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A B S T R A C T   

Pesticide residue in vegetables has been considered as a serious food safety problem across the whole world. This 
study investigates a novel advanced oxidation process (AOP), namely the coupled free chlorine/ultrasound (FC/ 
US) process for the removal of three typical pesticides from lettuce. The removal efficiencies of dimethoate 
(DMT), trichlorfon (TCF) and carbofuran (CBF) from lettuce reached 86.7%, 79.8% and 71.3%, respectively by 
the FC/US process. There existed a synergistic effect in the coupled FC/US process for pesticide removal and the 
synergistic factors reached 22.3%, 19.0% and 36.4% for DMT, TCF and CBF, respectively. Based on the analysis 
of mass balance of pesticides, the synergistic effect was probably attributed to the efficient oxidation of pesticides 
both in vegetables and in water by the generated free radicals and FC. The surface area and surface structure of 
vegetables strongly affected the removal of pesticides by FC/US. The removal efficiency of DMT increased from 
80.9% to 88.1% as solution pH increased from 5.0 to 8.0, and then decreased to 84.1% when solution pH further 
increased to 9.0. When the ultrasonic frequency changed from 20 to 40 kHz, a remarkable improvement in 
pesticide removal by FC/US was observed. As the FC concentration increased from 0 to 15 mg L–l, the removal 
efficiencies of pesticides increased firstly, and then became stagnant when the FC concentration further increased 
to 25 mg L–l. The pesticide degradation pathways based on the identified intermediates were proposed. The total 
chlorophyll content was reduced by less than 5% after the FC/US process, indicating a negligible damage to the 
quality of vegetables. It suggests that the FC/US process is a promising AOP for pesticides removal from 
vegetables.   

1. Introduction 

Vegetables are one of the main sources of vitamins and minerals for 
human beings. A certain amount of fresh vegetables must be taken every 
day to maintain a balanced nutritional supply for the human body [1]. 
Because of the different eating habits, a proportion of vegetables is eaten 
raw or after minimally processing. However, pesticides are inevitably 
used during the growth of vegetables to increase production. According 
to the report by the Food and Agriculture Organization (FAO), the global 
agricultural pesticide use increased from 2.3 to 4.1 million tons from 
1990 to 2018 [2]. The use of pesticides on such a large scale has led to 
the detection of various pesticide residues in vegetables around the 
world. For example, Qin et al. [3] made a survey on the contamination of 
vegetables with eleven pesticides in the Midwestern China and found 
out that the detection rates of pesticides in celery and cowpea were 
higher than 70 %. Diop et al. [4] investigated the impact of pesticide use 
practices on vegetable contamination in the Niayes zone of Dakar in 

Senegal, and reported that 65% of tomato samples, 71% of lettuce 
samples and 93% of cabbage samples contained at least one detectable 
pesticide residue. Therefore, the pesticide residue in vegetables has 
become a serious food safety problem in the whole world [5–7]. 

Ultrasound (US) is an acoustic wave with a frequency higher than 20 
kHz. It has good directivity, strong reflectance and highly-concentrated 
energy. As a green technology, US process has good application in food 
cleaning industry [8,9]. It can physically remove pesticides from the 
surface of vegetables through the cavitation effect. When the pressure of 
the sound waves propagated by the ultrasonic vibration in water reaches 
a certain level, the bubbles expand rapidly and then suddenly burst. At 
this moment, a shock wave is generated, causing great pressure. The 
tremendous pressure can break down the adhesive forces between pes-
ticides and vegetables, causing the pesticides to disperse into water. 
Because US process does not need to add other cleaning agents and 
generally does not have a significant impact on the quality of vegetables, 
it has been considered as a clean and environment-friendly food 
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processing technology [10,11]. 
Although the removal efficiency of pesticide residues from vegeta-

