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Although several approaches have been reported on the development of nanoemulsions over the last few

years, studies on the formation of biodiesel nanoemulsions for bifenthrin formulation by the low-energy

phase inversion composition (PIC) method are still scarce. Herein, the preparation of oil-in-water (O/W)

nanoemulsions suitable for pesticide application has been achieved in biodiesel by dissolving

a bifenthrin/mixture of a non-ionic surfactant (NP-6) and an anionic surfactant (ABSCa)/water system by

the PIC method. The mechanism of the formation of bifenthrin nanoemulsions by dripping the water

phase into the oil–surfactant phase was exemplified via the pseudo-ternary phase diagram. The effects

of the mass ratio of NP-6 and ABSCa, mROS, stirring rate, the addition rate of water and the

emulsification temperature on the mean droplet size of the nanoemulsion were investigated by dynamic

light scattering (DLS). In addition, the interfacial tension and the contact angle of bifenthrin

nanoemulsions for the spraying application were investigated. The insecticidal activity of bifenthrin

nanoemulsions against cabbage maggots was further studied. Moreover, the emulsion stability of the

bifenthrin nanoemulsions against Ostwald ripening behavior was evaluated, and the long-term stability of

the bifenthrin formulation was studied by the HPLC method to assess the shelf life of the pesticide

formulation. Experimental results showed that the optimum emulsification conditions for the mass ratio

of NP-6 and ABSCa, mROS, stirring rate, the addition rate of water and the emulsification temperature

were respectively 5/5, 1.4, 8000 rpm, 0.7 mL min�1 and 25 �C. The bifenthrin nanoemulsion with low

interfacial tension and contact angle, easy adsorption on plant leaf surfaces and good shelf life has great

potential for use as a pesticide formulation.
1 Introduction

Nanoemulsions are a class of emulsions with uniform and
extremely small droplet sizes typically in the range between 20
and 200 nm.1 Due to their ner droplet sizes, they possess
optical transparency, good stability to gravitational separation
and droplet aggregation, as well as increased bioavailability
over conventional microemulsions (diameter >200 nm).2,3 In
addition, nanoemulsions require relatively lower surfactant
concentration, typically 5–10%, as compared to conventional
microemulsions that need at least 20% of surfactant.4 In
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particular, the oil-in-water nanoemulsions can avoid the use of
a number of organic solvents and adjuvants, which are
considered to be harmful to the environment;5 therefore, they
can be widely used in foods, beverages, cosmetics, agrochemi-
cals and pharmaceuticals.6–10

Since nanoemulsions are thermodynamically unstable
systems, energy input is required for their preparation. In this
regard, two main approaches are currently used for the prepa-
ration of nanoemulsions: high energy and low energy emulsi-
cation methods.11,12 High-energy methods include extreme
shear stirring, high-pressure homogenizers, ultrasound gener-
ators and microuidizers, which apply intense mechanical
energy to achieve the blending and crushing of oil and water
phases.2 Although the high-energy methods are common and
straightforward approaches to fabricating nanoemulsions, the
level of energy required to obtain nanometer-scaled droplets is
very high and thus cost-inefficient.13 Conversely, low-energy
emulsication methods, based on the spontaneous formation
of nanoemulsions by taking advantage of the internal chemical
energy of the system, are energy-efficient and involve phase
transitions taking place during the emulsication process.14
RSC Adv., 2019, 9, 11649–11658 | 11649
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Several low-energy methods such as spontaneous phase inver-
sion temperature (PIT) and phase inversion composition (PIC)
methods have been proposed to prepare nanoemulsions, which
respectively depend on specic changes in temperature at
constant composition and specic changes in composition at
constant temperature.13,15,16 Although low-energy emulsication
methods have been the focus of considerable research interest
in the last few years, there is still a relatively poor understanding
of the physicochemical basis of nanoemulsions and the major
factors impacting their performance. In particular, no direct
evidence has been put forward to clarify the presence of
lamellar liquid crystallites or bicontinuous microemulsions in
the preparation of nanoemulsions by the PIC method. There-
fore, further effort is required to fully understand the mecha-
nism of the formation of nanoemulsions, and thus optimize the
emulsication process.

