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Methomyl, a carbamate pesticide, is classified as a pesticide of category-1 toxicity and hence shows
harmful effects on both human and aquatic life. In the present work, the degradation of methomyl has
been studied by using hydrodynamic cavitation reactor (HC) and its combination with intensifying agents
such as H,0,, fenton reagent and ozone (hybrid processes). Initially, the optimization of operating param-
eters such pH and inlet pressure to the cavitating device (circular venturi) has been carried out for max-
imizing the efficacy of hydrodynamic cavitation. Further degradation study of methomyl by the

Keywords: o application of hybrid processes was carried out at an optimal pH of 2.5 and the optimal inlet pressure
Hydrodynamic cavitation .. . . . .
Venturi of 5 bar. Significant synergetic effect has been observed in case of all the hybrid processes studied.

Synergetic coefficient of 5.8, 13.41 and 47.6 has been obtained by combining hydrodynamic cavitation
with H,0,, fenton process and ozone respectively. Efficacy of individual and hybrid processes has also
been obtained in terms of energy efficiency and extent of mineralization. HC + Ozone process has proved
to be the most effective process having highest synergetic coefficient, energy efficiency and the extent of
mineralization. The study has also encompassed the identification of intermediate by-products generated
during the degradation and has proposed the probable degradation pathway. It has been conclusively
established that hydrodynamic cavitation in the presence of intensifying agents can effectively be used
for complete degradation of methomyl.

Advanced Oxidation Processes (AOPs)
Synergetic coefficient
Methomyl

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Large amounts of pesticides have been used across the globe for
the purpose of increased cultivation; however their residues have
posed serious threats to the environment and mankind [1].
Methomyl, CsH;gO3N,S, is a broad spectrum insecticide which
belongs to the family of oxime carbamate pesticides. It has been
classified as a very toxic and hazardous pesticide by many agencies
such as World Health Organization (WHO), Environment
Protection Agency (EPA), European Chemical Classification (ECC),
etc. It can easily cause contamination of both ground and surface
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water resources, due to its high solubility in water (57.9 g/L,
20 °C) and a low-sorption affinity to soils [2].

Application of Advanced Oxidation Processes (AOPs) has found
to be a promising technology for the degradation of various insec-
ticides and pesticides. AOPs are based primarily on the formation
and subsequent attack of the highly reactive hydroxyl radicals,
leading to the destruction/oxidation of the target pesticide com-
pound [3]. Cavitation is an emerging AOP and not many studies
have been reported for its application in the degradation of pesti-
cides. It is the phenomena of formation, growth and collapse of
large number of cavities in the liquid medium [4]. Two most
important ways of generating cavitating conditions are acoustic
cavitation (US) and hydrodynamic cavitation (HC). If the cavitation
occurs by a passage of high frequency sound wave it is called as an
acoustic cavitation and if it occurs by pressure variation in the
flowing liquid due to the presence of throttling devices such as
venturi, orifice etc., it is called as hydrodynamic cavitation [5]. It
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is reported in the literature that hydrodynamic cavitation is more
energy efficient and can easily be scaled up to industrial scale as
compared to acoustic cavitation [6,7]. The principle of hydrody-
namic cavitation can be described by using Bernoulli’s theorem.

1
Pstatic + denamic = Constant = Pstatic + jpyz

where Psgaric and Pgynamic are static and dynamic pressures, p and v
are the density and velocity of the liquid at the throat of the cavitat-
ing device. When the liquid passes through a cavitating device, the
fluid velocity increases due to a decrease in the flow area and hence
increases the dynamic pressure. Since, the sum of dynamic and sta-
tic pressure is constant according to the Bernoulli’s equation;
increase in dynamic pressure subsequently reduces the static pres-
sure. If the static pressure falls below the cavitation threshold of the
solvent (i.e. the vapor pressure of the solvent) millions of cavities
are generated. Recovery of static pressure in the downstream
section of the cavitating device causes violent collapse of these cav-
ities resulting into the formation of localized hot spots and highly
reactive OH' and H- radicals [8]. The two key mechanisms responsi-
ble for the degradation of organic pollutants using hydrodynamic
cavitation are, the thermal decomposition/pyrolysis of organic pol-
lutant entrapped in the cavities due to the generation of transient
temperature pressure conditions (localized hot spots) and secondly,
the reaction of free radicals with the organic pollutant occurring at
the cavity-water interface [9].

Some of the AOPs which have been applied in the past for the
degradation of methomyl include fenton process [4], photofenton
process [4,10] and photocatalytic oxidation process [11,12].
However, to the best of our knowledge, degradation study of meth-
omyl by employing hydrodynamic cavitation reactors and their
combination with other AOPs is not yet reported in the literature.

In the current work, the degradation of methomyl has been
studied by using hydrodynamic cavitation reactors and the two
important operating parameters, pH and inlet pressure to the cav-
itating device have been optimized in order to maximize the cavi-
tational effect. An attempt has also been made to enhance the rate
of degradation of methomyl by using hydrodynamic cavitation in
combination with the intensifying agents such as H,0,, ozone
and fenton reagent. The main focus of the work is to compare
the rates of degradation, energy efficiency and the extent of

mineralization of methomyl that can be obtained by using individ-
ual hydrodynamic cavitation reactor and its combination with
intensifying agents (hybrid processes) to determine the synergetic
effect of combined processes. In addition to this, current work also
proposes a probable degradation pathway of methomyl by identi-
fying the oxidation by-products and intermediates generated dur-
ing the degradation process of methomyl. In short, the present
work deals with the application of hydrodynamic cavitation (HC)
and hydrodynamic cavitation based hybrid techniques such as
HC + H,0,, HC + Fenton, HC + Ozone for the effective degradation
carbamate pesticide, methomyl in aqueous solutions.