bles and fruits by US is generally higher than that by the conventional 
water-washing (WW) process [12,13], the removal efficiency varies 
significantly in different vegetables and fruits, leading to instability of 
the US process. For example, Zhou et al. [14] reported that the removal 
efficiencies of difenoconazole, azoxystrobin, thiamethoxam, abamectin 
and tebuconazole in grape were 82.0%, 72.1%, 85.9%, 100% and 
88.4%, respectively by US process, while those in rape were only 49.2%, 
59.8%, 14.7%, 55.7% and 27.1%, respectively under the same reaction 
conditions. It suggests that, due to the different surface properties of 
vegetables and fruits, the removal of pesticide residues by US alone is 
not always satisfactory [14]. In addition, the removal of pesticide resi-
dues by US is mainly achieved by transferring them into water, which 
will cause secondary pollution. Therefore, it is necessary to further 
improve the US process and one good way is to add free chlorine (FC) 
such as sodium hypochlorite (NaOCl), which is a common disinfectant 
for drinking water, to the US process to form the coupled free chlorine/ 
ultrasound (FC/US) process [15]. As an advanced oxidation process 
(AOP), the FC/US process produces chlorine-contained free radicals via 
the sonolysis of FC (Eqs. (1) and (2)) [16]. The generated free radicals 
can oxidize the pesticides not only in water but also in the surface of 
vegetables, which significantly improves the removal efficiency of 
pesticide residues. However, to the best of our knowledge, no studies on 
the removal of pesticide residues from vegetables by FC/US have been 
reported so far, and the reaction kinetics and mechanism still remain 
unknown. This study aims to fill this gap and investigate the removal of 
three pesticides, namely dimethoate (DMT), trichlorfon (TCF) and car-
bofuran (CBF) from lettuce by the coupled FC/US process. The reaction 
kinetics and mechanism for the removal of pesticide residues will be 
closely examined. 

HOCl →
US ClO⋅ + H⋅ (1)  

ClO− →
US Cl⋅ + O⋅− (2)  

2. Materials and methods 

2.1. Materials 

Dimethoate (DMT, 99.2%), trichlorfon (TCF, 99.5%) and carbofuran 
(CBF,99.0%) were purchased from Dr. Ehrenstorfer, Germany. Sodium 
hypochlorite solution (Yongda Chemical Reagent Co., Ltd., Tianjin, 
China) was used as the source of FC. Methanol of high performance 
liquid chromatography (HPLC) grade (Aladdin, Shanghai, China) was 
used as the liquid phase for the detection of pesticides. Other chemicals 
of at least analytical grade were used without further purification. Fresh 
lettuce, spinach, celery, bean and tomato samples of the same size were 
purchased from the local market and stored in refrigerator at 4 ◦C before 
use. 

2.2. Reaction conditions 

All experiments were carried out in a conventional ultrasonic cleaner 
(SB25-12DTD, Scientz, China, 600 W) with two adjustable frequencies 
(20 and 40 KHz). The contaminated samples were prepared by soaking 
the vegetables into the dipping solution that contained DMT, TCF or 
CBF. Then the samples were naturally dried at room temperature of 22 
± 2 ◦C. The initial concentration of pesticides in vegetable samples was 
3.5 ± 0.6 mg kg− 1. In a typical run, 200 g contaminated vegetable 
sample was added to the bath of the ultrasonic cleaner that contained 
NaOCl solution with an FC concentration of 15 mg L–1. The frequency of 
the ultrasonic cleaner was kept at 40 KHz. The solution pH was 7.2 and 
was not controlled during the FC/US process. A sample was taken at a 
time interval of 2 min and was naturally dried in air at room temperature 

before the detection of pesticides. 

2.3. Analytical methods 

The extraction of pesticides was performed according to the standard 
method [17] with some modification. A sample (25.0 g) was accurately 
weighed and put into a homogenizer, and then 50.0 mL acetonitrile was 
added. After homogenizing for 2 min, the sample was filtered with 0.45 
μm filter membrane and collected with a measuring cylinder. NaCl (5.0 
g) was added to the cylinder. The sample was shaken violently for 1 min 

Fig. 1. Removal of DMT (a), TCF (b) and CBF (c) from lettuce by WW, FC, US 
and FC/US processes ([FC]0 = 15 mg L–1, pH = 7.2, ultrasonic frequency =
40 kHz). 
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and kept at room temperature for 30 min to stratify the acetonitrile 
phase and water phase. The acetonitrile solution (2 mL) was filtered 
with 0.22 μm filter membrane for further analysis. 

