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ABS TRAC T 

 
With the increasing concern of emerging contaminants (ECs), advanced oxidation processes (AOPs) have been widely 
investigated to fulfill the drinking water quality because of the potential adverse health effects of ECs. Accordingly, N,N-
diethyl-meta-toluamide (DEET) is selected as a model compound belonging ECs to monitor its ultrasonic oxidation 
which is one of the most popular AOPs in a dual frequency ultrasonic reactor (DFUR) using low-frequency probe (20 
KHz) and high-frequency transducer (640 KHz) type sources. DFUR was calorimetrically optimized in terms of power 
densities of both ultrasonic sources in order to provide the highest sonochemical yield with efficient energy output. 
Pseudo-first order kinetic equation was applied to results by measuring the concentration decreasing during the 
oxidation reactions. The pseudo-first-order rate constants, k, increased from 7.8x10-3 min-1 (640 kHz, R2=0.930) to 
13.5x10-3 min-1 (DFUR, R2=0.990), by contrast, the rate constant was only 0.7x10-3 min-1 (R2=0.281) for 20 kHz low-
frequency ultrasonic source. DEET oxidation was evaluated with the presence of different gas saturation (Ar, Air, O2, 
and N2); addition of hydrogen peroxide (PO), persulfate (PS) and monoperoxysulfate (MPS) and PO concentration effect 
(molar ratio of DEET:PO; 1:1, 1:2, 1:5, 1:10 and 1:20). The DEET oxidation rate was calculated as 35.8 x10-3 min-1 
(R2=0.994) in the presence of Argon gas saturation, while it was 13.5 x10-3 min-1 (R2=0.990) when no gas bubbling. 
Therefore, the main degradation pathway was predicted as pyrolysis taking place inside the cavitation bubble where 
DEET molecules can reach. On the other side, a lower degradation rate in the presence of PO, PS, and MPS than that of 
no additives has indicated that the bulk phase degradation pathway for some part of DEET molecules are still occurred. 
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1. INTRODUCTION 

 
N,N-diehtyl-meta-toluamide, commercially called 
DEET, is widely used as an active ingredient in many 
repellant products used for insects such as mosquitoes 
and ticks. It is estimated that thirty percent of US 
population use DEET to be protected from some illness 
like West Nile and Zika viruses, malaria caused by 
mosquitoes and Lyme disease caused by ticks. Even it 
is not designed to directly kill the organism, it should 
be taken into consideration in terms of environmental 
risk assessment as it is registered a pesticide in EPA. 
Furthermore, its extensive use for common personal 
care products in the US (9.2 million lb in 2011) has 
been turning the attention on its environmental 
transportation mechanism especially when drinking 
water is taken into consideration as Emerging 
Contaminants (ECs) [1, 2]. DEET has been detected in 

surface waters, the effluent of WW treatment plants, 
and even in groundwater and drinking water in the last 
few years. This occurrence indicates that potential 
recalcitrance of DEET to conventional water treatment 
techniques [3, 4]. Costanzo et al. [5], have reported that 
DEET concentrations have been detected in the range 
of 40-3000 ng L-1 all around the world and 8-1500 ng 
L-1 in coastal Australia in contrast to earlier 
assumptions that it is not a persisting compound in the 
aquatic environment. In a very recent study, Lesser et 
al. [6], analyzed a wide range of organic 
micropollutants including DEET in the Mezquital 
Valley which uses untreated wastewater for 
agricultural irrigation. They indicated that even though 
DEET was found in relatively low concentrations in 
wastewater, it was detected in the highest frequencies 
in groundwater due to its complex matrix with other 
micropollutants such as sulfamethoxazole. They also 
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analyzed the DEET concentration in the range of 37 – 
2500 ng L-1 for raw wastewater consistent with all 
around, while DEET concentration was found in the 
groundwater with a concentration range of between 
<0.4 and 99.9 ng L-1 in the same study. DEET had low 
removal efficiencies and quite recalcitrant to 
biodegradation with its concentration range of 1.4-
6232 ng L-1 in the urban surface water and its 
degradation half-life of 29 days [7]. Also, the National 
groundwater monitoring program in England and 
Wales detected DEET more than 10 times in the level 
of 6500 ng L-1 in 2011 in groundwaters [8]. Some other 
publications have reported that DEET can also 
accumulate in sediments with discharged wastewater 
into surface water [9].  

