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a b s t r a c t

The degradation of alachlor aqueous solution by using hydrodynamic cavitation was systematically inves-
tigated. It was found that alachlor in aqueous solution can be deomposed with swirling jet-induced cavita-
tion. The degradation can be described by a pseudo-first-order kinetics and the degradation rate was found
ccepted 18 March 2008
vailable online 22 March 2008

eywords:
lachlor
egradation

to be 4.90 × 10−2 min−1. The effects of operating parameters such as fluid pressure, solution temperature,
initial concentration of alachlor and medium pH on the degradation rates of alachlor were also discussed.
The results showed that the degradation rates of alachlor increased with increasing pressure and decreased
with increasing initial concentration. An optimum temperature of 40 ◦C existed for the degradation rate of
alachlor and the degradation rate was also found to be slightly depend on medium pH. Many degradation
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. Introduction

Alachlor [2-chloro-2′,6′-diethyl-N-(methoxymethyl)acetanili-
e] is one of the most widely used chloroacetanilide herbicides
hat is used to control most annual grasses and many broadleaf
eeds. It is a pre-emergence herbicide which is applied to the

oil before cultivation. Alachlor has been detected in surface and
round water [1–3], despite its rapid microbial and photo-induced
ecomposition [4,5]. It is reported that alachlor has a potential
o induce cancer in laboratory animals [6,7] and is classified
s a group B2 carcinogen by the U.S. Environmental Protection
gency [8]. Even though pesticides are indispensable in modern
ivilization, society is aware of their potential toxicity for humans
nd animals, so the presence of their residues in water shows
potential hazard for both the environment and humans. Their

limination from wastewater effluents is now the subject of con-
iderable concern of environmental remediation and has attracted
any researchers in recent years. Since alachlor is toxic to many

rganisms, conventional biological remediation processes are not
uitable to remove the herbicides from contaminated water and
herefore alternative treatment methods are required. Among
everal available treatment methods the advanced oxidation
rocesses (AOPs) are the most promising alternative to treat

erbicide wastes because they involve the generation of hydroxyl
adicals (·OH) that are species nonselective and highly reactive
xidants. Ozonation [9,10], photolysis and photocatalysis [11,12],
hoto-Fenton degradation [13] of alachlor in water have been
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cess, and some of them were qualitatively identified by GC–MS.
© 2008 Elsevier B.V. All rights reserved.

eported. Sonochemical degradation of alachlor [14] and the effect
f ultrasonic frequency on the sonolysis of alachlor [15] were also
nvestigated.

The chemical effects of sonication arise from acoustic cavitation,
amely the formation, growth, and implosive collapse of bubbles

n a liquid which produces unusual chemical and physical environ-
ents. The collapse of bubbles generates localized “hot spots” with

ransient temperature of about 5000 K, pressures of about 1000 at%
16,17]. Under such extreme conditions water molecules dissociate
nto ·OH and ·H radicals. These highly reactive species are capable of
ffecting secondary oxidization and reduction reactions. Ultrasonic
adiation has been found to promote a wide range of physical and
hemical reactions and to be capable of at least partially oxidizing
ilute aqueous mixtures of organic compounds. However, the effi-
iency of such ultrasonic devices is limited by achieving cavitation
n the form of a cloud of cavitation bubbles only in a relatively small
egion near the surface of the ultrasonic source.

Cavitation is a term used to describe a process, which includes
ucleation, growth and implosion of vapor or gas filled cavities.
hese cavities are formed in a liquid when the pressure of the liq-
id is reduced below the vapor pressure of the liquid in current
emperature. When cavities are carried to higher pressure region
hey implode violently and result in very high pressures and tem-
erature. In fact, cavitation usually occurs in fluid power systems.
ut the occurrence of cavitation in fluid power is mostly detri-
ental. For example the efficiency of the system is reduced due
o cavitation and vibration as well as noise level of a system is
ncreased. On the other hand, the collapse of the cavitation bub-
les also initiates shear forces, shock waves and reactive radicals.
imilar to ultrasonic cavitation, the radicals produced from hydro-
ynamic cavitation such as ·H and ·OH can react with pollutants

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:xk_wang@sdili.edu.cn
dx.doi.org/10.1016/j.jhazmat.2008.03.073
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50 mg/L initial concentration were subjected to swirling cavitation
chamber with a length of 100 mm and diameter of 10 mm (injection
ports length 4.5 mm and width 0.2 mm) for degradation. The flow
rate of water was fixed to 3.6 m3/h with 0.6 MPa inlet pressure in
mainline. The pH of the test solution was maintained at 5.9 that
ig. 1. The structure of alachlor (2-chloro-2′ ,6′-diethyl-N-(methoxymethyl)acetani-
ide).