2. Materials and methods
2.1. Materials

Commercial grade methomyl (Dupont) was used as a model
organic pollutant without further purification. Hydrogen peroxide
(30% w/v), ferrous sulfate (FeSO4-7H,0), sodium sulfite (Na,;SO3)
and sulfuric acid (H,SO,4) all of AR grade were obtained from S D
Fine Chemicals Ltd., Mumbai, India. Acetonitrile and water used
for HPLC analysis were purchased from S D Fine Chemicals Ltd.,
Mumbai, India of HPLC grade. All chemicals were used as received
from the supplier.

2.2. Experimental set-up

Hydrodynamic cavitation setup used in the present work is as
shown in the Fig. 1. The setup primarily consists of a holding tank,
a positive displacement pump (capacity 1.1 KW), pressure gauges
(P, P, and Ps), valves (Vq, V5 and V3), flanges, main line and a
bypass line. Holding tank was surrounded by a cooling jacket to
control the temperature, as it likely to increases due to the heat lib-
erated during cavitation. The suction line from the pump is con-
nected to the bottom of the holding tank and discharge line from
the pump is branched into two lines; main line and bypass line.
The main line houses the flanges which are used to accommodate
the cavitating device and a valve is provided in the bypass line to
control the flow through the main line. Pressure gauges are pro-
vided at appropriate places to measure the inlet pressure to the
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Fig. 1. Schematic representation of hydrodynamic cavitation set-up.
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Fig. 2. Geometric specifications of a circular venturi (cavitating device).

cavitating device and fully recovered downstream pressure.
Circular venturi has been used as a cavitating device in the present
work. The geometric specifications of the circular venturi and the
insertion point of ozone have been furnished in the Fig. 2. The
dimensions of the cavitating device used in the present study are
based on the optimized parameters found out by Bashir et al.
[13] using CFD analysis. For the combined process of hydrody-
namic cavitation and ozone, the design of the cavitator was modi-
fied for introducing the ozone at the throat of the venturi. A small
circular opening of diameter 2 mm was fabricated at the throat
region keeping all other dimensions of the cavitator identical.

The material of construction of the entire setup except the cav-
itating device is stainless steel (SS316), whereas cavitating device,
circular venturi is made up of brass.

2.3. Experimental methodology

All the experiments were performed with 5 L of aqueous solu-
tion of methomyl having an initial concentration of 25 ppm. The
holding tank was filled with aqueous solution of methomyl and
after starting the reciprocating pump, the control valve in the
bypass line was used to control the flow in the main line to regu-
late the required inlet pressure to the cavitating device. The solu-
tion of methomyl was circulated through the set-up for 120 min
and sample was collected after regular interval of time to deter-
mine the concentration of methomyl remaining in the sample.

Initially the effect of variation of operating pH was studied,
followed by the optimization of inlet pressure to the cavitating
device. Experiments were performed to determine an optimal
pH, by altering the operating pH in the range of 2-6 (2, 2.5, 3, 4
and 6). Further experiments were performed at an optimal pH of
2.5 and varying inlet pressure from 2 to 7 bar (2, 3, 4, 5, and
7 bar) by using hydrodynamic cavitation reactor without the addi-
tion of intensifying agent H,0,. In addition to this, effect of inlet
pressure was also studied in presence of set amount of H;O, to
determine the essential inlet pressure required for effective disso-
ciation of H,0, in presence of hydrodynamic cavitation.

The experiments of combination of hydrodynamic cavitation
and H,0, were performed by using various molar ratios of metho-
myl: H,0, such as 1:5, 1:10, 1:15, 1:20, 1:30, and 1:40 to deter-
mine the optimal concentration of hydrogen peroxide. Fenton
chemistry was also employed along with hydrodynamic cavitation
at the fixed optimal molar ratio of methomyl:H,0, as 1:30 and
varying molar ratio of ferrous sulfate:H,0, as 1:20, 1:30, 1:40
and 1:50. Ferrous sulfate has been used as a homogeneous fenton
catalyst.

The effect of loading of ozone on the performance of combined
process of hydrodynamic cavitation and ozone was also studied by
varying loading of ozone from 0.5 to 2 g/h (0.5, 0.75, 1 and 2 g/h).
Ozonator with a capacity of 180 W (make - Eltech Engineers, India)
was used for generating ozone with a maximum capacity of 10 g/h
of ozone. Oxygen (94% purity) was used as a feed to the
ozonator which was produced through an oxygen generator

(capacity - 420 W and oxygen output - 1-5 LPM). The generated
ozone was then constantly injected at the throat of the venturi.
The formation of large numbers of tiny ozone bubble is expected
due to extreme temperature pressure conditions and high turbu-
lence in the cavitation zone.

For quantifying the synergetic effect, the experiments were also
carried out at optimized loadings of intensifying agents in the
absence of hydrodynamic cavitation i.e. conventional approach of
only stirring.