The concentration of pesticides was determined by ultra- 
performance liquid chromatography-tandem mass spectrometry 
(UPLC/MS/MS, Xevo TQD, Waters, USA) [18,19]. The injection volume 
was 10 μL. The mobile phase was a mixture of 0.2% formic acid in water 
(40%) and methanol (60%) at a flow rate of 0.3 mL min− 1. The MS/MS 
detector was operated under the following conditions: positive electro-
spray ionization mode, cone gas flow rate 60 L h− 1, capillary voltage 3.3 
kV, cone voltage 16 V, desolvation temperature 500 ◦C, desolvation gas 
flow rate 500 L h− 1. The quantitative precursor ion, product ion and 
collision energy for the three pesticides were listed in Table S1. The 
degradation intermediates were detected by a gas chromatography/ 
mass spectrometry (GC/MS, ISQ QD, Thermo, USA). The injection vol-
ume was 3 μL with a split ratio of 10:1 and the injection temperature was 
290 ◦C. The flow rate of carrier gas was set at 1 mL min− 1. The pro-
gramming for oven temperature was started at 60 ◦C and held for 4 min, 
and then ramped at 15 ◦C min− 1 to 350 ◦C. The MS was operated in scan 
mode from 50 to 350 (m/z). Total organic carbon (TOC) was determined 
by a TOC analyzer (HTY-CT1000B, TAILIN Bioengineering Co., Ltd., 
Zhejiang Province, China). The concentration of FC was analyzed by a 
spectrophotometric method according to the Water Analysis Handbook 
by Hach [20]. 

The total chlorophyll, including chlorophyll a and chlorophyll b, was 
analyzed with a standard method published by the Ministry of Agri-
culture of China (NY/T 3082–2017) with some modification [13]. The 
crushed lettuce sample (0.50 g) was put in a conical flask and then 100 
mL mixed solution of ethanol (50%) and acetone (50%) was added. The 
conical flask was sealed and placed in dark for 5 h. After filtration of the 
sample, the absorbance was measured at 663 nm and 645 nm by a 
spectrophotometer (UV-2600i, Shimadzu, Japan). The concentration of 
total chlorophyll was determined by Eq. (3): 

ω = (8.05 × A1 + 20.29 × A2) × V/(1000 × m) (3)  

Where ω is the concentration of total chlorophyll (mg kg− 1); A1 and A2 
are the absorbance of the sample at 663 nm and 645 nm, respectively; V 
(mL) is the volume of the sample and m (kg) is the weight of the sample. 

3. Results and discussion 

3.1. Pesticide removal by FC, US and FC/US 

Washing with water is always recommended before eating vegeta-
bles since it is the easiest way to remove pesticide residues [21]. This 
was confirmed by the experimental results of removing pesticides from 
lettuce by the WW process. As Fig. 1 shows, the removal efficiencies of 
DMT, TCF and CBF from lettuce reached 41.3%, 31.2% and 28.5%, 
respectively, by the WW process. The variation of removal efficiencies 
among the pesticides was probably attributed to the different adhesive 
forces between pesticides and lettuce [22]. The different solubility of 
pesticides in water might be another important reason. Specifically, 
DMT had the highest removal efficiency in WW process for its high water 
solubility of 25 g L–1, while CBF had the lowest one for its low water 
solubility of 0.7 g L–1. Compared with the WW process, the removal 
efficiencies of DMT, TCF and CBF increased slightly to 44.6%, 36.7% 
and 32.1%, respectively by the FC process. This could be explained by 
the reason that FC oxidized not only the pesticides in lettuce but also the 
pesticides in water that were transferred from lettuce, which could 
reduce the mass transfer resistance and promote the removal of pesti-
cides from lettuce. Comparatively, the removal efficiencies of DMT, TCF 
and CBF from lettuce increased significantly to 61.1%, 55.3% and 
39.4%, respectively by the US process. This is because of the cavitation 
effect, which broke down the adhesive forces between pesticides and 
vegetables causing the pesticides to transfer into water. Surprisingly, 
when the contaminated lettuce was treated with the coupled FC/US 
process, the removal efficiencies of DMT, TCF and CBF increased 
dramatically to 86.7%, 79.8% and 71.3%, respectively. Compared with 
the WW process, the removal efficiencies of DMT, TCF and CBF by FC/ 
US increased by 45.4%, 48.6% and 42.8%, respectively. The increments 
by the coupled FC/US process were actually higher than the sum of those 