Despite DEET is generally depicted as safe for external 
use if followed its labeling recommendation, some 
researchers reported potential health risks even a few 
deaths when exposed in high concentration through 
extensive skin absorption or inhalation [10-12]. 
Furthermore, the long-term exposure of DEET and 
some other pesticides produced mood and cognitive 
changes in animal experiments that had consistency 
with neuro-inflammatory changes in hippocampal 
brain areas experienced by GW veterans [13, 14]. Even, 
some neurotoxicity signs and genotoxic effects were 
reported to be received by DEET in a few pieces of 
research [15]. Although, the environmental risk 
assessment results of DEET indicate that is unlikely to 
produce an adverse biological effect in aquatic systems 
[16]. Campos et al. [17], studied the chronic effect of 
DEET on some test organisms that DEET inhibited 
development rates leading to population-level effects 
at the higher concentration of DEET than the observed 
in water sources. In other studies, they have reported 
that DEET is slightly toxic to freshwater insects in the 
higher concentrations than observed in water sources, 
but they advised the further studies to be conducted on 
the seasonal monitoring of DEET concentration in the 
aquatic environment due to its widespread occurrence 
in a great frequency and recalcitrant persistency in the 
water sources.  

The degradation pathway of DEET in conventional 
wastewater treatment plants (WWTP) has been 
studied by many researchers. For example, in a WWTP 
characterized by nitrification and denitrification 
processes, activated sludge and rotating biological 
contactors, DEET showed an irregular removal 
percentage with a 47% average ranging between 1-
98% [18]. This is most probably due to the high 
octanol-water partitioning coefficient, Kow, of DEET 
(log Kow=2.02) indicating that its tendency towards 
moderate hydrophobicity and low affinity for sorption 
according to soil column experiments [6]. In another 
adsorption study, DEET and some other 
micropollutants were subjected to treat in pilot-scale 
drinking water biofilters containing an Anthracite 
adsorption column. Even this study has shown that 
DEET removal was more dependent on sorption than 
biotransformation but its adsorption efficiency was 
still below 50% operated for 245 days [19]. This result 
has a consistency with recent adsorption studies that 
activated carbon (AC) adsorption of DEET was around 
40% [20] and granulated activated carbon (GAC) filters 

adsorption of DEET was less than 30% indicating 
adsorption fairly suitable method for ECs like DEET 
[21]. There is also one study on the biotransformation 
of DEET in microbial fuel cells (MFCs) and microbial 
electrolysis cells (MECs) pointing out the low-level 
degradation (below 40%) of DEET by microorganism 
in their processes [22]. Even they supported their 
results that DEET removal from wastewater was not 
higher than 30% after anaerobic treatment [23]. 
Recently, the elimination of ECs including DEET with 
the membrane treatment methods have become an 
increasing interest. However, Huang et al. [24], 
achieved 82.3% removal percentage of DEET with 
reverse osmosis (RO) method representing the lowest 
removal efficiency among other organic 
micropollutants in the natural water.  

Therefore, AOPs has recently drawn increasing 
attention as an emerging technology for the 
degradation of micropollutants and DEET since AOPs 
are the main sources for the production of highly 
reactive OH radicals (OH). The high oxidation capacity 
of OH (108-1010 M-1s-1) produced by AOPs in situ 
applications leads to treating a wide range of ECs with 
their low selectivity providing complete mineralization 
to CO2, H2O, and inorganic ions or acids [25]. Therefore, 
DEET degradation has been investigated by using 
several AOPs including mostly ozonation [26]; ozone 
and biologically activated carbon system [27, 28]; 
photo-ozonation [29, 30]; photocatalysis [31]; 
photocatalysis with TiO2 [3]; Fenton-like reaction [32] 
and finally electrochemical oxidation [33]. But there 
have not been enough studies on the ultrasonic 
oxidation of DEET in the literature so far. Ultrasonic 
oxidation processes are very effective techniques for 
the degradation of a wide range of problematic 
pollutants based on mainly hydroxyl radical (OH) 
production. Additionally, the simultaneous US at low 
and high frequencies can lead to improved degradation 
yields [34]. The principle of ultrasonic irradiation 
mechanism for water treatment was explained in our 
previous studies [25, 35].  

