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ABSTRACT
A study conducted in Egypt during 2017 to describe preparation of oil-in-water (O/W) 
nanoemulsions for different insecticides through ultrasonic emulsification technique. The 
stability of nanoemulsions over a time period, polydispersity index, droplet size, viscosity, 
and pH were investigated. The results of dynamic light scattering measurements showed that 
prepared nanoemulsions had a droplet size distribution of lower than 200 nm. The particle size 
of chlorpyrifos, malathion, cypermethrin, deltamethrin and lambda-cyhalothrin was 18.35, 177.2, 
84.99, 24.42 and 79.05 nm, respectively with PDI values from 0.121 to 0.377. The transmission 
electron microscopy confirmed that these nanoparticles have spherical shape. The viscosity 
of all formulations ranged from 2.00 to 27.23 mPa.s and pH was around 6.0. The prepared 
nanoemulsions remained stable over four months of storage at room temperature. This result 
proved that all selected insecticides were successful in their preparation with a nanometric size 
range indicating to the possibility of developing suitable formulations as alternatives to traditional 
emulsifiable concentrate formulations.
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INTRODUCTION
The pesticides and concentrations transferred to 
agricultural efficiency are clearly clear, but production 
capacity shows that the risks of misappropriation and 
accidental exposure are high. Improved pesticide 
application technologies will increase pesticide 
efficiency and reduce waste while protecting farmers 
and the environment (Marlow et al., 2009; Pimentel, 
1995; Ramankutty et al., 2018). Many of today’s known 
insecticides are organic compounds that are poorly 
soluble in water (having a water saturation solubility 
less than 1%). These include organophosphates, 
pyrethroids, benzoyl urea derivatives, polychlorinated 
hydrocarbons, carbamates, antraniliproles, 
neonicotinoids and others. Therefore, huge quantities 
of organic solvents are usually used to solve these 
products to achieve an effective and uniform application 
in this area. However, this pollutes the environment with 
volatile solvents and increases the personal exposure 
of agricultural workers to various organic compounds 
(Song et al., 2009; Stackelberg et al., 2001). Another 
disadvantage of using organic solutions is the local 
precipitation of hydrophobic pesticide in the presence 
of micro-hydrothermal in this area. This can lead to 
a lack of application uniformity and cause insufficient 
effectiveness (Ebert et al., 1999). In such a case, a 
pesticide is used in quantity greater than its minimal 

effective dose which results in excessive pollution of 
environmental components and leads to greater pest 
resistant towards these chemicals.
Nanotechnology has become as one of the most 
promising industry during last decade and can 
develop agriculture, including pest management in 
near future (Bhattacharyya et al., 2010; Feng et al., 
2016). At present, nanoemulsions are used to deliver 
biologically active ingredients and have been reported 
to be particularly suitable for use in crop protection 
(Balaure et al., 2017; Feng et al., 2018; Mossa et al., 
2017). In order to deliver pesticides in agrochemicals, 
nanoemulsions have significant advantages in cost 
and safety (Feng et al., 2016; Knowles, 2008; Wang et 
al., 2007). In addition, these improve bioavailability by 
enhancing the penetration and absorption of the active 
compounds into specific targets, including waxy layers 
and surface layers of cuticle (Feng et al., 2016).
Nanoemulsions have constant and very small droplets 
sizes, usually in 20-200 nm range spaced at the 
outer phase of the opposite polarity of surface effect 
operated on the oil/water interface (Persson et al., 
2014; Sadurní et al., 2005). In addition, nanoemulsions 
are non-equilibrium systems with high kinetic stability, 
low viscosity and optical transparency making them 
very attractive systems for many industrial applications 
i.e., in agrochemicals for pesticide delivery (Lee 
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and Tadros, 1982; Mason et al., 2006; Ravi and 
Thiagarajan, 2011; Sadurní et al., 2005; Wang et 
al., 2007). Nanoemulsions are prepared using low 
energy, high energy and combined methods. High 
energy methods include high shear stirring, ultrasonic 
emulsification and high-homogenization pressure, in 
particular, microfluidic and membrane emulsification 
(Koroleva and Yurtov, 2012). Emulsification using high 
energy methods such as high-pressure microfluidation, 
high frequency sonication are suitable for industrial 
applications as these allow flexible control of spherical 
volume distribution, capable of producing fine 
emulsions from a large variety of materials (Jafari et 
al., 2007). 
In recent years, several studies have been made on the 
preparation and stability of pesticide nanoemulsions 
(Balaure et al., 2017; Bhattacharyya et al., 2010; 
Feng et al., 2016; Feng et al., 2018; Song et al., 2009; 
Wang et al., 2007). Therefore, main objective of this 
study was to prepare oil in water nanoemulsions 
containing certain insecticides with high-shear 
stirring and ultrasonication, which are recently used 
for pesticide formulations. The long-term stability of 
the nanoemulsions and characterizations including 