Biodiesel is a green environmental industrial solvent and
raw material derived from renewable biomass such as vegetable
oils, animal fats, waste cooking oils, lipids of yeast and micro-
algae.17 Due to its high biological degradation speed, high ash
point, high storing and shipping safety, good environmental
compatibility, low cost, relatively stronger dissolving ability and
renewability, it has recently attracted much attention all over
the world.18 Signicantly, biodiesel can be used as the carrier for
insoluble pesticides for the formation of nanoemulsions, which
could improve the bioavailability of pesticide by solubilization
in the droplets of nanoemulsion.19 Many works also indicate
that using nanoemulsions as pesticide delivery systems could
realize the efficient delivery of the active ingredients of pesti-
cides and improve their efficacy.5,20

In this study, we applied the PIC method to prepare trans-
parent biodiesel nanoemulsions by mixed surfactants using
biodiesel as the oil phase for bifenthrin formulation. It has been
reported that the mixed surfactants oen perform better for
various applications, as compared to pure surfactant.21 For this
reason, the mixture of nonionic nonylphenol polyoxyethylene
ether (NP-6) and anionic calcium dodecylbenzene sulfonate
(ABSCa) was used to prepare a nanoemulsion. Bifenthrin is
a water-insoluble pesticide that is regarded as a third-
generation synthetic pyrethroid insecticide for its great photo-
stability and insecticidal activity;5,22 its structural formula is
shown in Fig. 1. The low-energy method used in our work
involves constant temperature but different compositions
during emulsication by adding water to an oil–surfactant
mixture to obtain the oil-in-water (O/W) nanoemulsions.23 To
obtain the optimum emulsication conditions we investigated
the effects of the mass ratio of NP-6 and ABSCa, the mass ratio
of oil and the mixed surfactant (mROS), stirring rate, the
Fig. 1 Structural formula of bifenthrin.
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addition rate of water and the emulsication temperature on
the mean droplet size of the nanoemulsion. Unlike conven-
tional microemulsions that are thermodynamically stable
systems, nanoemulsions can be kinetically stable.11 It was re-
ported that the main breakdown process for nanoemulsions is
Ostwald ripening, which is attributed to the diffusion of mole-
cules of the disperse phase from small to big droplets in the
continuous phase because of their different Laplace pres-
sures.13,16 The emulsion stability of the nanoemulsions against
Ostwald ripening behavior was evaluated, and the long-term
stability of the bifenthrin formulation was also studied by the
HPLC method to assess the shelf life of the pesticide formula-
tion. At the same time, the contact angle of the pesticide
formulation on paraffin and its interfacial tension were also
determined for the spraying application. In addition, the
insecticidal activity of bifenthrin nanoemulsions against
cabbage maggots was further studied. To the best of our
knowledge, the formation of biodiesel nanoemulsions for
bifenthrin formulation by the PIC method has rarely been re-
ported so far. The main objective of this work is to obtain the
optimum emulsication conditions for the preparation of
transparent biodiesel nanoemulsions via the PIC method, and
to evaluate the long-term stability of the bifenthrin nano-
emulsions for the assessment of the shelf life of the pesticide
formulation.
2 Experimental procedures
2.1 Materials

Biodiesel (major component: fatty acid methyl) and non-
ylphenol polyoxyethylene ether (NP-6, the average number of
ethylene oxide groups was 6) were purchased from Shanghai
Weipu Chemicals Co. Ltd. (Shanghai, China). Bifenthrin (stan-
dard substance) and calcium dodecylbenzene sulfonate (ABSCa)
were provided by Aladdin Chemical Reagent Co. Ltd. (Shanghai,
China). The chemicals were of analytical grade and were used
without further purication. Double distilled water was used in
the preparation of all solutions and nanoemulsions.
2.2 Methods