The degradation of N,N-diethyl-m-toluamide (DEET) in 
dual frequency ultrasonic reactor (DFUR) including a 
20 kHz low and a 640 kHz high-frequency sources was 
investigated in this comprehensive study as a pioneer 
for the literature in terms of ultrasonic DEET 
degradation. The enhancement effect of using dual or 
multiple frequencies ultrasonic sources in one reactor 
is probably due to obtaining a more active volume of 
cavitation than a single one, enhanced bubble collapse 
ratios resulting in higher temperature, therefore, 
increased sonochemical activity [36, 37]. The 
calorimetric experiments were firstly conducted to 
optimize the dual-frequency operation conditions for 
the enhancement of sonochemical yields. Then, DEET 
degradation was evaluated in terms of several 
operation modes of DFUR, under different gas 
saturation (Ar, O2, N2), presence of some oxidants (PO, 
PS and MPS). Finally, DFUR was conducted in the 
addition of several PO doses which had the highest 
degradation efficiency for DEET degradation. 
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2. MATERIALS AND METHODS 

 
2.1. Synthesis of hydrotalcite-like compounds 

 
All chemicals were of analytical grade (99%) except for 
hydrogen peroxide (30%). DEET (wet basis, 99%) was 
purchased from Sigma-Aldrich, USA. Millipore filtered 
water (18 MΩ.cm) was used to dissolve DEET in all 
cases instead of methanol. Its highest absorbance was 
shifted in 192 nm instead of 230 nm [38] dissolved in 
methanol. Fig. 1 depicts the chemical structure of 
DEET. 

 
Fig 1. The chemical structure of DEET (MW=191.27 g 
mol-1) 

 
UES Model 15-660 ultrasound generator (640 kHz) 
with the power range of 100-1000 W, obtained from 
Ultrasonic energy system company (Panama City, 
Florida) was used for all experimental procedures as a 
high-frequency source [39]. The sound wave is 
transmitted via a transducer which is placed into the 
wall of a 580 mL glass reaction container immersed 
into 40-liter water cooling bath and kept at room 
temperature as 20±2 °C. The reaction volume in the 
reaction container was 500 mL containing aqueous 
DEET or only distilled water for the case of calorimetric 
experiments. Low-frequency ultrasonic horn was 
purchased by Sonic materials, Inc. (Danbury, 
Connecticut) (20 kHz) with the power range of 10-100 
W. The horn was dipped into reaction solution to 
conduct dual-frequency as a dual-frequency ultrasonic 
reactor, DFUR. The illustration of the DFUR was 
depicted in our previous study [40]. 

 
3. RESULTS AND DISCUSSION 

 
3.1. Analysis of DEET 

 
The stock DEET solution was prepared in 2.614 mM 
concentration and, it was diluted in the desired 
concentration to develop a calibration curve. 
Calibration standards of DEET were prepared from 0 
to 20 µM concentrations for its UV-Vis absorption. The 
DEET degradations were observed by UV-Vis 
absorption at time intervals of 0, 1, 3, 5, 7, 9, 12 and 15 
mins on a Cary Eclipse Spectrophotometer from 
Agilent Techn. with the maximum absorbance 
wavelength of 192 nm. All DEET solutions were fixed 
to 20 M concentration during the experimental 
procedure. The calibration curve of DEET to accurately 
monitor the final concentrations is shown in Fig 2. 

 

Fig 2. The calibration curve of DEET on its maximum 
absorbance at 192 nm dissolved in millipore filtered water. 