2.4. Analysis

Concentration of methomyl at a set interval of time was deter-
mined using high pressure liquid chromatography (HPLC)
equipped with C18 column of dimensions 4.6 x 250 mm and UV
detector (make - Agilent Technologies, USA). The mobile phase
used in HPLC determination consists of acetonitrile: water mixture
(30:70 v/v) with flow rate maintained at 1 mL/min and UV detector
set at wavelength of 234 nm. In order to obtain the accurate con-
centration of methomyl at any instance, particularly in case of
H,0, and fenton process, 0.5 N sodium sulfite has been added
immediately to the samples withdrawn, as a quenching agent. In
addition to this, the extent of mineralization of methomyl into
end products (such as CO, and H,0) was also analyzed using total
organic carbon analyzer (make-Shimadzu corporation, Japan) at
various optimum conditions.

3. Results and discussion
3.1. Effect of operating pH

It is well reported in the literature that the initial pH of the solu-
tion plays an important role in the degradation of many organic
pollutants using cavitational reactors [14,15]. With this back-
ground, the effect of pH has been studied by carrying out the
experiments at different pH in the range of 2-6. The results
obtained are depicted in the Fig. 3 and Table 1. It has been observed
that the rate of degradation of methomyl increases significantly
with a decrease in the solution pH and could be fitted with first
order kinetics. The rate of degradation of methomyl of
0.72 x 1073 min~! obtained at pH of 6 was substantially increased
to 22.17 x 103 min~' by reducing the solution pH to 2.5.
However, with further increase in the acidity of solution (at pH
of 2.0) the rate of degradation of methomyl marginally decreases.
Hence, all further experiments were performed with the optimal
pH of 2.5.

Since methomyl is a non volatile compound (Henry law con-
stant is 2 x 10~'" atm m>3/mole), it cannot get penetrated into the
expanding cavities and hence pyrolysis/thermal decomposition is
not the dominant degradation mechanism in the case of methomyl.
Instead, the formation and subsequent attack of OH' radicals is a
prevailing mechanism in the degradation of methomyl and it
depends to some extent on the solution pH. Substantial increase
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Fig. 3. First order degradation of methomyl at various pH (subjected to the initial
concentration of methomyl - 25 ppm, capacity - 5 L, inlet pressure - 5 bar).

Table 1
Effect of operating pH on first order reaction rate constant, k and extent of
degradation.

Operating pH % Degradation k x 10°> min~"

2 19.64 1.998
2.5 22.17 2.146
3 12.78 1.149
4 2.39 0.204
6 0.72 0.069

in the rate of degradation of methomyl at acidic conditions has
confirmed the profound role of pH on the rate of degradation of
methomyl.

The results obtained may be attributed to the fact that an acidic
condition favors the generation of hydroxyl radicals by suppressing
the recombination reaction of OH radicals. Hence, more number of
OH- radicals will be available at the cavity-water interface for the
oxidation of methomy]l, resulting into increased degradation rates
at acidic pH. In addition to this, the oxidation potential of hydroxyl
radicals is also superior under acidic conditions [16,17]. Similar
illustrations reported in the literature also indicate that acidic con-
ditions are favorable for the degradation of organic pollutants
using cavitational reactors. Patil et al. [16] have also observed that
the rate of ultrasonic degradation of imidacloprid increases with a
decrease in the pH of the solution and the highest rate of degrada-
tion of imidacloprid was obtained at pH of 3. Mishra and Gogate
[17] have investigated the effect of pH on the degradation of
Rhodamine-B using hydrodynamic cavitation reactors at different
pH in the range of 2.5-11. They have also reported significant
increase in the rate of decolorization of the dye with a decrease
in the solution pH. Overall, it can be concluded that the study of
effect of pH on the rate of degradation of organic pollutants is very
essential for maximizing the performance of cavitational reactors,
with an underlying fact that the value of optimal pH will be depen-
dent on the type of the target pollutant.

3.2. Effect of inlet pressure and cavitation number

Initially, the degradation of methomyl in the aqueous solution
has been investigated under different pump outlet pressures, in
the range of 2-7 bar without the addition of any intensifying agent
such as H,0, or oxygen. The results obtained have been demon-
strated in Fig. 4. It can be seen that the maximum rate of
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Fig. 4. First order degradation of methomyl at various inlet pressures (concentra-
tion of methomyl: 25 ppm, amount of methomyl: 5 lit, time of run: 2 h, pH: 2.5).

degradation of methomyl was obtained at the optimal pump dis-
charge pressure of 3 bar. However, for the application of combina-
tion of hydrodynamic cavitation and intensifying agents, it
becomes essential to determine an optimal inlet pressure sufficient
for effective dissociation of the added intensifying agent in the
presence of cavitation. Hence, an attempt was also made to study
the effect of inlet pressure in the presence of set amount of H,0,.
The results obtained have been illustrated in the Fig. 5. The results
obtained have indicated that the optimum inlet pressure of 5 bar
was necessary for an effective dissociation of H,0, leading to a
maximum rate of degradation of methomyl. Table 2 provides cav-
itation number and the details of first order reaction rate constant
and the extent of degradation obtained with and without the addi-
tion of H,0,. Cavitation number (C,) is the important dimension-
less number which can clearly reflect the cavitating condition
inside the cavitator [18]. Cavitation number can be defined as

PZ*PV
Cy =
! <%pv%>

where, P, is the fully recovered downstream pressure, P, is the
vapor pressure of the liquid and v, is the velocity at the throat of
the cavitating device.

