photocatalytic degradation of herbicides.
The influence of pH on ultrasound assisted photocata-
lytic degradation of isoproturon was studied by varying
the solution pH from 2 to 10 using 0.1 g of photocata-
lysts (Cu/ZnO and Ni/ZnO), irradiation time (30 min)
and herbicide solution (50 ug mL™!) in the presence of
sonication and visible light. pH was adjusted using Brit-
ton-Robinson buffer. The effect of pH on % degradation
of isoproturon by Ni/ZnO and Cu/ZnO was investigated
(Fig. 3a). The results indicate that % degradation of iso-
proturon increases with increase in pH and reach to its
maximum value of 80% at pH 7 using Ni/ZnO and 76%
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using Cu/ZnO. The influence of pH on % degradation of
traisulfuron by Cu/ZnO and Ni/ZnO was also investi-
gated from pH 2 to pH 10 (Fig. 3b). The results showed
that % degradation of triasulfuron increases with increase
in pH reaching to its maximum value (75 and 73%) at
pH 7 and pH 6 using Cu/ZnO and Ni/ZnO, respectively.
It can be explained that at lower pH, catalyst has posi-
tive surface charge and the concentration of H* is high
that competes with herbicides for active sites leading to
reduction in percentage degradation. The ultrasound
assisted photocatalytic degradation decreases when
pH increases from 8 to 12, decrease in % degradation at
higher pH is due to negatively charged hydroxyl anion
which inhibit free radicals in solution and active site of
catalyst. As well as non-ionic nature of isoproturon are
also responsible for maximum degradation of isoprotu-
ron at neutral pH [26]. The increase in degradation on
basic side as compared to acidic side is mainly due to
attack of free radicals on methyl group of herbicides [27].

3.3 Effect of irradiation time

The time necessary for the ultrasound assisted photo-
catalytic treatment of herbicides was studied. The irra-
diation time was gradually changed from 5 to 60 min
under the visible light in the sonicator by loading 0.1 g
of Cu/ZnO and Ni/ZnO impregnated photocatalysts
into 50 ug mL~! sample solutions of isoproturon and
triasulfuron. The sonication passes ultrasound waves
from the solution, increases the flow of solution to
photocatalysts surface and homogenously distribute it
within the solution. The effect of time on photocata-
lytic degradation efficiency of isoproturon under vis-
ible light is given in Fig. 3c. The considerable increase
in photocatalytic degradation of isoproturon with
increase in sonication and illumination time may be
explained as the sonication helps in mixing of substrate
with photocatalysts and brings the herbicides into con-
tact with catalyst resulting in increase in degradation
efficiency. Maximum degradation of 83 and 78% was
observed at optimum time of 25 and 30 min using Cu/
ZnO and Ni/ZnO respectively. The degradation effi-
ciency was seen to decrease beyond the optimum time.
Due to prolong irradiation and sonication the impreg-
nated metals get discharged from the surface of ZnO
catalyst and as a result its efficiency decreases. Results
of the degradation of triasulfuron containing 0.1 g cat-
alyst, at neutral pH and varying irradiation time, are
given in Fig. 3d. The results suggest greater degrada-
tion with increasing irradiation time and reaches to
maximum value (85 and 79%) at 25 min for Cu/ZnO
and Ni/ZnO, respectively. Further increases in time
above the optimum value has no significant effect on
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Fig. 3 a pH effect on ultrasound assisted photocatalytic degradation of isoproturon and b triasulfuron (Conditions: pH from 2 to 10,0.1 g

of photocatalysts (Cu/ZnO and Ni/ZnO), irradiation time (30 min) and herbicides concentration (50 ug mL™" in the presence of sonication

and visible light) c Effect of sonication and irradiation time on isoproturon ultrasound assisted photocatalytic degradation and d triasulfuron
(Conditions: neutral pH, 0.1 g of photocatalysts (Cu/ZnO and Ni/ZnQ), irradiation time (5-60 min), temperature 25 °C and herbicides concentration

(50 ug mL.7") in the presence of sonication and visible light)

degradation process. But it decreases with more soni-
cation and illumination time [28].