Fig. 2. Mass balance of DMT during the WW (a), US (b), FC (c) and FC/US (d) processes ([FC]0 = 15 mg L–1, pH = 7.2, ultrasonic frequency = 40 kHz).  
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by the separate FC and US processes. It suggests that there existed a 
synergistic effect in the FC/US process for pesticide removal. To quan-
titatively evaluate this synergistic effect, synergistic factor was defined 
as shown in Eq. (4). The pesticide removal efficiency by WW was used as 
blank control. After subtracting the blank control, the increments of 
pesticide removal efficiencies by FC, US and FC/US were obtained. Then 
the synergistic factor was determined by subtracting the sum of the in-
crements of removal efficiencies by FC and US from that by FC/US. The 
results indicate that the synergistic factor reached 22.3%,19.0% and 
36.4% for DMT, TCF and CBF, respectively, manifesting a significant 
synergistic improvement of the FC/US process for pesticide removal 
from lettuce. The synergistic effect can be explained by two reasons. On 
one hand, FC not only degraded the pesticides in water that were 
transferred from lettuce by US, which promoted the removal of pesti-
cides via the reduction of mass transfer resistance, but FC could also 
penetrate into the surface of lettuce with the aid of US and degrade the 
pesticides therein [13]. On the other hand, the coupled FC/US process 
produced chlorine-contained radicals with strong oxidation capacity 
(Eqs. (1) and (2)), which could effectively oxidize the pesticides in water 
as well as in lettuce. 

Synergistic factor = (RFC/US − RWW) − [(RFC − RWW) + (RUS

− RWW)] (4)  

Where RWW, RFC, RUS and RFC/US are the removal efficiencies of pesti-
cides by WW, FC, US and FC/US processes. 

3.2. Mass balance of DMT in FC, US and FC/US processes 

As discussed above, the synergistic effect observed in FC/US process 
might be caused by the efficient oxidation of pesticides both in lettuce 
and in water. Therefore, evaluation of the mass balance provides a good 
way to study the mechanism of the synergistic effect in FC/US process. 
As Fig. 2a shows, the total amount of DMT in lettuce and water remains 
constant of 100% during the WW process. Therefore, the DMT removed 
from lettuce in WW process was completely transferred into water. 
Similar behaviors for the mass balance of DMT were also observed in US 
process (Fig. 2b). The total amount of DMT decreased only slightly from 
100% to 94.2%, while the amount of DMT in lettuce decreased 
dramatically from 100% to 38.9%. Therefore, the DMT removed from 
lettuce was also mainly transferred into water in the US process, and the 
only difference, compared with WW process, was that US accelerated the 
detaching of DMT from the lettuce via the cavitation effect. The slight 
decrease of total DMT was caused by two reasons. One reason is that the 
energy released in the hot spots was high enough to directly break the 
covalent bond of DMT molecules [23]; the other reason is that DMT was 
indirectly oxidized by the hydroxyl radicals (HO•) generated by sonol-
ysis of water (Eq. (5)) [24,25]. In FC process, however, the total amount 
of DMT decreased significantly from 100% to 61.9%. This is because 
DMT both in lettuce and in water could be oxidized by FC. It is further 
verified by the behavior of DMT in water, the amount of which firstly 
increased from 0% to 29.0% and then decreased to 6.5% after 10 min 
reaction in the FC process. The oxidation of DMT also accounted for the 
higher removal efficiency of DMT in FC process than that in WW process. 
In FC/US process, the total amount of DMT decreased dramatically from 