1.4
3 bar, Cv=0.21
1.2 m4 bar, Cv=0.18
A5 bar, Cv=0.15
1 X6 bar, Cv=0.13

X7 bar, Cv=0.11
0.8

InC,/C

0.6

0.4

0.2

0 4 8 12 16 20 24
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Fig. 5. First order degradation of methomyl at various inlet pressures in presence of
H,0, (concentration of methomyl: 25 ppm, amount of methomyl: 5 lit, pH: 2.5,
molar ratio of methomyl to H,0, = 1:5).



Table 2

Effect on inlet pressure on first order reaction rate constant, k and extent of degradation with and without addition of H,0,.
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Without addition of H,0,

With addition of H,0,, molar ratio of methomyl to H,0,: 1:05

Inlet pressure
(bar)

% Degradation after
2h

k x 10°> min™"

Inlet pressure
(bar)

Volumetric flow rate

(LPH)

(&)

Cavitation number

% Degradation after
1h

k x 10°> min~

1

2
3
4
5
7

20.43
27.49
23.64
22.17
17.13

2.054
2.871
2.409
2.146
1.638

3

N O U

340
375
410
445
470

0.21
0.18
0.15
0.13
0.11

33.13
65.06
72.01
57.41
57.35

8.776
28.024
59.868
57.492
46.478

It has been observed that with an increase in the inlet pressure,
the volumetric flow rate of fluid through the circular venturi
increases which ultimately decreases the cavitation number. It
can be seen that an increase in the inlet pressure to the cavitating
device increases the rate of degradation of methomyl up to the
inlet pressure of 5 bar (i.e. C,=0.15). The rate of degradation of
methomyl of 8.776 x 103 min~! obtained at an inlet pressure of
3 bar (i.e. C, = 0.21) significantly increased to 59.868 x 10> min~!
when the inlet pressure was increased to 5 bar (C, =0.15). This
could be due to the fact that, at lower cavitation number or at
higher inlet pressure, the number density of the cavities increases
resulting into more intense cavity collapse [7]. Large quantum of
hydroxyl ions generated due to violent collapse of the cavities
and their effective utilization due to an increased fluid turbulence
leads to higher rate of degradation of methomyl. However, further
increasing the inlet pressure beyond 5 bar (or decreasing Cv below
0.15) has not shown any beneficial effects, may be due to the onset
of choked cavitation [15]. Because at very high inlet pressure (i.e. at
very low cavitation number), the number of cavities generated are
so high, that they no longer behave as individual cavities and forms
a vaporous cavity cloud resulting into the less intense cavitation
phenomena [14]. Saharan et al. [19] have observed that the opti-
mal cavitation number is dependent on the geometry of the cavi-
tating device and the reported range of optimal cavitation
number for circular venturi of similar dimensions is 0.13-0.18.
The established results are in good agreement with the reported
literature since the highest extent of degradation of methomyl
was obtained at the optimal cavitation number of 0.15.

3.3. Effect of loading of H>0, on efficacy of combined process,
HC + H,0,

Hydrogen peroxide is a well known oxidizing agent due to its
high oxidation potential of 1.78 eV [7]. But the efficiency of hydro-
gen peroxide is not very promising, when applied individually
owing to the poor rate of dissociation of H,0, into OH' radicals
under conventional condition of stirring. However, it is well
reported in the literature that H,O, dissociates easily in presence
of cavitation, generating large quantum of highly reactive OH" rad-
icals [19-22]. Hence, H,0, can be used as an intensifying agent for
enhancing the rate of degradation of methomyl that can be
achieved by using hydrodynamic cavitation reactors.

Effect of the loading of H,0, on the performance of hydrody-
namic cavitation reactor has been evaluated by varying the molar
ratio of methomyl to H,O, such as 1:5, 1:10, 1:15, 1:20, 1:30, and
1:40. The obtained results have been illustrated in Figs. 6 and 7.
The initial reaction rate constant and extent of degradation are
summarized in Table 3. The net result is that the extent of degra-
dation of methomyl increases with an increase in the molar ratio
of methomyl to H,0, till an optimal molar ratio of 1:30, beyond
which a decrease in the extent of degradation of methomyl has
been observed. However, to the contrary, initial degradation rate
of methomyl found to be decreasing with increasing loading of
H,0,. It is worthy to note here that higher initial degradation rate
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Fig. 6. Effect of various molar ratio of methomyl:H,0, on removal of methomyl
(concentration of methomyl: 25 ppm, amount of methomyl: 5 lit, pH: 2.5, inlet
pressure: 5 bar).
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Fig. 7. First order degradation of methomyl at various molar ratio of methomyl:
H,0, (concentration of methomyl: 25 ppm, amount of methomyl: 5 lit, pH: 2.5,
inlet pressure: 5 bar).

of methomyl at lower loading of H,0, may not be beneficial since
the amount of H,0, available for the degradation is not sufficient
to provide higher extent of degradation of methomyl. Hence, on
the basis of the extent of degradation of methomyl, it has been
concluded that the optimal molar ratio of methomyl to H,0, is
1:30. The decrease in the extent of degradation of methomyl
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Table 3
Effect of loading of H,0, on first order reaction rate constant, k and extent of
degradation.