3.4 Effect of photocatalysts dose

For economic removal of herbicides from the wastewa-
ter the effect of photocatalysts dosage on photocatalytic
degradation of herbicides was studied using impregnated
Cu/ZnO and Ni/ZnO photocatalysts. Experiments were
performed by varying the amount of photocatalysts form
0.02 to 0.3 g keeping all other experimental conditions
constant. Initially the photocatalytic activity increases
with the amount of catalyst reaches to maximum degra-
dation 86 and 80% using 0.1 g of Cu/ZnO and Ni/ZnO
for isoproturon photocatalytic degradation respectively
(Fig. 4a). The increase in catalyst amount beyond the
optimum values does not significantly increase the effi-
ciency of photocatalytic degradation. The photocatalytic

degradation was slightly reduced beyond the 0.2 to 0.3 g
of photocatalysts, this is due to large amount of photo-
catalyst amount in solution leads to light scattering by
the particles, less light penetration through the herbi-
cides solution and reduction in transparency of aqueous
medium. The degradation of triasulfuron with varying
amount of Cu/ZnO and Ni/ZnO catalyst was also investi-
gated and results are given in Fig. 4b. There is increase in
degradation of triasulfuron with catalyst dosage until the
maximum photocatalytic decomposition 89% and 86% is
obtained for Cu/ZnO (0.08 g) and Ni/ZnO (0.1 g). The
degradation slightly decreases beyond 0.15 to 0.30 g of
catalyst, explained as greater amount of catalyst in solu-
tion causes light scattering, reduction in solution trans-
parency and less light penetration [26].
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Fig. 4 a Effect of catalysts dose on ultrasound assisted photocatalytic degradation of isoproturon and b triasulfuron (Conditions: pH 7
forisoproturon and pH 7 and pH 6 using Cu/ZnO and Ni/ZnO for triasulfuron, irradiation time (30 min), temperature 25 °C and herbicides

concentration (50 ug mL.™") in the presence of sonication and visible light)

3.5 Effect of oxidants

Different oxidants such as potassium persulfate, sodium
perchlorate and hydrogen peroxide were applied in con-
centration range of 1 to 6 mM and its effect on ultrasound
assisted photocatalytic degradation was studied. Experi-
mental work was performed by varying the concentration
of enhancers keeping optimized pH, catalyst dosage and
concentration of herbicides for 30 min. The sample was
placed in dark to attain equilibrium and then placed in
sonicator under tungsten filament lamp and after each
known amount of the solution was taken, absorbance
was noted and percent degradation was calculated. The
effect of oxidizing agents on the degradation of isoprotu-
ron was determined and 81% degradation was observed
using Cu/ZnO for 4 mM of K,S,0¢, 89% degradation for
4 mM of NaClO, and 93% for 3 mM of H,O, Using Ni/
ZnO photocatalyst 83% degradation was observed with
5 mM of K,S,04, 87% degradation with 3 mM of NaClO,
and 91% degradation with 4 mM of H,O, was observed
(Fig. 5a, b and c). The influence of addition of oxidants
on ultrasound assisted photocatalytic degradation of tria-
sulfuron was also studied and the results are presented in
(Fig. 5e, f and g). It is shown that degradation increases
with oxidant due to more radical’s formation [22]. As
these free radicals are responsible for the degradation so
by increasing the concentration of oxidizing agents the
generation of free radicals increases but after optimum
value the degradation efficiency decreases due to inhibi-
tion of radicals due to interaction of radicals with each
other. 5 mM of potassium persulfate concentration was
found to be optimum for triasulfuron and 88 and 82%
degradation was found using Cu/ZnO and Ni/ZnO vis-
ible light induced photocatalysts respectively (Fig. 5d).

Effect of sodium perchlorate as an enhancer was also
studied and with 5 mM of NaClO, 93% degradation was
found using Cu/ZnO as photocatalyst and with 4 mM of
NaClO, 86% degradation was observed using Ni/ZnO
for triasulfuron (Fig. 5e). Hydrogen peroxide effect as an
enhancer was also investigated and 93 and 91% degrada-
tion was observed with 5 mM of H,O, using Cu/ZnO
and Ni/ZnO (Fig. 5f).

