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The degradation of imidacloprid (a systemic chloronicotinoid insecticide) has been carried out in the
aqueous solutions using the combination of hydrodynamic cavitation (HC) with various other advanced
oxidation processes such as fenton, photo-fenton, photolytic and photocatalytic processes. HC + fenton
process significantly enhanced the rate of degradation of imidacloprid, which lead to a complete
degradation of imidacloprid within 15 min of operation using the molar ratio of imidacloprid:H,0, as
1:40 and the molar ratio of FeS04-7H,0:H,0, as 1:40. Similar results of an increase in the rate of
degradation of imidacloprid have also been obtained in case of HC + photo-fenton process. Synergetic
index of 3.636 and 2.912 have been obtained using HC + fenton and HC + photo-fenton processes
respectively. The combination of hydrodynamic cavitation with photolytic and photocatalytic processes
have also resulted in the enhancement in the rate of degradation of imidacloprid, however synergetic
effect has not been observed. Comparison of efficiency of all the processes applied has also been done by
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computing extent of mineralization achieved and energy requirement of the process.
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Introduction

Contamination of surface and ground water streams due to
pesticides is posing a direct threat to human health and
environment, since they are usually toxic, recalcitrant to biological
treatment, and tend to accumulate in the environment [1,2].
Imidacloprid, the target pollutant in the present study belongs to
new class of insecticide called chloronicotinoids [3]. Because of its
high efficiency against many pests, its use is increasing worldwide.
Acute toxicity of imidacloprid on the bee population (oral
LDsp = 0.0037 pg/bee) [4,5] and aquatic environment [6,7] has
already been reported.

Advanced oxidation processes (AOPs), are one of the most
promising ways for the effective degradation of many organic
pollutants such as pesticides [8]. The basic mechanism of AOPs

* Corresponding author. Tel.: +91 22 33612012; fax: +91 22 33611020.

E-mail addresses: dsaini2010@gmail.com (D.R. Saini),
shirishsonawane09@gmail.com (S.H. Sonawane), dr.pandit@gmail.com,
ab.pandit@ictmumbai.edu.in (A.B. Pandit).

1 Working in Chemical Engineering Department, B.V.U.C.0.E., Pune 411037, India.

2213-3437/$ - see front matter © 2013 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.jece.2013.07.029

includes the generation of highly reactive hydroxyl radicals having
very high oxidative power (Eq = 2.8 V) and further its subsequent
attack on the pollutant to be treated [9]. AOPs for the degradation
of pesticides include various processes such as fenton and
photofenton process [9-11], photolytic process [12-14], photo-
catalytic process [15-18], cavitation techniques [19-21] etc.
Application of cavitation and energy associated with it has been
pursued by many researchers for the degradation of various
organic pollutants. Cavitation is the phenomena of formation,
growth and subsequent collapse of the cavities/bubbles containing
vapours of the medium and its constituents. In hydrodynamic
cavitation, the cavitation is induced by the flow of the liquid
through simple mechanical constrictions such as venturi or an
orifice under controlled conditions [19]. As the liquid passes
thorough the mechanical constriction such as venturi, orifice plate,
etc., the pressure at the throat or vena-contracta of the constriction
is reduced below the vapor pressure of the liquid at the operating
temperature and produces millions of micro cavities. The cavities
generated subsequently collapse, as the reduced pressure is
recovered in the downstream section of the constriction. Cavita-
tion is capable of degrading complex organic pollutants, since
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collapse of bubbles releases large magnitude of energy, generating
localized ‘hot spot’ with extremely high temperature, pressure
conditions at very short time scale (temperature of 10,000 K and
pressures of about 1000 atm. for microseconds) which leads to the
dissociation of water molecule into highly reactive species like
hydroxyl, H* radicals [20]. When applied individually cavitation
often gives lower rates of the degradation, but the efficacy of
cavitation can be significantly enhanced by combining it with
other advanced oxidation processes such as fenton [19-22],
photofenton [23,24], photolytic [25-27], photocatalytic process
[28,29]. Combination of cavitation with other AOPs often leads
to an intensification of the degradation of organic pollutants due to
the enhanced generation of the hydroxyl radicals. In addition to
this, the catalyst surface is kept clean, catalyst particles are kept
well mixed in the suspension and the mass transfer resistances are
reduced due to improved local turbulence by cavitation.