 
3.2. DEET degradation in DFUR 
 
20 kHz and 640 kHz ultrasonic sources were operated 
individually to calculate their power densities in each 
operated power (i.e. 100, 200, 300, 400, 500, 600, 700, 
800, 900 and 1000 W for 640 kHz and 10, 20, 30, 40, 
50, 60, 70, 80, 90, 100 W for 20 kHz) according to our 
previous calorimetric studies [35]. By changing the 
power output of 20 kHz against the fixed power of 640 
kHz at 600 W, the power density of DFUR was 
measured. The optimum power density dissipated by 
solution was calculated as 10.1 x 10-2 WmL-1 for DFUR 
with the highest synergistic index (0.991) combined 
frequency of 20 kHz of which power density was 4.1 x 
10-2 WmL-1 and 640 kHz of which power density was 
8.1 x 10-2 WmL-1 at their operating power of 60 W and 
600 W, respectively. This method has provided energy 
savings most of which disappear in the reactor solution 
as heat energy. The following experiments were 
performed at these power settings called DFUR. 

The DEET degradation and kinetic constants under 
three operation modes of DFUR were discussed in this 
section and experimental results were shown in Fig. 3. 
The ultrasonic degradation of DEET in DFUR was 
assessed by absorption abatement at 192 nm which is 
responsible for the aromatic compound of DEET. For 
this reason, 20 M DEET solution was sonicated by 20 
kHz low frequency, 640 kHz high-frequency ultrasonic 
sources alone and finally irradiated with dual 
frequencies simultaneously for 15 mins (Fig 3). It was 
concluded that the contribution of 20 kHz ultrasonic 
source to 640 kHz high frequency for the degradation 
of DEET was increased, but the effect of only 20 kHz 
low-frequency irradiation was negligible, it could 
reach 2% after 15 min reaction time. The ultrasonic 
DEET degradation can be evaluated as low but the 
combination of both frequencies increased DEET 
degradation up to 19% while it was only 11% by high-
frequency source, 640 kHz. Additionally, the pseudo-
first-order degradation of DEET was used to explain 
the removal rates by Eq. (1): 

 

ln
𝐷𝐸𝐸𝑇𝑡

𝐷𝐸𝐸𝑇0
= −𝑘𝑡                         (1) 

where DEET concentrations at the time of 0 and t, M, 
and k is the pseudo-first-order rate constant, min-1 and 
t is the reaction time, min. The pseudo-first-order rate 
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constants, k, increased from 7.8x10-3 min-1 (640 kHz, 
R2=0.930) to 13.5x10-3 min-1 (DFUR, R2=0.990), by 
contrast, the rate constant was only 0.7x10-3 min-1 

(R2=0.281) for 20 kHz low-frequency ultrasonic 
source. 

 

Fig 3. Time-dependent ultrasonic DEET degradation by 20 

kHz, 640 kHz and DFUR ([DEET]0= 20 M) 

 
3.3.  DEET degradation in DFUR under different gas 

saturation 

 
In this experimental setup, the initial DEET solution 
was individually saturated with Ar, air, O2, and N2 
before the experiment for 15 min and during ultrasonic 
irradiation in DFUR for 15 min. The time-dependent 
DEET concentration under different gas saturation in 
DFUR was plotted in Fig 4. The presence of dissolved 
gases in the ultrasonically induced solutions is a crucial 
parameter since they become a nucleation site for 
cavitation bubbles and also enhance the final 
temperature of the collapsing bubble due to their 
specific heat capacities [41]. Therefore, additional 
pyrolysis reactions take place inside of a cavitation 
bubble which is the main degradation reaction for 
hydrophobic compounds like DEET. As its hydrophobic 
tendency, DEET is supposed to reach the interior of a 

cavitation bubble formed during ultrasonic irradiation. 
Our results were consistent with the idea that pyrolysis 
played a significant role during DEET degradation due 
to faster degradation (nearly two-fold) than that of no 
gas bubbling and the highest rate constant (35.8x10-3 
min-1) under Ar saturation. After then, the pseudo-
first-order degradation constants followed the order of 
25.1x10-3 min-1, 15.0x10-3 min-1, 13.5x10-3 min-1, and 
5.5x10-3 min-1 for the O2, N2, NA (Not applicated any 
gas) and air, respectively. Since oxygen provides 
additional pathways to form •OH, DEET degradation 
was higher compared to N2 saturated solution and N2 
could be responsible for the consumption of •OH [42, 
43]. However, DEET degradation slowed down during 
the air bubbling to DFUR probably due to the 
interference of the propagation of ultrasonic waves 
through the solution [44]. The Pseudo first-order 
kinetic constants of DEET degradation in the presence 
of various gas saturation are shown in Table 1 as well. 