3.6 Effect of herbicide concentration

The effect of herbicide concentration on ultrasound
assisted photocatalytic degradation of isoproturon and
triasulfuron was studied in the range of 5 to 50 pug mL™
using Cu/ZnO and Ni/ZnO (Fig. 6). Experimental work
was performed using pH 7 for isoproturon and pH 7 and
pH 6 using Cu/ZnO and Ni/ZnO for triasulfuron. 3 mM
of H,0, using Cu/ZnO and 4 mM of H,0O, using Ni/
ZnO for isoproturon and 5 mM of H,0, using Cu/ZnO
and Ni/ZnO for triasulfuron, 0.1 g of photocatalysts
(Cu/ZnO and Ni/ZnO) for irradiation time of 30 min
and varying herbicides concentration in the presence of
sonication and visible light. The results showed that 99%
degradation of 5 pg mL™! isoproturon was achieved in
the presence of Cu/ZnO and 98% degradation with Ni/
ZnO. While 98 and 99% ultrasonic assisted photocata-
lytic degradation of 5 pg mL ™ triasulfuron was achieved
in the presence of Cu/ZnO and Ni/ZnO photocatalysts
respectively. The degradation decreases with increase
in concentration. With 50 ug mL™! the degradation of
isoproturon decreases with increase in concentration
and it was found to be 91 and 88% with Cu/ZnO and Ni/
ZnO while in case of 50 pg mL™" concentration of tria-
sulfuron the degradation efficiency decreases to 91 and
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87% with Cu/ZnO and Ni/ZnO photocatalysts, respec-
tively. The decrease is explained by the enhanced light
scattering with increase in herbicide concentration and
decrease in the concentration of free radicals, as these
+OH are responsible for the degradation of herbicides
[29]. At the optimized conditions (pH 7 for isoproturon

and pH 7 and pH 6 using Cu/ZnO and Ni/ZnO for tria-
sulfuron, 0.1 g of photocatalysts (Cu/ZnO and Ni/ZnO),
irradiation time (30 min), temperature 25 °C and 3 mM
of H,0, using Cu/ZnO and 4 mM of H,0O, using Ni/
ZnO for isoproturon and 5 mM of H,0, using Cu/ZnO
and Ni/ZnO for triasulfuron in the presence of sonica-
tion and visible light) the TOC removal of isoproturon
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was found to be 87 and 89% and triasulfuron was 89%
using Cu/ZnO and 86% using Ni/ZnO photocatalysts
respectively.

3.7 Effects of interferences

The influence of the presence of other chemical ions on
degradation efficiency of isoproturon and triasulfuron is
necessary to study its interaction with the degradation
mechanism. The effect of commonly present ions such
as sulfates, carbonates and chlorides on the photocata-
lytic activity was studied by adding the variable amounts
of ions in concentration range of (1 to 5 mM) to reaction
mixture, while keeping all other experimental conditions
that is pH 7 for isoproturon and pH 7 and pH 6 using Cu/
ZnO and Ni/ZnO for triasulfuron, 3 mM of H,0O, using
Cu/ZnO and 4 mM of H,0, using Ni/ZnO for isoprotu-
ron and 5 mM of H,0, using Cu/ZnO and Ni/ZnO for
triasulfuron, Catalyst amount (0.1 g Cu/ZnO and Ni/
7Zn0), irradiation time (30 min), herbicides concentration
(50 ug mL ") as constant. The results showed that isopro-
turon degradation decreases to 73% with 6 mM of SO,*"
using Cu/ZnO and Ni/ZnO photocatalysts (Fig. 7a), 75%
using 6 mM of CO,” in the presence of Cu/ZnO and
74% using Ni/ZnO photocatalysts (Fig. 7b) and 82% using
6 mM of CI” in the presence of Cu/ZnO and 81% using
Ni/ZnO photocatalysts (Fig. 7c). While in case of tria-
sulfuron the ultrasound assisted photocatalytic degrada-
tion was also affected both by concentration and size of
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the added diverse ions. It is explained that diverse ions
diminish the free radicals formed in the photocatalytic
process due to its larger size and greater charge, there-
fore slows down the photocatalytic degradation process
[12]. The degradation of triasulfuron decreases to 75%
with 6 mM of SO,*~ using Cu/ZnO and 71% using Ni/
ZnO photocatalysts (Fig. 7d), 76% using 6 mM of CO,*"
in the presence of Cu/ZnO and 78% using Ni/ZnO pho-
tocatalysts (Fig. 7e) and 86% using 6 mM of Cl™ in the
presence of Cu/ZnO and 82% using Ni/ZnO photocata-
lysts (Fig. 7f).