droplet size and polydispersity index (PDI) by dynamic 
light scattering, viscosity and surface morphology 
by transmission electron microscopy (TEM) were 
investigated. This approach provides a promising 
technique for formulating water-insoluble pesticides for 
spray applications with a small amount of formulation 
and active ingredient and may probably improve the 
efficacy of applied pesticides.

MATERIALS AND METHODS
The study was conducted Egypt during the year 2017.

Chemicals and reagents
Two organophosphorus insecticides (chlorpyrifos 
methyl 95% and malathion 93%) and three pyrethroids 
(cypermethrin 90%, deltamethrin 98% and lambda-
cyhalothrin 96%) were obtained from Kafr El Zayat 
Pesticides and Chemicals Co. (Kafr El-Zayat, Gharbia, 
Egypt). The chemical structures of these insecticides 
are shown in Fig. 1. Toluene, butanol and non-ionic 
surfactant tween 80 (polyoxyethylene (20) sorbitan 
monooleate) were from of analytical grade and 
purchased from Sigma-Aldrich Co. (Spruce Street, St. 
Louis, MO, USA). 
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Deionized water was used for all experiments 
throughout the study. All other commercially available 
solvents and reagents were purchased from El-
Gomhoria for pharmaceutical and chemicals Co, (Adeb 
Ishak St, Manshia, Alexandria, Egypt) and were used 
without further purification.
Preparation of insecticide nanoemulsions
The pesticides nanoemulsions were prepared by the 
procedure previously reported with some modifications 
(Badawy et al., 2017). All nanoemulsions were prepared 
in two phases, including coarse emulsions prepared 
by stirring and further emulsification using high-
energy ultrasonication (Fig. 2). First, each insecticide 

dissolved in oluene and butanol (1:1) as a common 
solvents (oil phase). The oil phase was slowly added to 
the aquatic phase (water and tween 80) with stirring at 
4000 rpm for 30 minutes. The formed emulsions were 
then sonicated for 20 minutes at a sonication power 
of 10 kHz and pulses 9 cycle /sec using Ultrasonic 
Homogenizer (HD 2070 with HF generator GM 2070, 
ultrasonic converter UW2070, booster horn SH 213 G 
and probe microtip MS 73, Ø 3 mm). The temperature 
difference of the initial coagulant emulsion to final 
emulsion was not more than 25°C (Badawy et al., 
2017).

Characterization of insecticide nanoemulsions

Centrifugation assay: The samples were centrifuged 
for 30 minutes at 5000 rpm and noticed phase 
separation, creaming and cracking. The nanoemulsions 
should have maximum stability which is not a phase 
separation (creaming and cracking) (Kadhim and 
Abbas, 2015). The measurements were performed in 
triplicate.

Freeze thaw cycle: This type of test puts formulation 
through a series of extreme, rapid temperature 
changes that it may encounter during normal handling 
processes without any significant change in physical 
properties. The formulations were stored at -21°C for 
24 h and then at 21°C until melt for also 24 h (Kadhim 

and Abbas, 2015). Separation or creaming layer was 
examined. The measurements were performed in 
triplicate.

Heating cooling test: The prepared nanoemulsions 
were maintained at two temperatures of 4°C and 
40°C with storage for 48 h per temperature test. 
Nanoemulsions that were stable at this temperature 
were subjected to further study (Kadhim and Abbas, 
2015).