 

 

 

Fig 4. The effect of different gas saturation on the degradation 

of DEET ([DEET]0= 20 M, gas flow rate=1 ml min-1) 

 

Table 1. Pseudo-first-order kinetic constants of DEET degradation in the presence of various gas saturation 

Gas saturation Ar O2 N2 NA Air 

k, min-1 35.8 x10-3 

R2=0.994 
25.1x10-3  R2=0.968 15.0x10-3  R2=0.992 13.5x10-3 R2=0.990 5.5x10-3 R2=0.960 

Additives PO MPS PS NA  

k, min-1 10.1x10-3 

R2=0.971 
7.5x10-3 R2=0.921 6.4x10-3  R2=0.921 13.5x10-3 R2=0.990  

3.4. Effect of PO, PS and MPS on DEET degradation 

 
AOPs in the presence of some oxidants such as PO, PS 
and MPS which can be activated by ultrasonic, light or 
heat sources cause to form different radicals such as 
•OH and SO4

 and S2O8
 [45, 46]. Therefore, DEET 

degradation was studied by the addition of these three 
radical sources with the same molar ratio of DEET to 
enhance the efficiency of DFUR and the results are 
depicted in Fig. 5. The pseudo-first-order rate 
constants were kinetically evaluated from Fig. 5 as 

10.1x10-3 min-1 (R2=0.971), 7.5x10-3 min-1 (R2=0.921) 
and 6.4x10-3 min-1 (R2=0.921) for the presence of PO, 
MPS and PS which was slower (already depicted in Fig 
3 as 13.5x10-3 min-1) than that of no catalyst addition. 
The slower degradation rate of DEET under these 
oxidants can mostly be attributed to hydroxyl radical 
scavenging effect of PO beyond a critical dose [47] 
which is continuously produced by recombining of 
hydroxyl radicals in a cavitational collapse according to 
following equations (Eq. 2-3) [25]: 
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H2O + )))  H + OH                              (2) 

2 OH  H2O2                               (3) 

Additionally, some other researchers indicated that the 
interaction between hydroxyl ions and sulfate radicals 
can produce OH [48] which is associated with DEET 
degradation in bulk solution. However, it was 
discussed that DEET degradation mostly took place 
interior gas phase of a cavitation bubble in the previous 
section. Although DEET degradation increased in the 
presence of Ar gas supporting the degradation via 
pyrolysis, we can draw a conclusion that another 
degradation pathway is either the bulk solution phase 
where additional OH, SO4

 and S2O8
 mostly reside 

and act as a scavenger. Therefore, a slower degradation 
rate in the presence of PO, PS, and MPS due to partition 
of these ions in bulk phase can be supported with the 
idea of DEET degradation occurring in the bulk phase 
following pyrolysis.   

 

Fig 5. Determinations of pseudo-first-order kinetic plots of 
DEET degradation with the addition of PO, PS, MPS additives 
in DFUR ([DEET]0= [PO]=[PS]=[MPS]= 20 M, 1:1 molar ratio 
of DEET and additives) 