100% to 13.6%, which means 86.4% of DMT in lettuce was actually 
oxidized. It is also verified by the behavior of DMT in water, the amount 
of which firstly reached as high as 39.5% and then decreased to 0% after 
10 min. Therefore, the synergistic effect observed in FC/US process was 
mainly caused by the effective oxidation of DMT both in lettuce and in 
water instead of by physically transferring it into water. Not only was 
DMT degraded, but it was partially mineralized as well. Fig. S1 shows 
that 45.3% of TOC was removed by FC/US process, while only 11.6% of 
TOC was removed by FC and no TOC was removed by US or WW process. 
It shows another merit for the FC/US process that the DMT removed 
from lettuce was completely oxidized in water, which is environment- 
friendly, while in WW or US process, the DMT removed from lettuce 
was still in water, which needs further treatment or otherwise may cause 
secondary contamination. 

H2O →US HO⋅ + H⋅ (5)  

3.3. Removal of pesticides from different vegetables by FC/US 

To examine the universality of the FC/US process, four other vege-
tables, namely spinach, celery, bean and tomato were also chosen as the 
targets for pesticide removal. As Table 1 shows, the removal efficiencies 
and synergistic factors were different among the pesticides and vege-
tables. Generally, DMT had the highest removal efficiency from the 
selected vegetables by FC/US, while CBF had the lowest removal effi-
ciency. It indicates that the property of different pesticides strongly 
affected their removal from the vegetables. For example, DMT had the 
highest removal efficiency for the reason that it had the highest value of 
water solubility to be detached from vegetables and had the fastest 
degradation rate in water (Fig. S2). However, the synergistic factors just 
turned the other way around, with those of CBF being the highest and 
those of DMT being the lowest. Although CBF had relatively low removal 
efficiencies in the FC/US process, it had even lower removal efficiencies 
in the separate FC and US processes, which would result in high syner-
gistic factors according to Eq. (4). As for the vegetables, the removal 
efficiencies for all pesticides increased in the order of spinach < lettuce 
< celery < bean < tomato. This can be explained by the different surface 
properties of the vegetables. The specific surface area of the vegetables 
had a reverse order of spinach > lettuce > celery > bean > tomato. 
Pesticides could easily penetrate into the rough structure of vegetables 
with large surface area, while it was difficult for US to penetrate into 
these vegetables because US would lose energy while passing through 
any obstacles. Moreover, adhesive forces between the pesticides and 
vegetables also increased with large surface and small contact angle 
[26,27]. Therefore, it was more difficult for pesticides to get detached 
from vegetables with larger surface area, resulting in the lower removal 
efficiency of pesticides from these vegetables. This is in good agreement 
with the study by Cengiz et al. [2] who reported that tomato had a 
higher pesticide removal percentage than that of lettuce that has a larger 
surface area. 

The synergistic factors of the vegetables, however, had no obvious 
order as shown in Table 1, and it suggests that the synergistic factor 
mainly depended on the properties of pesticides, as discussed above, 
instead of the vegetables. Overall, the high removal efficiencies ranging 
from 70.2% to 93.2% for all pesticides and vegetables as well as the high 

Table 1 
Removal efficiencies and synergistic factors of DMT, TCF and CBF for the five different vegetables in the FC/US process.  

Vegetables DMT TCF CBF 

Removal efficiency Synergistic factor Removal efficiency Synergistic factor Removal efficiency Synergistic factor 

Spinach  74.7%  25.5%  72.3%  25.6%  70.2%  30.3% 
Lettuce  86.7%  22.3%  79.8%  19.0%  71.3%  36.4% 
Celery  88.5%  26.8%  82.2%  17.6%  78.8%  39.8% 
Bean  90.4%  30.5%  86.1%  29.6%  80.4%  32.5% 
Tomato  93.2%  24.3%  86.4%  24.0%  81.0%  33.5%  
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synergistic factors of over 17% indicated that the FC/US process had 
good universality in pesticides and vegetables. 