Various AOPs such as photofenton [2,11,16,18], photolytic [12-
14] and photocatalytic degradation processes [3,15-18] have been
reported in the literature for the degradation of imidacloprid.
However the use of hydrodynamic cavitation based hybrid
techniques for the degradation of imidacloprid has not yet been
explored. The present work deals with the study of degradation of
imidacloprid by application of hydrodynamic cavitation (HC) and
hydrodynamic cavitation based hybrid techniques such as
HC + fenton and HC + photo-fenton and HC + photolytic and
HC + photocatalytic process. The main focus of this study is to
harness the energy associated with hydrodynamic cavitation for
intensification of the degradation process of imidacloprid.

Materials and methods
Materials

Commercial grade imidacloprid (CgH1oCIN5sO,, Mw - 255.7)
which contains 70% pure imidacloprid was obtained from Bayer
AG. The following chemicals were obtained from S D Fine
Chemicals Ltd.,, Mumbai, India: hydrogen peroxide (30% w/v),
ferrous sulphate (FeSO4-7H,0), sodium sulfite (Na,SOs) and
sulphuric acid (H,SO4). These chemicals were of AR grade and
acetonitrile and water used for HPLC analysis were of HPLC grade.
Niobium pentoxide (Nb,Os) of GR grade (average particle size:
2.5 wm) was obtained from Loba Chemie Pvt. Ltd., Mumbiai, India.
All chemicals were used as received from the supplier.

Experimental set-up

Experimental set-up used in the present study is schematically
shown in Fig. 1. It essentially comprised of closed loop circuit
containing a feed tank, positive displacement pump (P = 1.1 kW),
pressure gauges and valves. Cooling jacket is provided to the feed
tank for controlling the temperature increased due to heat
liberated during cavitation. Suction side of the pump is connected
to the bottom side of the feed tank and the discharge line from the
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Fig. 1. Hydrodynamic cavitation set-up.

pump is branched into two lines. The main line consists of circular
venturi and second line is bypass line. In the present study circular
venturi with 2 mm throat diameter is used as a cavitating device.
The exact geometric specifications of circular venturi have also
been provided in Fig. 2. A bypass line is provided to control the flow
through the main lines. Control valves and pressure gauges are
provided at appropriate places to control the flow rate through the
lines and to measure the fluid pressures respectively. Alternatively,
variable frequency drive (VFD) is also provided to control the
motor rpm such that the flow through the main line can be
controlled directly by changing the number of piston stroke of the
positive displacement pump, while keeping bypass line closed.
The material of construction of the entire system except
cavitating device is stainless steel (SS316), whereas cavitating
device, circular venturi is made up of brass. Portable UV assembly,
made up of quartz, containing UV lamp (250 W, Aqax — 364 nm)
with cooling jacket, is placed centrally in the feed tank for the UV
irradiation. It was used while studying the techniques involving
photofenton, photolytic and photocatalytic processes.

Hydrodynamic cavitation (HC)

All the experiments were performed with 5 L aqueous solution
of imidacloprid with an initial concentration of 25 ppm. Initially,
operating parameters such as inlet pressure and pH were
optimized by varying inlet pressure from 5 to 20bar (5, 10,
12.5,15,17.5 and 20 bar) at pH of 2.7 and by varying the pH from 2
to 7.5 (2, 2.7, 3, 4, 6, 7.5) at the inlet pressure of 15 bar, which
includes 7.5 as natural pH of the aqueous solution of imidacloprid.
The inlet pressures were controlled by adjusting piston stroke
length and frequency of the pump and pH of the solution was
adjusted by adding sulphuric acid as per the requirement.
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Fig. 2. Geometric specifications of a cavitating device (circular venturi).
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Hydrodynamic cavitation based hybrid techniques

All the experiments were performed treating 5L aqueous
solution of imidacloprid with the initial concentration of 25 ppm.
The optimum pump discharge pressure to the cavitating device of
15 bar and the optimal pH of 2.7, was used.