Process Initial reaction rate Extent of degradation
constant k x 10 min~! after 60 min

HC 2.146 139

H,0,, 1:30 0.5 2.86

HC + H,0,, 1:05 59.86 72.013

HC + H,0,, 1:10 51.82 77.275

HC + H,0,, 1:15 49.08 91.918

HC + H,0,, 1:20 33.29 94.897

HC + H,05, 1:30 22.23 97.246

HC + H,0,, 1:40 22.16 91.281

beyond the optimal molar ratio of 1:30 is due to the fact that the
added hydrogen peroxide above the optimum loading ratio acts
as a radical scavenger and hence the net extent of the degradation
of methomyl reduces.

HC + H,0, process applied for the degradation of methomyl
showed synergetic effect, since the extent of degradation of meth-
omyl obtained in the case of individual process of hydrogen perox-
ide (2.86%) and hydrodynamic cavitation (13.9%) increased
dramatically to 97.5% by combining HC and H,0, under the opti-
mized conditions. Synergetic coefficient based on the extent of
degradation of methomyl can be obtained as

. - Extent of degradation
Synergetic coefficient = & (HCH;05)

Fe’" + H,0, — Fe-OOH*" + H*
Fe-O0H>"+)))(HC) — Fe*' + HO,

H,0,+)))(HC) — OH' + OH'

Hence, fenton reagent can be utilized as an intensifying agent
for accelerating the rate of generation of hydroxyl radicals.

Effect of loading of fenton reagent on the rate of degradation of
methomyl has been investigated for various molar ratios of FeSOy:
H,0, viz. 1:50, 1:40, 1:30 and 1:20 by application of HC + Fenton
process. All the experiments have been carried out at the fixed
optimal molar ratio of methomyl to H,0, of 1:30 and using venturi
as the cavitating device. The obtained results have been depicted in
the Fig.8 and Table 4. It has been observed that the rate and extent
of degradation of methomyl increases with an increase in the load-
ing of ferrous ions resulting into complete degradation of metho-
myl in 30 min of operation using 1:20 M ratio of FeSO4:H,0,. The
rate of degradation of methomyl of 2.15x 10> min~' and
9.89 x 107> min~! obtained in the case of individual processes of
HC and conventional fenton process has substantially increased
to 161.41 x 10> min~! by applying the HC + Fenton hybrid pro-
cess. The efficacy of the combination of HC and fenton process over
individual processes can be determined in terms of synergetic
coefficient based reaction rate constant.

=538

Observed synergetic effect may be due to the significant rate of
dissociation of H,0, in the presence of hydrodynamic cavitation
leading to enhanced generation of hydroxyl radicals [22]. Similar
trends, in terms of synergetic effect of the combination of hydro-
gen peroxide with cavitation processes have been reported in the
literature for the degradation other organic pollutants. Gore et al.
[7] have also witnessed the synergetic effect by combining hydro-
gen peroxide and hydrodynamic cavitation for the degradation of
reactive orange 4 (RO4). The synergetic coefficient of 3.87 was
obtained at an optimized molar ratio RO4:H,0, of 1:30. Patil
et al. [23] have also reported similar observations for the degrada-
tion of imidacloprid by application of combined process of HC and
H,0, and the synergetic coefficient obtained was 11.15. Hence,
based on the established results and the reported literature it can
be concluded that HC + H,0, process is always more beneficial as
compared to individual HC and H,0, processes.

3.4. Effect of Fenton reagent loading on the efficacy of combined
process, HC + Fenton

Fenton reagent can also be employed as an intensifying agent
for enhancing the efficacy of hydrodynamic cavitation, since it
can also lead to an improved generation and the utilization of
hydroxyl radicals [21]. Conventional fenton process is nothing
but the iron catalyzed dissociation of H,0, into hydroxyl radicals
under acidic conditions, during which ferrous ions are converted
to ferric ions [24].

Fe’* + H,0, — Fe** + OH™ + OH"

Combination of hydrodynamic cavitation with fenton reagent
can further increase the production of hydroxyl radicals through
regeneration of catalyst (i.e. Fe?*) and dissociation of some part
of H,0, in presence of cavitation [25,26].

Extent of degradation,,c + Extent of degradation,;,,,

Synergetic coefficient = Kicstemon _ 15 49
kHC + kfenton

This synergetic effect can be attributed to the enhanced gener-
ation of hydroxyl radicals due to the regeneration of catalyst and
improved utilization of hydroxyl radicals due to high fluid turbu-
lence created by hydrodynamic cavitation.

The trend in the results obtained in the present work can be
confirmed by looking at the similar findings reported in the

12
¢ HC + Fenton, 1:50
10 1 BHC + Fenton, 1:40
A HC + Fenton, 1:30
81 XHC + Fenton, 1:20
o
)
v 6
=
=
4 4
2 r
0

Time in minutes

Fig. 8. First order degradation of methomyl at various molar ratio of Fe?*:H,0,
(concentration of methomyl: 25 ppm, amount of methomyl: 5 lit, pH: 2.5, molar
ratio of methomyl:H,0, = 1:30, inlet pressure: 5 bar).
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Table 4
Effect of various molar ratio of Fe?*:H,0, on first order reaction rate constant, k and
extent of degradation.