n water to promote degradation of pollutants. Ultrasonic cavita-
ion has been extensively investigated in recent years, but there are
ot many studies on the applications of hydrodynamic cavitation
o disintegrate water pollutants. Suslick et al. [18] have reported
conclusive experimental evidence for chemical reactions caused
y hydrodynamic cavitation within a jet fluidizer in which I− was
xidized to form I3−. Kalumuck and Chahine [19] have studied the
egradation of p-nitrophenol in recirculating flow loops using a
ariety of cavitating jet configurations and operating conditions.
he result showed that jet-induced cavitation can achieve oxidation
ith up to two orders of magnitude with greater energy efficiency

ompared to the ultrasonic means. Vichare et al. [20] have used KI
ecomposition as a model reaction and confirmed the occurrence
s well as the intensity and thereby the efficiency of the multiple
ole orifice plates in generating the cavitation. Sivakumar and Pan-
it [21] studied the degradation of a cationic dye rhodamine B by
sing multiple hole orifice plates and compared the efficiency of
his technique with the cavitation generated by ultrasound. Gogate
t al. [22] reported a cavitational efficiency assessment based on
he oxidization reaction of potassium iodide.

In our previously work, the chemical effect of swirling jet-
nduced cavitation and the energy efficiency of the process were
escribed [23]. In the present work, the effectiveness of swirling

et-induced cavitation for degradation of alachlor was investigated.
t was found that alachlor in aqueous solution can be destroyed

ith swirling jet-induced cavitation and the effects of operating
onditions such as pressure, temperature, initial concentration
f alachlor and solution pH on the degradation of alachlor were
lso discussed. Some degradation products of alachlor were also
nalyzed.

. Materials and methods

.1. Reagents

Alachlor (99.7%, HPLC grade), which structure is shown in Fig. 1,
as obtained from Riedel-de Haën. Hydrogen peroxide (30%, chem-

cal reagent grade) was purchased from Tianjin chemical work and
ll other chemicals were of analytical reagent grade quality and
ere employed without further purification. Deionized and dis-

illed water was used throughout.

.2. Swirling jet cavitation reactor

A schematic illustration of the hydrodynamic cavitation reactor
etup is presented in Fig. 2. It is a closed loop system designed to

raw water from a holding tank of 40 L volume, then taking it into
he swirling cavitation chamber and then discharging the treated
olution back to the tank with a centrifugal pump (3000 rpm,
500 W). The discharge from the pump branches into two lines:
ainline and bypass line. The swirling cavitation chamber is fixed

F
s

Fig. 2. Schematic representation of swirling cavitation reactor setup.

n the mainline. The bypass line is used to control liquid flow
hrough the mainline.

The Cavitation was generated in the setup in a cylindrical
wirling cavitation chamber that was positioned down within the
ombined chamber. Fig. 3 shows the cutaway side view (A) and
ross-section (B) of the combined chamber. The swirling cavita-
ion chamber was held to the cylindrical sidewall of the combined
hamber and has four rectangular tangential injection ports in its
ylindrical sidewall. Water was pumped into the combined cham-
er and then was injected into the swirling cavitation chamber
hrough the tangential injection port. When water passes through
he swirling cavitation chamber circularly, a swirling jet is formed
hat has a central pressure lower than the vapor pressure of water in
hich cavitation bubbles were generated. Then the swirling jet was

jected from the swirling cavitation chamber and dashed against
he bottom surface of the combined chamber where the pressure
aised rapidly and the cavitation bubbles collapsed.

.3. Procedure

In a typical experiment, 25 L aqueous solutions of alachlor with
ig. 3. Sketch of combined chamber and swirling cavitation chamber, (A) cutaway
ide view and (B) cross-section.
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investigated with 50 mg/L alachlor aqueous solution at a pressure
of 0.6 MPa and the results are depicted in Fig. 6. It was found that
the degradation rates were 4.04 × 10−2 min−1, 4.90 × 10−2 min−1,
4.65 × 10−2 min−1 and 3.23 × 10−2 min−1 at temperature 30 ◦C,
ig. 4. Degradation vs. time dependency of alachlor. Inset is the degradation of first-
rder kinetics. Initial concentration 50 mg/L, temperature 40 ◦C, pH 5.9.

s the original pH of the solution. The pressure and the liquid flow
n the swirling cavitation chamber can be controlled by adjusting
alves. The temperature was controlled with the help of condenser
n the water tank.