3.4. Effect of solution pH 

Solution pH is an important factor in the FC/US process, primarily 
affecting the redox potential of the reaction system. Fig. 3a shows that 
the removal efficiency of DMT from lettuce increased from 36.8% to 
43.2% by WW after 10 min as the solution pH increased from 5.0 to 9.0. 

Since DMT has pKa1 value of − 0.44 and pKa2 value of 16.6 (Fig. S3), it 
would remain unchanged in its neutral form during the variation of pH 
from 5.0 to 9.0. Therefore, the increasing of removal efficiency might be 
due to the reduction of adhesive forces between pesticides and vegeta-
bles in alkaline conditions. This could also account for the behaviors of 
DMT in the US process, the removal efficiency of which increased from 
57.1% to 66.2% as pH increased from 5.0 to 9.0 (Fig. 3a). However, in 
the FC process, the removal efficiency decreased from 51.8% to 43.5% 
as pH increased from 5.0 to 9.0. Besides the physical removal of DMT 
like the cases in WW and US processes, chemical oxidation of DMT also 
played a role in the FC process. Since Eq. (6) has pKa value of 7.5, HClO 
dominated in the acidic conditions while ClO– dominated in the alkaline 
conditions. Because HClO has a much higher redox potential (1.48 V) 
than that of ClO– (0.81 V), the removal efficiency of DMT would 
consequently be higher in the acidic conditions where DMT could be 
oxidized more easily. In the FC/US process, however, the trend for 
removal efficiency of DMT as a function of pH behaved different. The 
removal efficiency of DMT by FC/US increased from 80.9% to 88.1% as 
pH increased from 5.0 to 8.0, and then decreased to 84.1% when pH 
further increased to 9.0. This is probably because of the two opposite 
influential factors, namely the rising trend of removal efficiency vs. pH 
for the US process and the declining trend of removal efficiency vs. pH 
for the FC process. The US process might overwhelm the FC process in 
the acidic conditions, while in alkaline conditions, the US process was 
overwhelmed by the FC process. Therefore, DMT removal by the 
coupled FC/US process was inhibited in either the acidic or the alkaline 
conditions. The net results came out that neutral condition with the 
solution pH around the pKa of Eq. (6) was optimal for DMT removal. 

Fig. 3. Effect of solution pH on the removal of DMT (a), TCF(b) and CBF (c) 
from lettuce by WW, FC, US and FC/US processes ([FC]0 = 15 mg L–1, ultra-
sonic frequency = 40 kHz). 

Fig. 4. Effect of ultrasonic frequency on the pesticide removal from lettuce by 
US (a) and FC/US (b) processes ([FC]0 = 15 mg L–1, pH = 7.2). 
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Since the natural solution pH in this study was around 7.2, it could save 
much cost for adjusting the solution pH to get the optimal results. The 
trends for the removal of TCF and CBF from lettuce (Fig. 3b and c) were 
similar with that of DMT, which suggests that the solution pH was in-
dependent of the pesticides treated in the FC/US process. 

HClO ⇌H+ + ClO− pKa = 7.5  

3.5. Effect of ultrasonic frequency 

Commercial ultrasonic cleaner generally has two adjustable fre-
quencies, and their influence on the pesticide removal by US and FC/US 
processes is shown in Fig. 4. When the ultrasonic frequency increased 
from 20 to 40 kHz, the removal efficiencies of DMT, TCF and CBF 
decreased slightly from 56.3%, 53.2% and 36.1% to 55.1%, 52.3% and 
35.4%, respectively in the US process. This is in agreement with the 
study by Zhu et al. [28] who reported that the removal efficiencies of 
chlorothalonil, pyrazophos, and carbendazim from pakchoi decreased 
with the increasing of ultrasonic frequency in the US process. This is 
because the bubbles generated by low-frequency US had higher energy 
than those generated by high-frequency US, although low-frequency US 
generated less bubbles than did high-frequency US [1,29]. However, 
increasing ultrasonic frequency in FC/US process promoted the removal 
of pesticides significantly. The removal efficiencies of DMT, TCF and 
CBF increased from 72.4%, 63.2% and 52.6% to 86.7%, 79.8% and 
71.3%, respectively in FC/US process (Fig. 4b). A significant improve-
ment (>13%) of pesticide removal efficiency was achieved by the FC/US 
process at 40 kHz compared with that of 20 kHz. The reason might be 