Process Rate constant, % Degradation
k x 10° min~" after 30 min

HC 2.146 6.46

Fenton, 1:30 9.89 29.26

HC + Fenton, 1:50 76.06 92.03

HC + Fenton, 1:40 117.98 97.38

HC + Fenton, 1:30 161.41 99.37

HC + Fenton, 1:20 189.31 100

literature. In our earlier work of the application of the combination
of hydrodynamic cavitation and fenton process for the degradation
of imidacloprid [27], it has been reported that the rate of degrada-
tion increases with an increase in the loading of FeSO, at a constant
loading of H,0,. Synergetic effect has been observed by combining
HC and fenton process with synergetic coefficient of 3.636. Guo
et al. [28] have also observed higher extent of degradation of 2,
4-dinitrophenol in the coupled ultrasonic cavitation (US) and fen-
ton process (98%) as compared to individual US (4%) and fenton
processes (82%).

3.5. Effect of loading of ozone on efficacy of combined process,
HC + Ozone

Ozonation process finds applications in the waste water treat-
ment since ozone in aqueous solution can oxidize the organic pol-
lutant due to its high oxidation potential 2.08 eV [7]. However,
conventional ozonation process has serious limitation of slow mass
transfer rate of ozone in aqueous solutions. Combining cavitation
and ozonation process can overcome this limitation since high
fluid turbulence created by cavitation phenomena can enhance
the rate of mass transfer of ozone in aqueous solutions [29].
Beneficial effects of combined process are also due to the decom-
position of ozone in the presence of cavitation to produce atomic
oxygen (0), which after reacting with water generates highly reac-
tive hydroxyl radicals [30-36]. In addition to this hydroxyl radicals
are also generated by the dissociation of water due to cavitational
effects.

054)))(HC) — 0, + O
0 +H,0 — 20H"
H,0+)))(HC) — OH' + H'

OH' + O3 + methomyl — Oxidation products

With this background, the effect of loading of ozone on the rate
of degradation and rate of mineralization of methomyl have been
evaluated by using various concentrations of ozone viz. 0.5, 0.75,
1.0 and 2.0 gm/h. The obtained results of rate of degradation and
rate of mineralization of methomyl have been depicted in
Figs. 9 and 10 respectively. It has been observed that the rate of
degradation as well as the rate of mineralization of methomyl
has increased remarkably with an increase in the loading of ozone.
In order to investigate the synergistic effect of the combination of
HC and ozonation process, efficacy of individual and combined pro-
cesses have been compared based on the rate of degradation and
rate of mineralization of methomyl. Table 5 summarizes the first
order rate constant obtained for the processes of degradation and
mineralization of methomyl.

The rate of degradation of methomyl obtained in case of
individual HC and conventional ozonation processes of
2.146 x 10> min~! and 17.094 x 103 min~!  significantly

¢ HC + Ozone, 0.5 gm/hr
8 HC + Ozone, 0.75 gm/hr
A HC + Ozone, 1 gm/hr

In(C,/C)

Xozone, 0.75 gm/hr
xHC

12 18 24 30 36
Time in minutes

Fig. 9. First order degradation of methomyl at various loadings of ozone (concen-
tration of methomyl: 25 ppm, amount of methomyl: 5 lit, pH: 2.5, inlet pressure:
5 bar).

2.5
¢ HC + Ozone, 0.5 gm/hr
5 @ HC + Ozone, 0.75 gm/hr

G A HC + Ozone, 1 gm/hr
g XHC + Ozone, 2 gm/hr
> 15
Q
=} ]
e
N’
= 1

0.5

0 20 40 60 80
Time in minutes

Fig. 10. Rate of mineralization of methomyl at various loadings of ozone (concen-
tration of methomyl: 25 ppm, amount of methomyl: 5 lit, pH: 2.5, inlet pressure:
5 bar).

increased to 915.94 x 10> min~' in case of HC + Ozone process
for 0.75 gm/h of ozone. Similarly, rate of mineralization of metho-
myl of 0.528 x 10> min~! and 0.568 x 10~ min~! obtained in
case of individual HC and conventional ozonation processes
respectively appreciably increased to 20.00 x 10> min~! in case
of HC + Ozone process after utilizing 0.75 gm/h of ozone.

The synergistic effect observed can be quantified by determin-
ing the synergetic coefficient as

Synergetic coefficient based on rate of degradation
_ k(HC+Ozone) —476
kuc + kozone

Synergetic coefficient based on rate of mineralization

_ I/<(HC+Oz/one) —18.25
ke +k

Ozone
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Table 5

Effect of loading of ozone on the rate of degradation and rate of mineralization of methomyl.

Rate constant based
on degradation k x 10> min~

Process
1

Rate constant based % TOC reduction

on mineralization k' x 10 min~!

HC 2.146

Conventional Ozone, 0.75 gm/h 17.094

HC + Ozone, 0.5 gm/h 474.071

HC + Ozone, 0.75 gm/h 915.94

HC + Ozone, 1 gm/h 1116.938

HC + Ozone, 2 gm/h Instantaneous

0.528 5.45 (after 120 min)

0.568 5.96 (after 120 min)

2.709 6.83 (after 30 min)
20.001 41.47 (after 30 min)
22.833 61.09 (after 30 min)
36.858 69.87 (after 30 min)

Hence, the combination of hydrodynamic cavitation and ozona-
tion has not only amplified the rate of degradation of methomyl,
but also resulted in higher rate of mineralization of methomyl, as
compared to individual HC and ozonation processes. The estab-
lished results are attributed to the following facts

1. Additional oxidants such as atomic oxygen and hydroxyl radi-
cals can be generated upon the dissociation of ozone in pres-
ence of hydrodynamic cavitation [30,31].