2.2.1 Preparation of bifenthrin nanoemulsions. The prep-
aration of nanoemulsions with a bifenthrin concentration of
8 wt% was achieved by the PIC method.23 The low-energy
method was performed by the stepwise addition of water to
the mixture of oil (biodiesel) and the mixed surfactants (NP-6
and ABSCa) at 25 �C. Firstly, bifenthrin (8 wt%) was fully dis-
solved in a certain amount of biodiesel, and then the drug-
loaded biodiesel was blended with the mixed surfactants to
form the mixture as the oil phase. The bifenthrin nano-
emulsions were formed by adding the water to the oil phase,
withmagnetic stirring. The interactions between bifenthrin and
bifenthrin nanoemulsions were respectively characterized by
FT-IR and UV-vis spectroscopy. FT-IR measurements were per-
formed on a Tensor 27 Fourier transform infrared spectrometer
(Bruker, Germany). UV-vis spectroscopic experiments were
implemented by dissolving the composite materials in
This journal is © The Royal Society of Chemistry 2019
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0.1 mol L�1 pH 7.0 PBS, and using a Cary 50 probe spectro-
photometer (Varian, Australia).

2.2.2 Pseudo-ternary phase diagrams. The pseudo-ternary
phase diagram was obtained at 25 �C by the stepwise addition of
water to the mixture of the oil and the mixed ionic–nonionic
surfactants. The mass ratio of NP-6 and ABSCa was xed at 5/5, and
the water addition rate was xed at 0.5 mL min�1. Aer each
addition, the samples were stirred and homogenized with a vibro-
mixer at a speed of 8000 rpm. The phase separation was observed by
the naked eye. Changes in the appearance of the sample
(transparent-to-turbidity or turbidity-to-transparent transitions) were
recorded as the phase boundary.24 Three parallel experiments were
carried out for every sample and the mean value was taken. Each
sample was homogenized with a vibromixer and kept at 25 �C to
equilibrate. Optically anisotropic liquid crystalline phases were
identied by using polarizing lightmicroscopy (PLM,DMRX, LEICA,
Germany) through the identication of characteristic textures. The
composition of the sample was calculated from the weight
measurement of all components. The boundary lines drawn on the
phase diagram were equidistant between consecutive experimental
measurements on either side of the phase boundary.8,20

2.2.3 Transmission electron microscopy (TEM). The
morphologies of the nanoemulsion droplets were observed
using a JEM 2100 TEM (JEOL Co., Japan) at an acceleration
voltage of 200 kV. TEM images of the samples were obtained by
placing a few drops of the nanoemulsion on a carbon-coated
copper grid, negative staining with 2% phosphotungstic acid
and evaporation prior to observation.

2.2.4 Determination of nanoemulsion droplet size. The
mean droplet size and size distribution of the nanoemulsions
were determined by dynamic light scattering (DLS) with a Mal-
vern Nano-ZS90 Zetasizer (UK) at a scattering angle of 90� at
25 �C, employing an (He–Ne) argon laser (l ¼ 633 nm). Prior to
the measurement, the samples were diluted 1/100 with double
distilled water to avoid multiple scattering.

2.2.5 Contact angle and interfacial tension measurement.
The contact angle measurements were conducted on a HARKE
Contact Angle Meter equipped with a color CCD camera (Bei-
jing, China). About 10 mL of nanoemulsion was dropped on the
solid paraffin sheet. The contact angles of nanoemulsions were
obtained according to the shape of the drop by calculating the
slope of the tangent to the drop at the liquid–solid–vapor (LSV)
interface line.

Equilibrium interfacial tension was measured at 25 �C with
a Sigma 70 tensiometer employing the DuNoüy ring method
(Bruker, Germany). The average value of three measurements
was used.

2.2.6 Insecticidal activity of bifenthrin nanoemulsions
against cabbage maggots. In order to evaluate the practical
application of the pesticide formulation, actual pesticide testing
using biological and botanical studies were performed by
measuring the insecticidal activity of bifenthrin nanoemulsions
against cabbage maggots. The cabbage maggots collected from
eld-grown broccoli plants in Hainan, China, were treated with
different dilution ratios of bifenthrin nanoemulsions according
to the previous method.25 Forty cabbage maggots were placed in
a 250 mL sterile beaker containing 100 mL of the diluted
This journal is © The Royal Society of Chemistry 2019
bifenthrin nanoemulsions. All the samples were maintained at
room temperature. The insecticidal activity of the bifenthrin
nanoemulsions was monitored by recording the mortality aer
5, 10 and 20 h of exposure. Dead cabbage maggots were iden-
tied when they failed to move. Each test was performed in
triplicate and the mean value was taken.