Fenton chemistry was employed along with hydrodynamic
cavitation at the fixed molar ratio of imidacloprid:H,0, as 1:40
with concentration of H,0, as 3.91 mmol/L and varying molar ratio
of ferrous sulphate:H,0, as 1:50, 1:40, 1:30 and 1:20. Ferrous
sulphate has been used as a homogeneous fenton catalyst. The
degradation of imidacloprid was also performed using the
conventional fenton oxidation process using a stirred reactor
without hydrodynamic cavitation at the optimized ratio of
imidacloprid:H,0, as 1:40 and molar ratio of ferrous sulpha-
te:H,0, as 1:40 (Capacity - 2L, 4 blade pitched impeller with
diameter - 3.5 cm and angle 45°, rotating at 300 rpm).

UV assembly was placed centrally in a feed tank for UV
irradiation during photofenton, photolytic, photocatalytic process-
es and their combination with HC. Photo-fenton and HC + photo-
fenton processes were employed at molar ratio of imidaclo-
prid:H,0; as 1:40 and molar ratio of ferrous sulphate:H,0, as 1:40.
Photocatalytic and HC + photocatalytic processes were employed
using niobium pentoxide (Nb,Os) as a photocatalyst, due to its
adequate band gap of 3.4 eV and stability in acidic conditions. The
catalyst was used as received from the supplier without any pre-
treatment such as drying, purification etc. The amount of catalyst
used in all such experiments was 200 mg/L.

During AOPs such as photo-fenton, photolytic and photocata-
lytic processes, the flowrate of aqueous solution of imidacloprid
was maintained at the same flowrate of 610L/h (flowrate
corresponding to optimal inlet pressure of 15 bar) by adjusting
piston stroke length and frequency of the pump. Maintaining
identical flowrate during all such experiments (with and without
cavitation) ensures the identical exposure of imidacloprid to UV
irradiation.

Analytical methods
Concentration of imidacloprid at any instance was determined

using high pressure liquid chromatography (HPLC). HPLC instru-
ment used comprised of UV detector (G1314B) and a Eclipse

XDB-C18 column of dimensions 4.6 x 250 mm (Agilent Technolo-
gies, USA). A mixture of acetonitrile:water (30:70 v/v) was used as
a mobile phase with flow rate maintained at 1 mL/min and elution
was monitored using UV detector at 269 nm. In order to obtain the
accurate concentration of imidacloprid at any instance, particu-
larly in case of fenton and photofenton processes, 0.5 N sodium
sulfite has been added immediately to the samples withdrawn, as a
quenching agent. In case of photocatalytic process, samples
withdrawn were centrifuged at 4500 rpm (5660¢g relative
centrifugal force) to remove the solid catalyst particles and
supernatant was utilized for HPLC analyses.

In addition, some of the samples at various optimum conditions
were also analyzed using total organic carbon analyzer (Shimadzu
Corporation, Japan) to observe the complete mineralization of
imidacloprid into end products (such as CO, and H,0).

Results and discussion
Hydrodynamic cavitation

Initially, the study of degradation of imidacloprid has been
carried out for the duration of 120 min using hydrodynamic
cavitation for obtaining an optimal inlet pressure to the cavitating
device and an optimal pH. The inlet pressure was optimized by
varying the inlet pressure from 5 to 20 bar (5, 10, 12.5, 15, 17.5 and
20 bar) by adjusting piston stroke length and frequency of the
pump. Similarly, the initial pH of an aqueous solution of
imidacloprid was optimized by varying the pH from 2 to 7.5 (2,
2.7,3,4,6,7.5) by adding H,SO4 solutions as per requirement. The
obtained results have been depicted in Fig. 3.