3.8 Recovery and reusability

After the photocatalytic treatment, the recovery and
reuse of the photocatalysts was verified. The ease of reuse
and good recovery after photocatalytic activity is of great
economic advantage, with used photocatalysts being
recovered by filtration (Whatman filter paper, pore size
(2.5 um), followed by washing and drying in an oven. The
photocatalysts were washed with distilled water and then
with organic solvents such as ethanol and acetone. After
grinding, the recovered impregnated zinc oxide pho-
tocatalysts were ready for reuse. The efficiency of ultra-
sound-assisted photocatalytic degradation of the first,
second and third photocatalysts recycled using isopro-
turon is given in Fig. 8a. The degradation efficiencies of
Cu/ZnO are 93, 92 and 90% and those of Ni/ZnO are 92,
91 and 89% for first, second and third run of isoproturon

%
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ions e carbonate ions f and chloride on triasulfuron photocatalytic degradation (Conditions: pH 7 for isoproturon and pH 7 and pH 6 using Cu/ZnO
and Ni/ZnO for triasulfuron, 0.1 g of photocatalysts (Cu/ZnO and Ni/ZnO), irradiation time (30 min), temperature 25 °C and 3 mM of H,0, using Cu/
Zn0O and 4 mM of H,0, using Ni/ZnO for isoproturon and 5 mM of H,0, using Cu/ZnO and Ni/ZnO for triasulfuron in the presence of sonication

and visible light)
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degradation. It was observed that the photocatalytic
activity of the recycled photocatalysts is very close to the
photocatalytic activity of the fresh photocatalyst. Thus
Cw/ZnO and Ni/ZnO can be recycled without compro-
mising the photocatalytic activity. Sonication-assisted
photodegradation of triasulfuron for reusability is shown
in Fig. 8b. The degradation efficiencies of Cu/ZnO are 97,
95 and 93% and of Ni/ZnO are 95, 93 and 91% for triasul-
furon photocatalytic degradation after first, second and

95
) 2 (a)
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S W S

Degradation (%)

~
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70
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NI-ZnO
No.of Cycles

Degradation (%)
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third run of the catalyst. The results shows no significant
decrease in herbicide degradation. The proposed method
is better for commercial applications due to its reusability
of the photocatalyst. The prepared photocatalysts were
compared with other catalysts and degradation methods.
Comparison of the results of the proposed method of
ultrasound-assisted photocatalytic degradation of isopro-
turon and triasulfuron with other methods are given in
Tables 1, 2 and 3. The possible degradation mechanisms

100 97 (b)

95

95

90

85

80

75

70

Cu-ZnO

NI-ZnO
No.of Cycles

Fig. 8 a Re-usability of ultrasound assisted photocatalytic degradation of isoproturon b. Re-usability of ultrasound assisted photocatalyst

for photocatalytic degradation of triasulfuron (Conditions: pH 7 for isoproturon and pH 7 and pH 6 using Cu/ZnO and Ni/ZnO for triasulfuron, 0.1 g
of photocatalysts (Cu/ZnO and Ni/ZnO), irradiation time (30 min), temperature 25 °C and 3 mM of H,0, using Cu/ZnO and 4 mM of H,0, using Ni/
ZnO for isoproturon and 5 mM of H,0, using Cu/ZnO and Ni/ZnO for triasulfuron in the presence of sonication and visible light)

Table 1 Comparison of the proposed degradation method with other degradation methods used for isoproturon degradation

Degradation method Catalyst Time (min) % Degradation References
Sonophotocatalytic TiO, P25 with that of Kronos 1077 240 and 60 min Respec- 100 [31]
tively

Photocatalytic TiO, 360 85 (32]
Photocatalytic TiO, over H-mordenite 300 80 7]
Photocatalytic Activated carbon and titania catalyst 1920 56 [27]