2.2.7 Bifenthrin analysis by high-performance liquid
chromatography (HPLC). To further probe the long-term
stability of the bifenthrin formulation, bifenthrin was quanti-
ed using HPLC aer being stored for three months. The
chromatographic system consisted of a UV detector set at
225 nm and connected to a Waters 1500 Series HPLC pump
equipped with a 5 mm � 150 mm � 4.6 mm Spherisorn ODS
column. Bifenthrin analysis was performed at room tempera-
ture with an 85 : 15 methanol : water (v/v) mobile phase; 5.0 mL
of sample was injected at a ux rate of 1 mL min�1, and the
retention time was about 5.4 min.

3 Results and discussion
3.1 Nanoemulsions formation by PIC method

At constant pressure and temperature, the phase behavior of
a three-component system can be represented by a planar
triangle, called a ternary phase diagram. This is the most
convenient and effective way to study the phase, composition
and phase boundary of the equilibrium system. According to
the phase diagram, the structural state of the mixed system can
be preliminarily estimated, which can intuitively reect the
change in the phase state of the microemulsion system.13

Through the drawing of the pseudo-ternary phase diagram, the
compatibility of the substances in the system and the condi-
tions for forming the microemulsions can be studied.8 The
pseudo-ternary phase diagram for the equilibrium phase
behavior of biodiesel, water and the mixed ionic–nonionic
surfactants was drawn with the aid of the naked eye and
polarizing light microscopy. As shown in Fig. 2, the pseudo-
ternary phase diagram of biodiesel, water and the mixed
ionic–nonionic surfactants was divided into six different areas.
These areas included, respectively, an inverse micellar solution
of a W/O microemulsion (Om), a lower liquid crystalline phase
with an upper colorless liquid phase (La + Om), a lamellar
liquid crystalline phase (La), a bicontinuous microemulsion
(D), a micellar solution of an O/W microemulsion (Wm) and
a multiphase region (M). The Om, D and Wm phases were
isotropic, colorless uids, but the others contained several two-
and multiple-phase regions.8

Under the guidance of the pseudo-ternary phase diagram, we
could accurately prepare the drug-loaded nanoemulsion by the
PIC method, which involved a combination of phase-inversion
and self-emulsication. The procedure to obtain nano-
emulsions by the PIC method consisted of progressively adding
one of the components (water or oil) to a mixture of the other
two components (oil–surfactant or water–surfactant, respec-
tively).13,26,27 In our work, the preparation of the nanoemulsions
was achieved by dripping the water phase into the oil–surfactant
phase. For example, we xed the mass ratio of biodiesel and the
mixed surfactants (mROS) at 1.4. Along with the addition of
RSC Adv., 2019, 9, 11649–11658 | 11651



Fig. 2 Pseudo-ternary phase diagram of biodiesel, water and the
mixed ionic–nonionic surfactants system at 25 �C.
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water, the preparation procedure of the nanoemulsions was
gradually performed according to the A0–A4 route, as shown in
Fig. 2. Firstly, a certain amount of biodiesel dissolving bifen-
thrin was blended with the mixed surfactants to form the
mixture (A0 system). When water was dripped progressively into
the oil phase, the initial system generally formed a W/O
microemulsion (A1 system). Then, as the mass fraction of
water increased, water droplets merged together to form a blend
of a lamellar liquid crystalline phase and W/O microemulsion
(A2). Subsequently, with the continued increase in the mass
fraction of water, the hydration grade of the mixed ionic–
nonionic surfactants was progressively enhanced, and the
spontaneous curvature of the mixed surfactants changed from
negative to zero, thus resulting in the formation of a bicontin-
uous microemulsion (A3).13 The mixed ionic–nonionic surfac-
tant layer had higher exibility to partition into the oil–water
interface and decreased the oil–water interfacial tension
instantaneously.28–31 Upon further increasing the water content,
the bicontinuous microemulsion with zero curvature would
generate phase inversion and decompose into a very nely
dispersed O/W microemulsion (A4), which contained a very
high positive curvature of the surfactant layer.32 Themechanism
Fig. 3 Schematic description of the formation mechanism of bifenthrin na
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of the formation of bifenthrin nanoemulsions by dripping the
water phase into the oil–surfactant phase was exemplied in
Fig. 3, which was consistent with the previous report.24