It can be seen that, the rate of degradation of imidacloprid
increases with an increase in the inlet pressure till 15 bar and
decreases with further increase in the inlet pressure. The results
obtained are attributed to the fact that at higher inlet pressures
such as 15bar, number of cavities produced, intensity of
turbulence created and intensity of cavity collapse would be
higher. This condition could enhance the concentration of hydroxyl
radicals and its effective utilization, which subsequently increases
the possibility of the degradation of imidacloprid. However,
increasing the inlet pressure beyond an optimal value leads to
the formation cavity cloud which reduces the cavitational
intensity. Hence, the optimal inlet pressure of 15 bar has been
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Fig. 3. Effect of inlet pressure and pH on the % degradation of imidacloprid (initial concentration of imidacloprid - 25 ppm).
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used in all further experiments. In credence with these findings,
Patil and Gogate [19] have also reported an increase in the extent of
degradation of methyl parathion with an increase in the inlet
pressure and obtained the optimal inlet pressure of 4 bar using an
orifice as a cavitating device. Saharan et al. [30] have also observed
that rate of degradation of reactive red 120 using hydrodynamic
cavitation (venturi) increases with an increase in the inlet pressure,
reaching maximum at 5 bar. These findings have indicated that an
optimal inlet pressure exists, however the inlet pressure required
vary greatly, since it strongly depends on the design of cavitating
device and the chemical nature of target pollutant.

It has also been observed that, the extent of the degradation of
imidacloprid substantially increases under the acidic conditions,
when the pH of the solution has been reduced from 7.5 to 2.0.
However, under strong acidic conditions at the pH of 2, marginal
increase in the extent of degradation of imidacloprid has been
observed. Hence, the optimal pH of 2.7 has been used in all further
experiments.

Enhancement in the extent of degradation of imidacloprid at
low pH is due to the fact that, under acidic conditions the oxidation
potential of hydroxyl radicals increases, whereas the recombina-
tion reaction of the free radicals decreases. On the other hand,
under acidic conditions the state of the imidacloprid molecule
changes from ionic to molecular state, thereby causing it to locate
at the cavity water interface, where the concentration of the
hydroxyl radicals are high and hence the degradation rate
increases.

Similar findings of an increase in the extent of degradation of
pesticides under acidic conditions are also reported in the
literature. Golash and Gogate [21] have also reported that the
acidic condition favours the sonochemical degradation of dichlor-
vos. Maximum degradation of dichlorvos of 52.9% obtained at
operating pH of 2 decreased to about 24% when the operating pH
was increased to 8.

Hydrodynamic cavitation + fenton process

Fenton process utilizes the reactivity of hydroxyl radicals
generated in acidic conditions by iron catalyzed decomposition of
hydrogen peroxide (Eq. (1)) for the degradation of organic
pollutant [9,11].

Fe2* + H,0, — Fe3* + OH™ +OH°* (1)

Resulting Fe3* ions can react with H,0, (Eq. (2)) to produce the
intermediate complex (Fe-OOH®?*), which can easily get converted
into Fe?" and HO,* under cavitating conditions (Eq. (3)) [20].

Fe3* + H,0, — Fe—OOH*2t + H* (2)

Fe—OOH*2* — Fe** + HO,* (3)

Generated Fe?* jons can again react with H,0-, to generate even
more number of hydroxyl radicals (Eq. (1)). In addition to this,
some part of H,O, directly decomposes to hydroxyl radicals in
presence of hydrodynamic cavitation [19,20] as shown in Eq. (4)

H,0, — OH* + OH* (4)

Hence, the combination of hydrodynamic cavitation and fenton
process accelerates the rate of generation of hydroxyl radicals.

Effect of combination of hydrodynamic cavitation and fenton
process on the extent of degradation of imidacloprid has been
investigated for various molar ratios of ferrous sulphate to
hydrogen peroxide. The results obtained have been depicted in
Fig. 4. It has been observed that the rate of degradation of
imidacloprid increases with an increase in the loading of
FeSO4-7H,0 and obeys first order degradation kinetics. First order
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Fig. 4. First order degradation of imidacloprid using HC, Fenton and HC + fenton
processes (initial concentration of imidacloprid - 25 ppm, inlet pressure - 15 bar,
pH 2.7 and molar ratio of imidacloprid:H,0,-1:40).