that increasing ultrasonic frequency promoted the chemical oxidation of 
pesticides in FC/US process via the acceleration of free radical produc-
tion (Eqs. (1) and (2)), as was reported that the rate of free radical 
production was positively related to the ultrasonic frequency 
[13,30,31]. 

3.6. Effect of FC concentration 

FC is a strong oxidant and is usually used as a disinfectant for 
drinking water. The influence of FC concentration on pesticide removal 
from lettuce by FC is shown in Fig. 5a. As FC concentration increased 
from 0 to 25 mg L–1, the removal efficiencies of DMT, TCF and CBF 
increased from 41.3%, 31.2% and 28.5% to 46.9%, 37.5% and 33.6%, 
respectively in the FC process. As chemical oxidation played a role in 
pesticide removal by FC process, there was a monotonous increase of 
removal efficiency with the increasing of FC concentration. It is 
worthwhile to note that less than 7% improvement of pesticide removal 
was achieved with an FC concentration of 25 mg L–l in the FC process 
compared with WW process. It suggests that the utilization rate of FC 
should be very low. To confirm this, the real-time concentration of FC 
was monitored during the FC process. Fig. 6a shows that the concen-
tration of FC only decreased slightly after 10 min reaction, indicating the 
relatively low efficacy of the FC process. However, in the FC/US process, 
the improvement of pesticide removal was much more significant 
(Fig. 5b). The removal efficiencies of DMT, TCF and CBF from lettuce 
increased from 61.1%, 55.3% and 39.4% to 86.7%, 79.8% and 71.3%, 
respectively in the FC/US process as the initial concentration of FC 

Fig. 5. Effect of FC concentration on pesticide removal from lettuce by FC (a) 
and FC/US (b) processes (pH = 7.2, ultrasonic frequency = 40 kHz). Fig. 6. Changing of FC concentration during the pesticide removal from lettuce 

by FC (a) and FC/US (b) processes (pH = 7.2, ultrasonic frequency = 40 kHz). 
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increased from 0 to 15 mg L–l, and then the removal efficiencies became 
stagnant when the initial concentration of FC further increased to 25 mg 
L–l. A significant improvement of over 24% for all pesticides was ach-
ieved at an optimal FC concentration of 15 mg L–l. The high efficacy of 
the coupled FC/US process was probably attributed to the strong 
oxidation capacity of the chlorine-contained radicals generated by 
sonolysis of FC (Eqs. (1) and (2)). In contrast with the slightly changing 
of FC concentration in FC process (Fig. 6a), the FC concentration 
decreased dramatically in FC/US process (Fig. 6b), confirming the high 
oxidative rates of pesticides. The stagnation of the removal efficiency 
with FC concentration higher than 15 mg L–l was due to the complete 
degradation of pesticides in water (Fig. 2d), and increasing the FC 
concentration would not further improve the removal efficiency of 
pesticides. It demonstrates that the FC/US process had a high utilization 
rate of FC and therefore a high efficacy for pesticide removal. 