Stability at temperature of 25°C: Fresh nanoemulsions 
(25 mL) were transferred to a glass tube and stored at 
25°C. The transition from a steady state to aggregation 
and cohesion was examined during the storage period 
for four months.
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Viscosity and pH measurements: The dynamic 
(absolute) viscosity (μ) of the nanoemulsions was 
measured by a Rotary Myr VR 3000 digital viscometer 
with L4 spindle at 200 rpm at 25°C without further 
dilution. Each reading was taken after equilibrium of  
sample for two minutes. The samples were repeated 
three times and the data expressed in mPa.s. The 
observation of pH value follows from the determination 
of stability of nanoemulsion due to alteration of pH 
of presence of chemical reactions. The digital pH 
meter (Mi 151 Martini Instruments, Model Mi 150, 
UK) was used to determine the pH values of prepared 
nanoemulsions. The samples were repeated three 
times.
Transmission Electron Microscopy (TEM): The 
morphology of nanoemulsions was examined by TEM. 
A combination of bright field imaging in increasing 
magnification and diffraction methods is used to detect 
the shape and size. The nanoemulsion (50 µL) was 
diluted with water (1/100) and was added to 200-
mesh form war-coated copper TEM sample holders 
(EM Sciences, Hatfield, PA, USA). The TEM samples 
were observed with JEOL JSM-1200EX II transmission 
electron microscope (Peabody, MA, USA) equipped 
with 20 µm aperture at 80 kV.
Particle size and poly polydispersity index (PDI): 
The average volume of droplets (PDI) and diameters 
of nanoemulsions were measured by dynamic light 
dispersion method (DLS) using Zetasizer Nano ZS 
(Malvern Instruments, UK) at room temperature. 
Samples prior to measurements were diluted to 10% 
with deionized water to avoid multiple dispersion 
effects. The size of emulsion droplets was estimated at 
an average of three measurements and was shown as 
an average diameter in nanometers. PDI values <0.25 
indicated a narrow size distribution providing good 
stability of nanoemulsions (Sobhani et al., 2015; Su et 
al., 2017).

RESULTS AND DISCUSSION
Preparation conditions of nanoemulsions
In order to deliver pesticides in agrochemicals, 
nanoemulsions have significant advantages in cost and 
safety (Feng et al., 2018; Knowles, 2008). The O/W 
nanoemulsions are water based, and nanomolecules 
build uses organic solvents less than conventional 
emulsifiable concentrate (EC) (Badawy et al., 2017; 
Chin et al., 2012; McClements, 2012). Moreover, unlike 
partial emulsification which requires high concentration 
of surfactants (about 20% or more), nanoemulsions 
preparation with surface concentration can usually be 
between 3 and 10% (McClements, 2012). Therefore, 
optimum preparation conditions shown in Table 1 were 

dependent on the active ingredient (10%), water phase 
(70%), lipophilic emulsifier (9%), sonication time (20 
min), sonication cycle (9 cycle/second) and power of 
sonication (10 kHz) (Badawy et al., 2017; Marei et al., 
2018). Further, the small droplet size allows them to be 
uniformly documented on plant leaves; moisturizing, 
spreading and impregnation can be improved due to 
low surface tension of the entire system (Dewer et al., 
2016).

Characterizations of nanoemulsions
Thermodynamic stability: For most commercial 
applications, it is important that nano-based delivery 
systems remain physically stable throughout their 
storage period; that is, there is a slight change in 
particle size during storage. Therefore, nanoemulsions 
of insecticides were left in different storage conditions 
and thermodynamic stability results (centrifugation at 
5000 rpm, storage at 25°C, heating cycle, and cooling 
and freeze-thaw cycle) are shown in Table 2. The 
results showed that all nanoemulsions passed from a 
centrifugation test at 5000 rpm. The centrifugation can 
accelerate the rate of creasing or deposition, indicating 
that emulsion breakdown can be related to the work 
of gravitational force. O/W emulsion system exhibits 
instead of sediment due to low oil density compared 
with water medium. The tested nanoemulsions have 
stabilized for changes in physical appearance at 25°C 
upto four months. Heating cooling test indicated that 
all samples are stable in this case. High temperature 
in the upper kinetic energy contributed to the structural 
motion of oil droplets. In the freeze-thaw cycle, 
nanoemulsions were found to be stable by maintaining 
a homogeneous state. On freezing samples, oil 
droplets separate themselves from the emulsion by 
crystallizing the ice molecule resulting in the film’s 
fat-surrounding film drops. When the samples were 
melted, the droplets melted and immediately collected 
between the approaching droplets, resulting in the 
oils off from the emulsifiers, indicated by the phase 
separation. However, nanoemulsions have maintained 
their homogeneity (Table 2 and Fig. 3).
Generally, below the size of 300 nm, rate of 
gravitational separation is greatly reduced. However, in 
the nanoemulsions, due to increased surface contact 
of droplets and increased solubility in water, unsteady 
Ostwald ripening can occur more quickly. The density 
difference between aqueous and oily phase causes the 
sedimentation of droplets (McClements, 2015). The size 
of a small droplet gives stability against sedimentation 
or creaming because the structural motion and thus 
propagation rate is higher than the sedimentation (or 
cavity) rate caused by gravitational force (Sadurní et 
al., 2005). The problem of instability in nanoemulsions 
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is that the decomposition and maturation of Ostwald 
can be minimized through proper selection, quantity 
control and type of components, processes used during 
formulation (Setya et al., 2014). The present results 
concluded that, most of the prepared nanoemulsionss 
had good stability. This finding is consistent with 
other studies who reported an increase in surfactant 
concentrations and the emulsification time had a 
direct relationship to the stability of the nanoemulsion 
(Badawy et al., 2017; Ghosh et al., 2013a).