The resultant bifenthrin nanoemulsions were observed to be
light blue and transparent, which exhibited low viscosity and
good stability, as shown in Fig. 4a. The mean droplet size of the
nanoemulsions and the morphology of the nanoemulsion
droplets were respectively evaluated by DLS and TEM
measurements. As shown in Fig. 4b, the obtained bifenthrin
nanoemulsions possessed a narrow size distribution ranging
from 45 nm to 90 nm, and their mean size was 63.8 nm with the
PDI of 0.101. Moreover, TEM images (Fig. 4c and d) revealed
that the bifenthrin nanoemulsions exhibited a similar spherical
shape with the mean size of 62.3 nm, which was similar to the
results of DLS measurements. Due to the coverage of the mixed
ionic–nonionic surfactants at the oil–water interface, which
protected the emulsion droplets against coalescence,33 the
formed O/W nanoemulsions could show a very ne dispersion
with small and uniform emulsion droplets, thus exhibiting
good stability.

The biodiesel used in this workwas obtained from soybean oil by
chemical reaction with an alcohol, and its main component is fatty
acidmethyl ester. Since the chemical conguration of biodiesel may
inuence the preparation and stability of the nanoemulsion, we
conducted FT-IR and UV-vis spectroscopy studies to characterize the
structure of pure bifenthrin and the mixture of bifenthrin nano-
emulsions. As shown in Fig. 5a, the characteristic peaks of bifen-
thrin at 3069.62, 1587.63, 1487.20 and 812.65 cm�1 were respectively
assigned to C–H stretching vibrations and skeleton vibrations of the
benzene ring.34 The peaks at 2966.41 and 1725.79 cm�1 were
respectively attributed to symmetric stretching vibrations of C–H for
methyl and –C]O for ester groups.35 In comparisonwith bifenthrin,
the bifenthrin nanoemulsion exhibited a different FT-IR spectrum.
The peak at 3048.84 cm�1 was ascribed to the stretching vibration of
the unsaturated double bond in the fatty acid methyl ester carbon
skeleton. The peaks at 1731.13 and 1189.77 cm�1 were respectively
assigned to symmetric stretching vibrations of –C]O and the
characteristic absorption peak of fatty acid methyl ester. The above
results implied that the bifenthrin was effectively encapsulated in
themicelle structure of themixed surfactant during the preparation
of bifenthrin nanoemulsions. It was the coverage of the mixed
surfactant that reduced the UV-vis absorbance of bifenthrin in the
nanoemulsions, as shown in Fig. 5b.
noemulsions by dripping the water phase into the oil–surfactant phase.

This journal is © The Royal Society of Chemistry 2019



Fig. 4 (a) An optical image of bifenthrin nanoemulsions. (b) Size distribution of bifenthrin nanoemulsionsmeasured by DLS. (c and d) TEM images
of the dispersion of nanoparticles as obtained after evaporation of the solvent of the bifenthrin nanoemulsions.
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3.2 Effect of the emulsication conditions on the mean
droplet size of the bifenthrin nanoemulsion

Various previous reports that used the PIC method to prepare
the nanoemulsions have shown that the droplet size generally
depends on many emulsication conditions, including the
Fig. 5 (a) FT-IR and (b) UV-vis absorption spectra of bifenthrin and bifen

This journal is © The Royal Society of Chemistry 2019
mass ratio of NP-6 and ABSCa, mROS, stirring rate, the water
addition rate and the emulsication temperature.36–38 As the
relationship between them was very complicated, other experi-
mental conditions were kept unchanged during the experiment,
and one of the factors was changed to test its effect on the mean
droplet size of the bifenthrin nanoemulsion.
thrin nanoemulsions.