2. Combination of HC and ozonation process have shown
synergism, since the reaction of methomyl with ozone in aque-
ous solution is very slow (17.094 x 103 min~') as compared to
reaction of methomyl with hydroxyl radicals generated upon
dissociation of ozone in presence of cavitation
(915.94 x 103 min").

3. Utilization rate of ozone and hydroxyl radicals is improved due
to high fluid turbulence created by cavitation [29-36].

4. Mass transfer resistances offered for the dissolution of ozone in
aqueous solution are also reduced by virtue of cavitation
[29-36].

Similar investigations reported in literature have also confirmed
that the combination of cavitation with ozonation gives higher
rates of degradation than the conventional ozonation for the com-
pounds such as nitrobenzene, 4-nitrophenol, and 4-chlorophenol
[32], reactive blue 19 [33], azobenzene and methyl orange [34],
pentachlorophenol [35], methyl tert-butyl ether (MTBE) [36] etc.

3.6. Comparison of energy efficiency of various hybrid processes

Energy efficiency of HC and HC based hybrid processes such as
HC + H,0,, HC + Fenton and HC + Ozone can be compared by deter-
mining the cavitational yield of the processes. Cavitational yield
can be defined as the ratio of moles of methomyl degraded per unit
energy supplied to the system [7]. The only energy supplied to the
system in case of individual HC and hybrid processes viz. HC
+H,0,, HC + Fenton, is the electrical energy (1.1 kW) required to
run the pump. However, in case of HC + Ozone process additional
energy is needed to generate the ozone, which includes the electri-
cal energy required to run the ozonator (180 W) and oxygen con-
centrator (420 W). Energy efficiency of various processes has
been calculated in terms of cavitational yield and the comparison
is given in Fig. 11.

It has been observed that the energy efficiency of hydrodynamic
cavitation is very low as compared to the energy efficiency of
hybrid processes such as HC + H,0,, HC + Fenton and HC + Ozone
process. The cavitational yield of 1.682 x 10~ 'mole/] obtained in
the case HC has been augmented roughly by 13 and 40 times as
a result of combining the HC with H,0, and Fenton process respec-
tively. This is because, the rate of degradation of methomyl
obtained in the case of HC + H0, and HC + Fenton process is very
high as compared to individual HC process, although energy sup-
plied to the combined processes and individual HC are identical.
The results obtained are attributed to the fact that hydrodynamic

1.4E-09

1.2E-09

1E-09 A

8E-10

6E-10

4E-10

2E-10 1 I
(1} 7
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Caitational yield in moles degraded/J

<
>
o®
X

Fig. 11. Comparison of energy efficiency of various processes based on cavitational
yield.

cavitation facilitates the dissociation of HO, and the regeneration
of catalyst (Fe?*) [20-23] leading to increased generation of hydro-
xyl radicals resulting into higher rate of degradation of methomyl.

HC + Ozone process has been observed to be the most energy
efficient process among the hybrid processes studied in the present
work, even though additional energy was required for the genera-
tion of ozone. The sample calculation for determination of cavita-
tional yield in case of HC+ Ozone process has been given in
Appendix A. The established results are due to higher oxidation
potential of ozone as compared to H,O, and easy dissociation of
ozone into highly reactive hydroxyl radicals in the presence of cav-
itation [29-36].

3.7. Mineralization study

The complete degradation of organic pollutant does not guaran-
tee the complete mineralization of the compound, since in addition
to CO, and H,0; some stable intermediates are also produced dur-
ing the degradation of organic compound which accounts for the
total organic carbon content (TOC) of the solution [15]. In view
of this, mineralization study has been carried out by measuring
the rate and the extent of TOC reduction obtained using various
individual and hybrid AOP’s. Rate of mineralization of various
hybrid processes has been given in Fig. 12 and Table 6 summarizes
the extent of mineralization and the first order rate constant for
the different processes. It was found that TOC reduced merely by
5.45% with first order mineralization constant of 0.528 x 107> -
min~! when the degradation was carried out with individual only
hydrodynamic cavitation process. The extent of TOC reduction
obtained in the case of HC has further enhanced by the addition
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Fig. 12. Rate of mineralization obtained by applying various individual and hybrid
processes.

Table 6
Mineralization study of methomyl using various individual and combined processes.

Process Rate constant based on % TOC removal
mineralization k' x 10~ min~! after 120 min

H,0, Negligible Negligible

HC 0.528 5.45

Ozone 0.568 5.96

Fenton 1.108 9.57

HC + H,0, 1.439 154

HC + Fenton 3.534 35.79

HC + Ozone 20.001 70.79

of H,0, or fenton reagent in combination with HC. Extent of min-
eralization of 15.4% and 35.79% has been obtained after 2 h in case
of HC + H,0, and HC + Fenton respectively. The extent of mineral-
ization of methomyl obtained is not very promising, despite almost
complete degradation of methomyl was obtained within 60 min
using HC + H,0, and within 30 min using HC + Fenton process.

Highest rate of mineralization was observed using HC + Ozone
process as compared to other hybrid processes i.e. 70.79% of TOC
reduction with first order mineralization constant of
20.001 x 103 min~!. The results obtained are attributed to the
fact that ozone has higher oxidation potential than H,0, and ozone
can readily dissociates into OH- radicals in the presence of HC
[30,31], thereby intensifying the degradation of methomyl.