Droplet size: Nanoemulsions have been considered 
useful for improving water delivery of insoluble 

compounds or active compounds (Pant et al., 2014; 
Wang et al., 2007). The average size of a drop of 
oil - in-water type nanoemulsions usually falls within 
the range of 20 to 200 nm (Sadurní et al., 2005). The 
particle size and PDI of prepared nanoemulsions are 
shown in Table 3. In addition, Fig. 4 shows the droplet 
size distribution curves of the prepared nanoemulsions 
by a dynamic light scattering (DLS). The formulations 
showed droplet size values of 18.35, 177.2, 84.99, 
24.42, and 79.05 nm for chlorpyrifos, malathion, 
cypermethrin, deltamethrin and lambda-cyhalothrin, 
respectively with their respective PDI values of 0.300, 
0.235, 0.121, 0.377 and 0.162.

Table1.  Experimental design and conditions for preparation nanoemulsions of chlorpyrifos, malathion, cypermethrin,      deltamethrin 
and lambda-cyhalothrin

Pesticides
Active 

ingredient
(%, w/v)

Solvent 
(%, v/v)

Cosolvent
(%, v/v)

Surfactant 
(%, w/v)

Water
(%, v/v)

Sonication 
time (min)

Sonication 
power 
(kHz)

Sonication 
cycle (cycle/

sec)
Chlorpyrifos 10 10 1 9 70 20 10 9
Malathion 10 10 1 9 70 20 10 9

Cypermethrin 10 10 1 9 70 20 10 9

Deltamethrin 10 40 1 9 40 20 10 9
Lambda-cyhalothrin 10 10 1 9 70 20 10 9

Table 2. Properties and thermodynamic characterizations of chlorpyrifos, malathion, cypermethrin, 
deltamethrin and lambda-cyhalothrin nanoemulsions.

Pesticides
Stability after 
centrifugation 
at 5000 rpm

Stability at room temperature Freeze 
thaw 

cycles

Heating-
cooling 
cycle

First 
month

Second 
month

Third 
month

Fourth 
month

Chlorpyrifos √ √ √ √ √ √ √
Malathion √ √ √ √ √ √ √
Cypermethrin √ √ √ √ √ √ √
Deltamethrin √ √ √ √ √ √ √
Lambda-cyhalothrin √ √ √ √ √ √ √

Note: √, stable without phase separation
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Table 3. Droplet size, polydispersity index (PDI), dynamic 
viscosity and pH of chlorpyrifos, malathion, 
cypermethrin, deltamethrin and lambda-cyhalothrin 
nanoemulsions.

Pesticides
Viscosity 
(mPa.s.) ± 

SD
pH ± SD

Droplet 
size 
(nm)

PDI

Chlorpyrifos 2.00±0.10 5.97±0.06 18.35 0.300
Malathion 3.10±0.12 6.03±0.15 177.20 0.235
Cypermethrin 2.10±0.12 6.00±0.20 84.99 0.121

Deltamethrin 27.23±0.21 6.07±0.13 24.42 0.377
Lambda 
cyhalothrin 2.50±0.06 6.07±0.05 79.05 0162

PDI: Polydispersity index.