Samples were taken from the water tank at 20 min time inter-
als and analyzed for the residual concentrations of alachlor and
ormation of degradation products. 20 mL aqueous solution was
ithdrawn and extracted with 10 mL CH2Cl2 for two times, then

he extract was concentrated to 1.0 mL. The residual concentra-
ions of alachlor were determined by gas chromatography. 1.0 �L
oncentrated solution was injected to gas chromatography (Shi-
adzu GC 14-C, Japan) equipped with a flame ionization detector

nd DB-5 capillary column (length 30 m, i.d. 0.32 mm, with a 0.1 �m
hin film coating). The operating conditions were as follows, carrier
as: nitrogen, flow rate: 1 mL/min, splitless injector temperature:
50 ◦C, detector temperature: 280 ◦C, column temperature pro-
ram: initial temperature 50 ◦C for 1 min, ramped at 30 ◦C/min to
80 ◦C, then 10 ◦C/min to 280 ◦C and held for 10 min. The degra-
ation products of alachlor were identified by using Finnigan-4570
C-MS (Finnigan, USA). EI mass spectra were obtained at 70 eV elec-

ron energy with the ion source at 180 ◦C. The scan rate was 3 s and
he mass range scanned was 29–500 amu.

. Results and discussion

.1. Degradation kinetics

The degradation of alachlor in aqueous solution by swirling
et-induced cavitation was investigated. It was found that the
oncentration of alachlor in water decreased exponentially with
eaction time and the degradation rate can be expressed by the
ollowing equation:

= C0 exp(−kt) (1)

r

n
(

C

C0

)
= −kt (2)

here C is the concentration of alachlor at time t, C0 the initial con-
entration, k the degradation rate constant, and t is the degradation

ime. This result indicated that the degradation of alachlor follows

pseudo-first-order kinetics (Fig. 4). The degradation rate con-
tant k is found to be 4.90 × 10−2 min−1 with regression coefficient
= 0.9968 for 50 mg/L alachlor in aqueous solution at temperature
0 ◦C and pH 5.9.

F
t

ig. 5. The effect of pressure on the degradation rate of alachlor (initial concentra-
ion 50 mg/L) at temperature 40 ◦C.

.2. Effect of pressure

The degradation of aqueous solution of alachlor (initial concen-
ration 50 mg/L) was investigated under different inlet pressures at
emperature of 40 ◦C. The results showed that the degradation rates
ere 2.92 × 10−2 min−1, 3.78 × 10−2 min−1 and 4.90 × 10−2 min−1

t pressure 0.2 MPa, 0.4 MPa and 0.6 MPa, respectively (Fig. 5). From
he results it can be seen that the degradation rate is proportional to
he fluid pressures. This result could be explained by the cavitation
umber �, as defined in the following equation [18]:

= pd − pv

pu − pd
≈ pd

pu
(3)

here pd, pu and pv are the downstream, upstream, and vapor pres-
ures of the fluid, respectively, and the approximation holds when
u � pd � pv as they do under our experimental conditions. Increas-
ng upstream pressure should decrease the cavitation number �
nd increase the number of cavitation events. This in turn should
ncrease the degradation rate of alachlor.

.3. Effect of the temperature

The influence of temperature to the degradation of alachlor was
ig. 6. The effect of temperature on the degradation rate of alachlor (initial concen-
ration 50 mg/L) at a pressure of 0.6 MPa.
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given in Fig. 10. From the table and figure, it can be seen that some
products (a, b, d, f) were due to bond scission or oxidation of the
N-methoxymethyl group, which is consistent with sonochemical
degradation [15], and some products (b and e) were characterized
by substitution of chlorine by hydroxyl. The formation of product
ig. 7. Effect of initial concentration on the degradation rate of alachlor at a pressure
f 0.6 MPa and temperature 40 ◦C.

0 ◦C, 50 ◦C and 60 ◦C, respectively. From the results it is evident
hat the effect of temperature is complicated. Comparing the degra-
ation rates of alachlor at 30 ◦C and 40 ◦C, increasing temperature
ositively affects the degradation of alachlor. However, the degra-
ation rates were decreased with increasing the water temperature

n the temperature range of 40–60 ◦C. As we know, the formation
f cavitation bubbles is not only a function of gas dissolution rate
n water, but also affected by water vapor pressure. Higher temper-
tures can increase the quantity of cavitation bubbles and result in
he increase of degradation. However, if the temperature was too
igh (e.g. at 60 ◦C), the water vapor would fill the cavitation bub-
les and cushion the implosion phenomena. So the degradation
fficiency of alachlor was decreased.

.4. Effect of initial concentration

The effect of alachlor initial concentrations on the degradation
ate was investigated at temperature of 40 ◦C, pressure 0.6 MPa and
he result is shown in Fig. 7. It was found that the degradation rate
ecreased from 5.22 × 10−2 min−1 to 3.87 × 10−2 min−1 as initial
oncentration increased from 10 mg/L to 150 mg/L. However, the
otal mass of alachlor decomposed was increased with increasing
ts initial concentration.