reaction rate constants obtained have been reported in Table 1. It
has been observed that 6.15% and 64.43% degradation of
imidacloprid obtained after 15 min of operation using HC and
conventional fenton process respectively, significantly increased to
97.77% by applying the combination of HC and fenton process.
Substantial synergetic effect has been observed using HC + fenton
process, since the value of reaction rate constant of 2.565 x
102 min~! and 66.711 x 10~ min~! obtained in case of HC and
conventional fenton process (without HC) substantially increased
to 250.749 x 102 min~! when HC was combined with fenton
process. The synergetic effect of combining HC with fenton process
based on reaction rate constant (Eq. (5)) can be obtained as

k
Synergeticindex — —ctfenton) _ 3 g3¢ (5)
kHC + kfenton

Synergetic effect observed has been credited to the fact that the
combination of HC and fenton process generates higher concen-
tration of hydroxyl radicals as compared to fenton and HC
processes. The increased concentration of hydroxyl radicals along
with their effective utilization due to higher intensity of turbulence
created by HC significantly accelerates the rate of degradation of
imidacloprid. In addition, the quantity of the ferrous sulphate
required as a catalyst can be reduced significantly due to the
combined HC + fenton process as compared to fenton process for
obtaining same extent of degradation. Hence the total dissolved
solids (TDS) in the discharged liquid in the combined HC + fenton
process would also be less than that in the fenton process.

Similar trends of results are reported in the literature for the
degradation of other organic pollutants by applying combination
of HC and fenton process. Joshi and Gogate [20] have investigated
the degradation of dichlorvos using combination of hydrodynamic
cavitation and fenton process and have also reported that the rate
of degradation of dichlorvos increases significantly with increasing

Table 1
Effect of molar ratio of FeSO,4-7H,0:H,0, on extent of degradation and reaction rate
constant, k.

Process Molar ratio of kx10°min~! % Degradation after
FeSO4-7H,0:H,0, 15 min of operation
HC - 2.565 6.15
Fenton 1:40 66.711 64.43
HC +fenton 1:50 196.979 94.07
1:40 250.749 97.77
1:30 437.900 100.00
1:20 562.169 100.00
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concentrations of Fe?" giving maximum degradation of 91.5% at
3:1 loading of FeSO,4:H,0,. Bremner et al. [22] have also
demonstrated that the degradation of 2,4 dichlorophenoxy acetic
acid can be intensified by combining hydrodynamic cavitation and
advanced fenton process.

Hydrodynamic cavitation + photo-fenton process

It is well known, that under acidic conditions a part of ferrous
ions would exist in the form of Fe(OH)?*, which can easily get
converted into hydroxyl radicals and Fe?" under UV irradiation as
indicated in Eq. (6) [10]. This can establish a cycle of reactions of
generating additional hydroxyl radicals and regeneration of
catalyst since Fe?* ions are restored.

Fe(OH)** + (UV) — Fe2* + OH* (6)

Combination of hydrodynamic cavitation and photo-fenton
process can further increase the concentration of hydroxyl radicals
generated and hence higher rate of degradation of imidacloprid can
be achieved. The results obtained giving the comparison of HC,
photo-fenton and combined HC + photo-fenton processes have
been shown in Fig. 5. It can be seen that the rate of degradation of
imidacloprid using HC + photo-fenton process is substantially
higher as compared to HC and photo-fenton processes and
followed the first order degradation kinetics.

The reaction rate constants obtained have been summarized in
Table 2. The value of first order reaction rate constant of
99.372 x 10> min~! for photo-fenton process has been signifi-
cantly increased to 297.012 x 1073 min~! by combining HC and
photo-fenton process. Approximately 99.23% degradation of
imidacloprid has been obtained after 15 min of operation by
combining HC and photo-fenton processes as compared to only
6.15% and 81.60% degradation of imidacloprid obtained in case of
HC and photo-fenton processes respectively. Hence, substantial
synergistic effect has been observed in combining in HC and photo-
fenton process. The synergetic index based on reaction rate
constant (Eq. (7)) by combining HC with photo-fenton process can
be obtained as

k(HC+photofent0n) —-2912 (7)