PDI reflects the distribution of particle size in the 
formulation, PDI of <0.2 refers to a uniform size 
distribution of droplets size and homogeneous 
population, while a PDI of 0.3 indicates a system 
heterogeneity (Baboota et al., 2007). This finding proved 
that all these liquid formulations were successful in their 
preparation within the nanometer size. Understanding 
the physics of formation of nanoemulsions is critical to 
controlling the volume of droplets (Gupta et al., 2016). 
It should be noted that very important effects of surface 
concentration, type of oil, ultrasonic energy, time on 
drop diameter and PDI as reported in previous studies 
(Badawy et al., 2017; Kentish et al., 2008; Oh et al., 
2011).

TEM observation of droplets: Transmission 
electron microscopy TEM technique is often useful 
to characterize nanoemulsions, as a complementary 
tool to have a direct observation of the lipid particles 
and obtain reliable data about the morphology of 
system (Klang et al., 2012). The micrograph of five 
nanoemulsions (Fig. 5) demonstrates a spherical 
shape of the droplets representing a typical 
appearance of an oil in water nanoemulsion. TEM 
analyses also confirmed that  droplet diameter of the 
formulations falls in nanometric scale. The results of 
nanodroplet size measurements obtained have also 
been confirmed by several authors who reported that 
the microstructure and size distribution were obtained 
with nanoemulsions containing certain pesticides (Du 
et al., 2016; Ghosh et al., 2013a; Ghosh et al., 2013b; 
Sugumar et al., 2014). 

Viscosity and pH measurement: The viscosity of 
nanoemulsion depends on the nature and concentration 
of surfactant, oil phase components, droplet size, and 

viscosity of the essence of oil formation (de Mattos et 
al., 2015; Silvander et al., 2003). The results (Table 
3) show that all nanoemulsions were less than 28 
mPas. Nanoemulsions of chlorpyrifos, malathion, 
cypermethrin and lambda-cyhalothrin had low viscosity 
values (2.00, 3.10, 2.10 and 2.50 mPa.s, respectively). 
However, the nanoemulsion of deltamethrin had the 
highest value (27.23 mPa.s). From these results, it can 
be concluded that viscosity increaseed slightly in the 
low   water   loading  nanoemulsion  (Chiesa et al., 
2008).
The pH measurements of nanoemulsions of insecticides 
summarized in Table 3 showed that the pH ranged 
from 5.97 to 6.07 for all formulations. Insecticides 
tend to be more susceptible to alkaline degradation 
than fungicides or plant growth regulators. Moreover, 
the insecticides in chemical categories of organic 
phosphate, carbamates, and pyrethroid are the most 
sensitive to alkaline degradation or “high” pH solutions. 
Therefore, the ideal pH should range between 5 and 7 
(Cloyd, 2015).

CONCLUSION
Oil-in-water (o/w) nanoemulsions containing different 
insecticides were prepared by ultrasonic emulsification. 
Active ingredient, solvent, co-solvent as oil phase, 
surfactant, and water as water phase were used. The 
conditions of ultrasonic emulsification were applied at 
a power of 10 kHz for 20 min and sonication pulses of 
9 cycle/s. The droplet size, PDI, TEM, viscosity, and 
pH of the nanoemulsions were studied and confirmed 
that the products were found in the nanometric range 
(20-200 nm). Stable nanoemulsions have been shown 
to be stable against degradation processes, such as 
interference, deposition, flocculation, and cohesion. 
Nanoemulsions containing insecticides have significant 
advantages over emulsifiable concentrations in terms 
of cost, manufacturing safety, transport, and use. These 
also reduce organic solvents, which have been applied 
in large quantities in agricultural applications and help 
solubilize lipophilic active ingredients. Nanoemulsions 
applied at the nanoscale will result in high efficiency 
in pest control with low environmental risk. However, 
nanoemulsions containing pesticides may be promising 
for the production of pesticide formulations and further 
research is needed in these areas. Future work will 
focus on the evaluation of toxicity of these insecticide 
nanoemulsions against some important agricultural 
pests and comparing of their activity with the traditional 
and commercial formulations currently used.
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