It has been reported that there are two main mechanisms for the
egradation of organic material by using cavitation [24,25]. One

s that the organic material is pyrolised directly in the gas phase
ithin the cavitation bubble where elevated temperature and high
ressure are produced, and the other is the oxidization of ·OH radi-
als in the bubble–water interface where the temperature is lower
han that inside the bubble but still high enough for a sonochemical
eaction and in bulk solution at ambient temperature where reac-
ion still takes place. When the cavitation condition is constant,
he number of cavitation events and the amount of ·OH radicals
ould be constant, but the total amount of alachlor in aqueous

olution was increased with increasing its initial concentration.
o the alachlor removal ratio must be reduced and the degrada-
ion rate was decreased. However, when alachlor concentration in
ulk solution was increased, more alachlor molecules could enter
he cavitation bubbles and water–bubble interface, and the total
mount of contaminant removed was increased.
.5. Effect of the medium pH

The solution pH is an important factor in determining the phys-
cal and chemical properties of the solution. The effect of different

F
u

ig. 8. Effect of pH on the degradation rate of alachlor (initial concentration 50 mg/L)
t pressure 0.6 MPa and temperature 40 ◦C.

nitial pH of the solution on the degradation rate of alachlor was
lso investigated. In general, the degradation rate was found to
e slightly depend on pH, as shown in Fig. 8. About 30% increase
from 4.45 × 10−2 min−1 to 5.77 × 10−2 min−1) in rate constants
ere observed as pH increased from pH 2 to 12. At high initial
H, more hydroxide ions in the solution induced the generation
f hydroxyl free radicals (·OH). Since hydroxyl free radical is the
ominant oxidizing species in the cavitational process, the degra-
ation of alachlor is therefore accelerated in an alkaline medium
26,27]. On the other hand, the recombination reaction between
rotons and the hydroxyl radicals could occur as the pH decreases.
onsequently the degradation decreases as hydroxyl radicals are
cavenged by protons as pH decreases. Similar effects have been
bserved in photocatalytic degradation of alachlor [28] and sono-
hemical degradation of polycyclic aromatic sulfur hydrocarbons in
queous solutions [12].

.6. Degradation products and degradation pathway

When alachlor is decomposed with hydrodynamic cavitation for
0 min, a number of degradation products are formed. Fig. 9 shows
he GC–MS total ion current chromatogram of alachlor and its
egradation products. The mass spectral highlights of the principal
egradation products are shown in Table 1 and their structures are
ig. 9. GC–MS total ion current chromatogram of alachlor and its degradation prod-
cts.
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Fig. 10. Degradation pat

Table 1
GC–MS characteristics of major degradation products of alachlor

Product Molecular
weight

Main ions-EI mode (relative abundance)

a 225 77 (85), 117 (22), 147 (53), 148 (16),176 (100), 225 (8)
b 221 133 (17), 148 (45), 176 (76), 189 (91), 221 (100)
c 241 45 (100), 132 (44), 160 (28), 118 (12), 77 (10), 241 (6)
d 239 148 (50), 162 (36), 190 (100), 224 (8), 239 (5)
e
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[

[

[

[

[

251 146 (24), 160 (100), 174 (72), 202 (57), 251 (35)
269 146 (16), 160 (100), 174 (19), 202 (12), 234 (27)), 269 (2)
283 118 (30), 146 (36), 160 (71), 188 (100), 238 (15), 283 (5),

f) and product (g) were typical of chemical oxidation processes
nvolving alachlor [29], and suggested reaction with ·O which is
enerated inside the cavitation site [30]. From the information
btained so far, a possible degradation pathway of alachlor may
e proposed as Fig. 10.

. Conclusions

The degradation of alachlor aqueous solution by using hydro-
ynamic cavitation was systematically investigated. The results
howed that alachlor in aqueous solution can be deomposed with
wirling jet-induced cavitation. It was found that the degradation
an be described by a pseudo-first-order kinetics and the degrada-
ion rate constant k is found to be 4.90 × 10−2 min−1 with regression
oefficient R = 0.9968 for 50 mg/L alachlor in aqueous solution at
emperature 40 ◦C. The effects of operating parameters such as fluid
ressure, solution temperature, initial concentration of alachlor
nd medium pH on the degradation rates of alachlor were also dis-
ussed. The results showed that the degradation rates of alachlor
ncreased with increasing pressure and decreased with increasing
nitial concentration. An optimum temperature of 40 ◦C existed for

he degradation rate of alachlor and the degradation rate was also
ound to slightly depend on medium pH. It also found that many
egradation products formed during the process, and some of them
ere qualitatively identified by GC–MS. A possible degradation
athway of alachlor was also proposed.

[

[

[

hway of alachlor.
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