Synergeticindex =
kHC =+ kphootfenton

Synergistic effect observed can again be attributed to the
effective utilization and higher generation of hydroxyl radicals,

0 T
L ]
A4 ) o
ALY
224
- A s HC
@) ® Photofenton
D -34 A HC + Photofenton
=
-4
A
-5
0 10 20 30 40 50 60

Time in minutes

Fig. 5. First order degradation of imidacloprid using HC, photo-fenton and
HC + photo-fenton processes (initial concentration of imidacloprid - 25 ppm, inlet
pressure - 15 bar, pH 2.7 and molar ratio of imidacloprid:H,O, - 1:40 and
FeS04-7H,0:H,0, - 1:40).

Table 2
Effect of combination of HC and photo-fenton process.

Type of process k x10>min~! % Degradation after
15 min of operation

HC 2.565 6.15

Photo-fenton 99.372 81.60

HC + photo-fenton 297.012 99.23

regeneration of catalyst i.e. Fe?* ions and effective mixing
generated by cavitation.

Hybrid techniques combining cavitation and photo-fenton
processes have also been reported in the literature for the
degradation of other organic pollutants. Torres et al. [23] have
demonstrated that the simultaneous ultrasound/Fe?*/light process
has found to be more efficient technique for removal of bisphenol A
as compared to the individual processes. Segura et al. [24] have
also reported that simultaneous application of sonication and
photo-fenton process resulted in the higher rate of degradation of
phenol.

Hydrodynamic cavitation + photolytic process

The effect of combination of hydrodynamic cavitation (HC) and
photolytic process (UV) on the rate of degradation of imidacloprid
has been investigated by comparing HC, photolytic and combined
HC + photolytic processes. Fig. 6 provides the comparison of these
processes in terms of the rate of degradation of imidacloprid.

It can be seen that the rate of degradation of imidacloprid
obtained by applying HC and photolytic processes has further
enhanced by combining hydrodynamic cavitation with photolytic
process. It has also been observed that the degradation of
imidacloprid obeys first order degradation kinetics during these
processes. Reaction rate constants and extent of degradation
obtained have been summarized in Table 3. First order reaction
rate constant of 2.565 x 10> min~! and 3.557 x 103> min~!
obtained in case of HC and photolytic process respectively, has
further enhanced to 5.034 x 10> min~! by combining HC and
photolytic process. However, synergetic effect has not been
observed, since the reaction rate constant obtained in case of
combination of HC and photolytic process has found to be lower
than the sum of the reaction rate constant obtained in case of HC
and photolytic process. The results obtained might be attributed to
the facts that since UV source has not been available in the

0.0
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Fig. 6. First order photolytic degradation of imidacloprid using HC, UV and HC + UV

processes (initial concentration of imidacloprid - 25 ppm, pH 2.7 and inlet pressure
- 15 bar).
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Table 3
Effect of combination of HC and photolytic process.

Table 4
Effect of combination of HC and photocatalytic process.

Type of process kx10°min~! % Degradation after Type of process kx10>min~! % Degradation after
120 min of operation 120 min of operation

HC 2.565 26.24 HC 2.565 26.24

uv 3.557 37.52 UV +Nb,05 4.871 45.99

HC+UV 5.034 45.56 HC+UV +Nb,05 6.837 55.18

cavitating zone, in the combined HC + photolytic process the
phenomena of cavitation and photolysis has not been occurring
simultaneously and hence not accelerating the oxidation of
imidacloprid. In fact, the combined process is actually the
continuous sequential operation of UV irradiation in the feed tank
followed by hydrodynamic cavitation in cavitator.

The UV source has not been placed in the cavitation zone, since
the venturi was made up of brass and was not transparent. Hence,
for obtaining synergetic effect an attempt can be made to apply the
UV irradiation in the cavitation zone. This can be done by designing
transparent cavitator and placing UV source outside the cavitator,
so that these processes will occur simultaneously and could
complement each other.