Solar PhotoFenton H,0, 150 100 6]
Photocatalytic TiO,/Al-MCM-41 90 80 [29]
Photocatalytic TiO, (Degussa P25) 80 94.8 [33]
Sonophotocatalytic Cu/Zn0O and Ni/ZnO 30 99 Present work

Table 2 Comparison of the proposed degradation method with other degradation methods used for triasulfuron degradation

Degradation method Catalyst Time (min) % Degradation References
Photocatalytic Zn0/Na,5,0q 120 100 (34]
Photodegradation uv 6000 60 18]
Photocatalytic TiO, 320 99 (35]
Sonophotocatalytic Cu/ZnO and Ni/ZnO 30 98 Present work
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Table 3 Degradations of different herbicides by Cu/ZnO and Ni/ZnO
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Herbicide Degradationmethod Catalyst Time (min) % Degradation References
Organophosphate chlorpyrifos Photocatalytic Cu-ZnO 240 85 [36]
Bentazon Photocatalytic Cu-ZnO 60 98.28 [37]
MB Dye Photocatalytic 4% Cu-Zn0O (CZS-25 NCs) 60 100 [38]
Lindane Photocatalytic Zn@ZnO 40 995 [39]
Diazinon Photocatalytic Ni-ZnO 120 99.96 [40]
imidacloprid Photocatalytic PANI/ZnO-CoMoO, 180 97 [41]
P-nitrophenol Photocatalytic Ni-ZnO/Ppy 180 96.04 [42]
ciprofloxacin Photocatalytic Ni-ZnO 90 83.7 [43]
Dicofol Photocatalytic Ni-ZnO 90 99.2 [44]
Isoproturon and Triasulfuron Sonophotocatalytic Cu/Zn0O and Ni/ZnO 30 99 & 98 Present work
3-(4-Isopropylphenyl)-1,1-dimethylurea
~ jt
N” °N
' H
Hyroxilation DeAlkylation

o) CH;0H

Di or Trihydroxy
derivates
related product
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Fig. 9 Possible degradation mechanism of isoproturon
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of isoproturon are given in Fig. 9. For the ultrasound-
assisted photocatalytic degradation of isoproturon, light
and ultrasonic radiation are responsible. When light falls
on the surface of photocatalysts (Cu/ZnO and Ni/ZnO),
they accelerate electrons towards the conduction band,
leaving holes in the valence band. These electron—hole
pairs are responsible for the generation of free radicals.
The generated free radicals reacts with isoproturon and
transform them into highly unstable intermediates, lead-
ing to further degradation and resulting in products such
as CO,, H,0O and mineral acids. The degradation of iso-
proturon is accelerated due to the synergistic effect of
ultrasonic radiation also. Ultrasonic radiation causes
sonocatalytic degradation of isoproturon due to sonolu-
minescence, hot spots and leakage of oxygen atoms [30].
These three phenomena caused by sonication accelerate
the degradation. Intermediates formed during the degra-
dation are highly unstable and attacked by free radicals
[26]. The electron hole pair generated due to sonolumi-
nescence in a range of 200-700 nm causes the generation
of free radicals. The cavitation bubbles in the ultrasonic
radiation and hot spot further cause the generation of
free radicals. All the free radicals, electrons and holes
cause the degradation of herbicides resulting in the for-
mation of CO,, H,O and mineral acids.

4 Conclusions

Copper and nickel impregnated zinc oxide photocatalysts
were used for photocatalytic degradation of isoproturon
and triasulfuron herbicides. Cu/ZnO and Ni/ZnO was
prepared using wet impregnation method, different char-
acterization techniques such as SEM, EDX, XRD, FTIR,
and surface area confirms the preparation of Cu/ZnO and
Ni/ZnO. Sonication assisted photocatalytic degradation
of herbicides in the wastewater was studied under differ-
ent experimental parameters. The optimum experimental
conditions have been proposed for the significant sono-
photocatalytic degradation of isoproturon and triasulfu-
ron. Copper and nickel impregnated photocatalyst showed
higher degradation efficiency in visible light region. The
good recovery and reuse of impregnated zinc oxide pho-
tocatalyst many times are the major advantages along with
the higher degradation efficiency in visible light region.
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