RSC Adv., 2019, 9, 11649–11658 | 11653
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3.2.1 Effect of the mass ratio of NP-6 and ABSCa on the
mean droplet size of the nanoemulsion. The effect of the mass
ratio of NP-6 and ABSCa on the mean droplet size of bifenthrin
nanoemulsion is shown in Fig. 6a. With the decrease in the
mass ratio of NP-6 and ABSCa, the mean droplet size of bifen-
thrin nanoemulsion rst decreased rapidly and then increased.
The results were attributed to the fact that the mixed anionic–
nonionic micelles in the solution mainly depended on the steric
repulsion between the nonpolar heads of the nonionic surfac-
tant and the electrostatic repulsion of the anionic head
groups.39 When anionic surfactants were added to the nonionic
surfactant micelles, the distance between the nonpolar heads of
the ethoxy groups increased. With the increase of the anionic
surfactant, the steric repulsion decreased, and the mixed
surfactant molecules in the emulsion particles were closer,
leading to the smaller droplets size; therefore, the mean droplet
size of the bifenthrin nanoemulsion rstly decreased with the
decrease of the mass ratio of NP-6 and ABSCa. However,
excessive sulfonic acid groups would also produce relatively
obvious electrostatic repulsion, resulting in loose emulsion
particles, thus increasing the droplet size. Therefore, when the
anionic surfactant exceeded a certain amount, the mean droplet
size of nanoemulsion increased with the further increase of
anionic surfactant, i.e., with the further decrease of the mass
ratio of NP-6 and ABSCa, the mean droplet size of bifenthrin
Fig. 6 Effects of (a) the mass ratio of NP-6 and ABSCa, (b) mROS, (c) stir
bifenthrin nanoemulsions produced by the PIC method.
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nanoemulsion would increase. Consequently, the optimum
mass ratio of NP-6 and ABSCa was xed at 5/5.

3.2.2 Effect of mROS on the mean droplet size of the
nanoemulsion. The mROS is an important index to measure the
emulsifying properties of the bifenthrin nanoemulsion. The
higher the mROS was, the stronger the emulsication perfor-
mance of the system was, thus enhancing the ability to solubi-
lize the oil phase, enlarging the drug-loading rate, and
improving the application value. The effect of mROS on the
mean droplet size of the bifenthrin nanoemulsion is shown in
Fig. 6b. It was obvious that the mean droplet size of the bifen-
thrin nanoemulsion rstly decreased as the mROS increased,
and then increased as the mROS further increased. When the
mROS gradually increased, the mass fraction of the mixed
surfactant gradually decreased. Low mROS possibly produced
the separation of a lamellar liquid crystalline phase, which led
to the higher droplet size.8 For low surfactant concentrations,
the oil solubilization was not complete. So the high mROS

caused the separation of an excess oil phase, also resulting in
the higher droplet size.33 On the basis of the above results, the
optimum mROS for nanoemulsion formation was 1.4.

3.2.3 Effect of the stirring rate on the mean droplet size of
the nanoemulsion. Stirring dispersed the added water so that
the components of the emulsion could be uniformly mixed,
which had a great inuence on the nanoemulsion formation.
ring rate and (d) the addition rate of water on the mean droplet size of

This journal is © The Royal Society of Chemistry 2019



Fig. 7 Effect of the emulsification temperature on the mean droplet
size of bifenthrin nanoemulsions.

Fig. 8 Variation curves of interfacial tension and the contact angle of
bifenthrin nanoemulsion at different mROS.

Paper RSC Advances
The stirring rate is an important factor affecting the mean
droplet size of the bifenthrin nanoemulsion. As shown in
Fig. 6c, as the stirring rate increased, the mean droplet size of
bifenthrin nanoemulsion rstly decreased rapidly and then
tended to the plateau value. When the stirring rate was less than
7000 rpm, the magnetic force of the stirring was insufficient to
uniformly mix the emulsion, and it uniformly dispersed the
dripping water, resulting in the uneven distribution of the
surfactant layer, weak hydration and larger droplet size during
the formation of the nanoemulsion. When the stirring rate was
in the range of 7000–8000 rpm, the mean droplet size of the
bifenthrin nanoemulsion was the smallest. When the stirring
rate was greater than 8000 rpm, ascribed to the fast stirring rate,
the system with higher viscosity was difficult to be effectively
dispersed, thus resulting in a slight increase in droplets size.
Therefore, the optimum stirring rate for nanoemulsion forma-
tion was set at 8000 rpm.