It has been well supported in the literature that the synergetic
effect can be obtained by combining cavitation with photolytic
process, when both the processes are occurring simultaneously.
Khokhawala and Gogate [25] have reported the synergetic effect of
the combination of ultrasound cavitation (US) and UV irradiation
process occurring simultaneously for the degradation of phenol.
Shirgaonkar and Pandit [27] have also obtained synergetic effect by
applying simultaneous sonophotochemical process for the degra-
dation of 2,4,6 trichlorophenol.

Hydrodynamic cavitation + photocatalytic process

Heterogeneous photocatalysis is one of the promising techni-
ques for the degradation of various pesticides [1-3,8,15-17].
Niobium pentoxide (Nb,Os) has been used as a photocatalyst, since
it is an emerging photocatalyst due to its stability in acidic
conditions, wide band gap of 3.4 eV, and its ability to get recycled
easily [31-33].

The results obtained comparing the processes such as HC,
photocatalytic process and the combined HC + photocatalytic
process have been shown in Fig. 7. It can be seen that the rate
of degradation of imidacloprid obeys first order degradation
kinetics for all the processes applied. First order reaction rate

InC/C,
S

s HC
e UV+NbO,
-0.7 v HC+UV+NbO,

-0.9 T T T T T T
0 20 40 60 80 100 120

Time in Minutes

Fig. 7. First order photocatalytic degradation of imidacloprid using Nb,Os with and
without HC (initial concentration of imidacloprid - 25 ppm, inlet pressure - 15 bar,
pH 2.7 and amount of catalyst - 200 mg/L).

constants obtained have been summarized in Table 4. It has been
observed that the first order reaction rate constant of
2.565 x 10> min~! and 4.871 x 1072 min~! obtained by applying
HC and photocatalytic processes respectively has further increased
to 6.837 x 10> min ! using combined HC + photocatalytic pro-
cess. However, the synergetic effect has not been observed at a
catalyst concentration of 200 mg/L, since the reaction rate constant
obtained using combined HC + photocatalytic process has not been
found to be higher than the sum of the reaction rate constants
obtained for separate HC and photocatalytic processes. Lack of
synergetic effect may be due to the fact that presence of solid
particles of Nb,Os during cavitation has not enhanced the
cavitational phenomena. This is because even though the presence
of solid particles during cavitation provides additional nuclei for
the cavity bubbles, higher loading of solids may decrease the
cavitational intensity since the cavity bubbles may not get
adequate space for growth or their growth may be hindered due
to presence of solid particles.

In addition, high turbulence caused by cavitation might have
not increased the catalytic activity of Nb,O5 by de-agglomerating
the catalyst particles and keeping the surface of catalyst clean. This
may be because the surface of Nb,Os particles remains clean and
do not agglomerate much even in the absence of very high
turbulence [31].

It should also be noted here that, in the combined HC + pho-
tocatalytic process, HC and photocatalytic processes are not
occurring simultaneously. Rather, hydrodynamic cavitation occurs
in the cavitator in the presence of solid particles of Nb,Os and
photocatalytic process occurs in the feed tank in the presence of UV
source. UV source could not be placed in the cavitating zone for
making the process truly simultaneous, since the cavitator was
made up of brass and was not transparent for passage of UV light.

Hence, combination of HC with photocatalytic process using
concentration of catalyst as 200 mg/L does not seem to be a very
promising technique under the operating conditions specified.

Cavitational yield

Cavitational yield has been calculated for various processes
such as HC, HC + fenton, HC + photo-fenton, HC + photolytic and
HC + photocatalytic under the optimal conditions to compare the
energy efficiency of these processes and to investigate the more
energy efficient process. The cavitational yield can be expressed as
[34],

Moles of imidacloprid degraded
Energy dissipated in the system

Cavitational yield =

where, power dissipated in the HC set-up = P x Q x t, P = discharge
pressure of the pump =15 bar, Q = flowrate in the main line at
15 bar pressure = 1.69 x 10~4 m?/s, t = time of operation = 15 min.