Overall, all the hybrid processes lead to higher rate of mineral-
ization of methomyl as compared to individual HC due to increased
generation of OH' radicals in the presence of hydrodynamic cavita-
tion. However, rate of mineralization of methomyl has found to be
much slower as compared to the rate of degradation of methomyl
in case of all the processes studied in the present work due to the
formation of some stable compounds which are difficult to degrade
further.

3.8. Identification of intermediate by-products and possible
degradation pathway

The intermediate by-products generated during the degrada-
tion of methomyl by applying HC + H,0, process, have been ana-
lyzed with the help of liquid chromatographic mass spectroscopy
(LC-MS) and are presented in Table 7. The identified intermediate
by-products include methomyl oxime, methomyl sulfoxide oxime,

Table 7
Identified degradation by-products of methomyl generated during HC + H,0, process.
m/z by Identified degradation by- Mw  Tentative
LCMS products assignation
163 Methomyl 162 [M+1]
149 Compound as shown in Fig. 12 148 [M+1]
105 Methomyl oxime 105 -
121 Methomy! sulfoxide oxime 121 -
74 Methyl carbamic acid 75 [M-1]
89 Oxalic acid 90 [M-1]
75 Glycolic acid 76 [M-1]

methyl carbamic acid, compound with mass of 148, oxalic acid and
glycolic acid. Tamimi et al. [37] have also identified intermediate
by-products such as methomyl oxime, compound with molecular
mass of 148, oxalic acid and glycolic acid generated during the
photocatalytic degradation of methomyl. Furthermore, Tomasevic
et al. [11] have also reported methomyl oxime as the main inter-
mediate formed during photocatalytic degradation of methomyl.
Majority of degradation by-products obtained in the present work
are similar to the intermediates reported in the literature due to
the identical principle of degradation i.e. generation and subse-
quent attack of OH: radicals. It should be noted here that, in addi-
tion to the peaks of successfully identified intermediates, several
other peaks have also observed during LC-MS analysis, which
could not be identified positively, but had molecular weights in
the range of 88-144 Daltons.

On the basis of identified by-products and reported literature, a
pathway of degradation of methomyl has been tentatively pro-
posed in Fig. 13. Few unidentified byproducts are also included
in the degradation pathway on the basis of reported literature for
the sake of completeness.

It can be safely assumed that initially hydroxylation of methyl
group attached to the nitrogen atom produces methomyl methylol,
which in turn produces compound with molecular mass of 148 via
decarboxylation of hydroxylated methyl group. Further degrada-
tion occurs mainly by the rupture of ester (or N-O) bond of meth-
omyl or methomyl methylol or compound with molecular mass of
148, generating methomyl oxime, methomyl sulfoxide oxime,
methyl carbamic acid and carbamic acid. It is reported in the liter-
ature that methomyl oxime may further get converted into ace-
tonitrile by a Beckman rearrangement [37]. Subsequently, the
series of hydroxylation reactions of acetamide generates various
acids such as glycolic acid, oxalic acid and acetic acid, which after
undergoing succession of decarboxylation reactions facilitates the
complete mineralization of the entire molecule.

4. Conclusions

Degradation of methomyl has been studied in detail using
hydrodynamic cavitation and further intensification of the degra-
dation process was achieved via addition of intensifying agents
such as H;0,, fenton reagent and ozone in combination with
hydrodynamic cavitation. The main aim of using hybrid processes
is to enhance the production of OH' radicals and thereby increasing
the rate of degradation of methomyl. Depending upon the obtained
results, following important conclusions can be established for
degradation of methomyl.

e Optimization of process parameters such as inlet pressure to the
cavitating device, cavitation number and initial pH of the solu-
tion plays an important role in maximizing the performance of
hydrodynamic cavitation.

e Optimal inlet pressure of 5 bar with cavitation number of 0.1
and pH of 2.5 was required to exploit the maximum benefits
of hydrodynamic cavitation.
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Fig. 13. Proposed reaction mechanism for the degradation of methomyl by applying hybrid process, HC + H,0,.

e Comparison of the rate of degradation of methomyl obtained in
the case of hybrid and individual processes have confirmed that
all the hybrid processes studied are more effective as compared
to the individual processes.

HC + H,0, process lead to synergetic coefficient of 5.8 and HC
+ Fenton process lead to the synergetic coefficient of 13.41.
HC + Ozone process has proved to be the most effective process
with highest synergetic coefficient of 47.6.

HC + Ozone process has also shown the highest extent of miner-
alization and energy efficiency among all the hybrid processes
studied in the present work.

Hence, hydrodynamic cavitation based hybrid processes stud-
ied in the present work can be effectively used for the degradation
of methomyl.
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Appendix A

Sample calculation for determination of cavitational yield in

case of HC + Ozone process.

Total moles of methomyl degraded in 6 min
= Total moles of methomyl degraded in 6 min(moles/L)
* Volume of solution (5L)
=152 x107* x 5=7.60 x 10~* moles

Energy input to the system

=Energy input to the(HC + ozonator + oxygen concentrator)in J/s

«Time ins=(1100+180+420) +360=6.12 x 10°]

Cavitational yield in moles/]
= Total moles of methomyl degraded in 6 min

/Energy input to the system in ] = 7.60 x 107/6.12 x 10°
=1.242 x 10°° moles/]
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