3.7. Pesticide degradation intermediates and pathways 

Table 2 shows the intermediates identified by GC/MS during the 
degradation of DMT by FC/US. Possible pathways based on the identi-
fied intermediates were proposed as shown in Fig. 7. There were two 
main routes for the decomposition of DMT by FC/US. The first route was 
via the attack of S=P bond by ClO• to form Omethoate (Compound 7) 
[32], which was then oxidized to N-methyl mercaptoacetamide (Com-
pound 4) that could be mineralized to SO4

2–. Omethoate could also be 
broken up to form O,O,S-trimethyl phosphorothioate (Compound 3) and 
methylcarbamic acid, which was likely an intermediate to form NO3

– 

[33]. Compound 3 was an important intermediate and was also observed 
by Hu et al. [34] and Wu et al. [35] during the DMT degradation. 
Compound 3 could be directly oxidized to dimethyl hydrogen phosphate 
(Compound 1) or indirectly oxidized to Compound 1 via the formation 
of O,O,O-trimethyl phosphate (Compound 5). When the two other O-P 
bonds of Compound 1 were further hydroxylated, it was mineralized to 
form PO4

3–. The second route for the decomposition of DMT was via the 
formation of O,O,S-trimethyl dithiophosphate (Compound 6). The S=P 
bond of Compound 6 was then desulfurized to Compound 3 [32], or the 
S-P bond of Compound 6 was broken up to form O,O,O-trimethyl 
phosphorothioate (Compound 2), which could transform to Compound 
5 and then again to Compound 1. 

3.8. Change in total chlorophyll in FC/US process 

Chlorophyll is the primary pigment that comprises the greenness of 
lettuce. It is chemically unstable and sensitive to both light and heat. 
Therefore, the content of chlorophyll can be used as a good indicator for 
food quality of green vegetables [36]. Fig. 8 shows the changing of 
chlorophyll content in lettuce during the pesticide removal by WW, US, 
FC and FC/US processes. The content of chlorophyll in WW process was 
used as control. The total chlorophyll content decreased from 284.4 to 
281.2, 272.8 and 270.4 mg kg− 1 after the US, FC and FC/US processes, 
respectively. The negligible ecrease of chlorophyll content after the US 

Table 2 
Intermediates identified by GC/MS during the DMT degradation.  

Compound 
No. 

Compound name Retention time 
(min) 

Characteristic ions 
(m/z) 

1 Dimethyl hydrogen 
phosphate  

7.93 126, 113, 85,58 

2 O,O,O-trimethyl 
phosphorothioate  

9.82 156,126,109,93 

3 O,O,S-trimethyl 
phosphorothioate  

10.6 156,126,110,47 

4 N-methyl 
mercaptoacetamide  

12.5 105,78,72,58, 

5 O,O,O-trimethyl 
phosphate  

13.4 140,125, 79,65 

6 O,O,S-trimethyl 
dithiophosphate  

16.8 172,141, 109,93 

7 Omethoate  19.1 213,156, 110,79 
8 Dimethoate  20.7 229,143,125, 87  

Fig. 7. Possible pathways for the degradation of DMT by FC/US.  
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process (1.1%) indicates that US would not damage the chemical 
structure of lettuce [13], while the slight decrease of chlorophyll content 
after the FC process (4.1%) was caused by the oxidation reaction be-
tween FC and chlorophyll. The decrease of chlorophyll content after the 
FC/US process (4.9%) was slightly higher than that of the FC process, 
and the extra loss of chlorophyll was probably due to the oxidation of 
chlorophyll by the generated radicals. Overall, the slight decrease of 
chlorophyll content of less than 5% after the FC/US process is acceptable 
considering its high efficacy for pesticide removal. 

4. Conclusion 

Removal of three pesticides from vegetables by the coupled FC/US 
process has been closely studied. Based on the results, the following 
conclusions are drawn:  

• The selected pesticides were effectively removed from vegetables by 
FC/US process and the synergistic factors reached 22.3%, 19.0% and 
36.4% for DMT, TCF and CBF, respectively.  

• The synergistic effect observed in FC/US process was caused by the 
efficient oxidation of pesticides both in vegetables and in water by 
the generated free radicals and FC.  

• The high pesticide removal efficiencies for five different vegetables 
verified universality of the FC/US process. 

• Solution pH, ultrasonic frequency and FC concentration all had sig-
nificant impacts on pesticide removal by FC/US. The slight reduction 
of chlorophyll content (<5%) after the FC/US process meant a 
negligible damage to the quality of vegetables.  

• FC/US process is a promising AOP for pesticides removal from 
vegetables. 
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