 
3.5. Effect of PO dose on DEET degradation 

 
In order to efficiency assessment of PO for the 
degradation of DEET, different DEET:PO molar ratio in 
the range between 1:1, 1:2, 1:5, 1:10 and 1:20 was 
subjected to sonicate in DFUR. Although the 

degradation rate of DEET slowed down in the presence 
of low dose PO (20 M), the higher dose of PO was 
widely examined so as to define the DEET degradation 
pathway through the bulk phase in ultrasonically 
induced solution. The application of pseudo-first-order 
kinetic equation (Eq. 1) is plotted in Fig. 6 by evaluating 
their rate constant for the degradation of DEET in 
DFUR. The DEET degradation rate was almost zero in 
the presence of a higher ratio 1:10 and 1:20, but it 
slowed down even in a lower ratio of DEET:PO (1:1, 
1:2, 1:5, 1:10 were only shown in the Fig 6). The 
degradation rate constants decreased from 10.1x10-3 

min-1 (R2=0.971) of which DEET:PO molar ratio 1:1 to 
5.7x10-3 min-1 (R2=0.896) and 5.7x10-3 min-1 
(R2=0.956)  which were associated with the molar ratio 
of 1:2 and 1:5. However, DEET had its highest 
degradation rate in the absence of PO that provides 
information about its degradation pathway both 
through the interior gas phase and gas-liquid interface 
of a cavitational bubble in DFUR used in this study. 
Because, 20 kHz and 640 kHz ultrasonic sources form 
•OH in the reactor that is, over those of •OH act as a 
scavenger according to Eq. (3). Therefore, there is still 
DEET degradation occurring via pyrolysis inside of the 
gas phase of a cavitational bubble but degradation via 
•OH occurring in the bulk solution phase is inhibited. 

 

Fig. 6. Determinations of pseudo-first-order kinetic plots of 
DEET degradation in the presence of different DEET:PO molar 
ratio of 1:2, 1:5, 1:10 and 1:20 ([DEET]0=20 M)

 
4. CONCLUSIONS  

 
DEET considered an emerging water contaminant, 
quite recalcitrant to biodegradation, was selected as a 
model compound for the study of a DFUR applying 
simultaneously 20 kHz as the low-frequency and 640 
kHz as the high-frequency ultrasonic source. 
Considering calorimetric measurements, the optimum 
power density dissipated to the solution was 
calculated as 10.1 x 10-2 W mL-1 for DFUR, while the 
power densities were 4.1 x 10-2 WmL-1 for 20 kHz and 
8.1 x 10-2 WmL-1 for 640 kHz US source, individually. 
The DEET degradation was monitored as a function of 
treatment time and nicely fit to pseudo-first-order 
kinetic model. Treatment of DEET was negligible by 
separate 20 kHz low-frequency US in 15 min reaction 
period, but the simultaneous operation of 20 kHz low-
frequency US and 640 kHz high-frequency US i.e. DFUR 
provided nearly two times higher degradation 

efficiency than that of 640 kHz high-frequency US 
alone. Among other gas saturation (O2, N2, and air), 
Argon enhanced the final temperature of collapsing 
bubble due to its highest specific heat capacity and 
pyrolysis played a significant role for DEET 
degradation by increasing the degradation rate 
constant nearly three-fold than that of no additional 
gas bubbling to reaction solution in DFUR.   

Slower degradation rate in the presence of PO, PS and 
MPS additives can be probably attributed to the 
partition of these ions in bulk phase supporting the 
idea of some part of DEET degradation occurring in the 
bulk phase where additional OH, SO4

 and S2O8
 

mostly reside and act as scavenger following pyrolysis. 
To assess the degradation part of DEET which takes 
place in the bulk phase, effect of PO concentration on 
the degradation of DEET was examined and the higher 
dose of PO even stopped the degradation of DEET in 
bulk phase indicating the hydroxyl radical scavenging 
effect of PO beyond a critical dose and small part of 
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DEET degradation in bulk phase. Finally, this study has 
proven that combined low and high frequency US, 
DFUR, provides better cavitational yields for DEET as a 
hydrophobic compound of which degradation pathway 
mostly takes place in a cavitational bubble inside and 
gas-liquid interface.  
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“Solar photo-ozonation: A novel treatment 
method for the degradation of water pollutants,” 
Journal of Hazardous Materials, Vol. 317, pp. 36–
43, 2016. 

[30] E. Mena, A. Rey, E.M. Rodríguez and F.J. Beltrán, 
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