Cavitational yield obtained by applying HC and various hybrid
techniques have been depicted in Fig. 8. It can be clearly seen from
the figure that the cavitational yield of 1.179 x 107 mol/J
obtained in case of HC has substantially increased to
1.41 x 10~° mol/J by applying the combination of HC and fenton
process. Quantitatively it can be predicted that the energy
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Fig. 8. Comparison of cavitational yield of various processes.

efficiency of HC + fenton process is approximately 12-folds more
than that for the HC process. Similarly, the cavitational yield of
7.87 x 1071° mol/J obtained in case of HC + photo-fenton process
is approximately 6 times higher as compared to the cavitation yield
for HC process.

It should also be noted here that the combination of HC with the
photolytic and photocatalytic process has not increased the energy
efficiency of the process since an additional energy applied for the
UV irradiation has not enhanced appreciably the rate of degrada-
tion of imidacloprid in the combined process.

Hence, hybrid techniques such as HC + fenton and HC + photo-
fenton have proved to be more energy efficient among all the
processes.

Mineralization study

In order to assess the extent of mineralization achieved, the
decrease in the total organic carbon (TOC) has been estimated
during various processes applied. The percent TOC reduction
obtained during these processes have been depicted in Fig. 9 and
the kinetics of mineralization of imidacloprid has been shown in
Fig. 10. The results obtained have clearly indicated that
HC + fenton and HC + photo-fenton processes are more effective
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Fig. 9. Comparison of the extent of mineralization obtained during various
processes.
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Fig. 10. Kinetics of mineralization process of imidacloprid.
Table 5

Initial rate constants and extents of mineralization obtained during various
processes.

Type of process K x 10°min~! % Mineralization
after 180 min

HC 0.495 9.89

HC +fenton 7.246 48.25

HC + photo-fenton 4.912 48.96

HC + photolytic 0.344 13.34

HC + photocatalytic 1.624 19.78

than any other methods applied. It has been observed that initially
mineralization process follows the first order mineralization
kinetics for all the processes applied. The initial rate constants of
mineralization along with the extent of mineralization obtained
after 3 hr of operation have been summarized in Table 5. It has
been observed that the percent TOC reduction of 9.89% and the
initial rate constant of mineralization of 0.495 x 107> min~!
obtained in case of HC have significantly increased to 48.25% of
TOC reduction and the rate constant of mineralization of
7.246 x 102 min~! by applying the combination of HC and
fenton process. In addition, higher percentage of TOC reduction
has also been obtained in case of HC + photo-fenton process
(% TOC reduction - 48.96).

Other processes such as HC + photolytic (% TOC reduction -
13.34) and HC + photocatalytic (% TOC reduction - 19.78)
processes have resulted in only marginal increase in the extent
of mineralization as compared to HC (% TOC reduction - 9.89). The
results obtained are attributed to the fact that most of the end
byproducts formed during photo degradation and photocatalytic
degradation of imidacloprid are might be stable organic com-
pounds, which could not be further degraded by hydrodynamic
cavitation at the operating conditions (inlet pressure - 15 bar and
temperature 32 +4 °C) used in this work. This fact may lead to
reduced mineralization of imidacloprid during photolytic and
photocatalytic degradation of imidacloprid.

Overall, the percent TOC reduction obtained during various
processes decreased in the order of HC + photo-fenton < HC +
fenton < HC + photocatalytic < HC + photolytic < HC.

Conclusions

The following important conclusions can be established for the
degradation of imidacloprid.

e HC + fenton and HC + photo-fenton processes lead to almost
complete degradation of imidacloprid within 15 min of opera-
tion at the molar ratio of imidacloprid:H,0, as 1:40 and the
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molar ratio of FeSO4-7H,0:H;0, as 1:40. Significant synergetic
effect has been observed since synergetic index of 3.636 and
2.912 has been obtained in case of HC + fenton and HC + photo-
fenton processes respectively.

e The rate of degradation of imidacloprid obtained using the
combination of HC with photolytic and photocatalytic process
has found to be higher than that for the individual processes.
However, combination of HC with photolytic and photocatalytic
processes has not shown any synergetic effect.

e HC + fenton process has found to be the most energy efficient and
effective technique for complete degradation of imidacloprid
with higher extent of mineralization as compared to other
processes studied.

Hence, hydrodynamic cavitation based hybrid techniques
combining various AOPs can be applied successfully for the
degradation of imidacloprid.
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