3.2.4 Effect of the addition rate of water on the mean
droplet size of the nanoemulsion. During the nanoemulsion
formation, the hydration of the nonionic surfactant, the poly-
oxyethylene chain (PEO chain), was enhanced with the increase
of water mass fraction, and phase-inversion occurred to form an
O/W nanoemulsion. The addition rate of water would affect the
speed of hydration of nonionic surfactant, and an excessively
fast addition rate of water would lead to local hydration being
stronger than other regions, resulting in the uneven distribu-
tion of the nanoemulsion droplet size and affecting the mean
droplet size of the nanoemulsion. The effect of the addition rate
of water on the mean droplet size of bifenthrin nanoemulsion is
shown in Fig. 6d. When the addition rate of water was less than
0.7 mL min�1, the mean droplet size of the nanoemulsion was
very small. Since the water droplets that were dripped into the
emulsion were well dispersed, they had little effect on the
formation of the nanoemulsion and its mean droplet size.
When the addition rate of water exceeded 0.7 mL min�1, the
mean droplet size of the nanoemulsion increased faster and
faster with the increase of the addition rate of water. As the
stirring was insufficient to uniformly disperse the added water,
the hydration strength of the surfactant layer in the emulsion
was not uniform, thus resulting in the generation of large-sized
droplets. As such, the optimum addition rate of water for
nanoemulsion formation was set as 0.7 mL min�1.

3.2.5 Effect of the emulsication temperature on the mean
droplet size of the nanoemulsion. Since the hydrophilic and
lipophilic properties of nonionic surfactants are easily affected
by the emulsication temperature, they can have an effect on
the mean droplet size of the nanoemulsion.40 Therefore, the
mixed surface can be indirectly examined by investigating the
effect of temperature on the average particle size of the formed
nanoemulsion. The interaction between the components of the
mixed ionic–nonionic surfactants could be indirectly evaluated
by investigating the effect of the emulsication temperature on
the mean droplet size of the formed nanoemulsion. The mean
droplet size of the nanoemulsion as a function of the emulsi-
cation temperature is shown in Fig. 7, where it can be observed
that the emulsication temperature had little effect on the
mean droplet size of the nanoemulsion, and the mean droplet
This journal is © The Royal Society of Chemistry 2019
size of the nanoemulsion increased slightly with the increase of
the emulsication temperature. The results were ascribed to the
fact that the incorporation of an ionic surfactant could signi-
cantly increase the turbidity point of the single nonionic
surfactant, which improved the hydration of nonionic surfac-
tants against the emulsication temperature. Thus, the amount
of mixed ionic–nonionic surfactant molecules adsorbed at the
O/W interface avoided the inuence of the emulsication
temperature on the emulsion size. Based on the above results,
the emulsication temperature for nanoemulsion formation in
our work was xed at 25 �C.

3.3 Interfacial tension and contact angle of the bifenthrin
nanoemulsion

Nanoemulsions have been shown to be advantageous for opti-
mizing the delivery of hydrophobic compounds in agrochemi-
cals. The small droplets of nanoemulsions allow them to
deposit uniformly on plant leaves.8 Wetting, spreading and
penetration would be also enhanced due to the low interfacial
tension of the O/W nanoemulsions.41 As shown in Fig. 8, with
RSC Adv., 2019, 9, 11649–11658 | 11655
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the increase of mROS, the interfacial tension of the bifenthrin
nanoemulsion gradually increased. When the mROS did not
exceed 1.6, the interfacial tension was less than 29 mN m�1,
without signicant change. In this case, the bifenthrin
nanoemulsion had low interfacial tension, good emulsifying
performance, and easy adsorption on the plant surface, thus
effectively improving the utilization of bifenthrin. The smaller
the mROS in the nanoemulsion system, the larger was the
mixed surfactant mass fraction, and the mixed surfactant
could effectively reduce the interfacial tension of the bifen-
thrin nanoemulsion. Therefore when the mROS was less than
1.6, the interfacial tension was small, and the bifenthrin
nanoemulsion could be suitable for spraying application. In
addition, the effects of pesticide nanoemulsion on wetting,
spreading and leaf penetration are also commonly expressed
by the contact angle.

The leaves of the plants had a layer of wax that was highly
hydrophobic. Therefore, the use of paraffin wax instead of
plant leaves to measure the contact angle could similarly
characterize the wetting of bifenthrin nanoemulsion on the
plant leaves. As shown in Fig. 9, the contact angle of the
double distilled water on the paraffin surface was 101�, which
was non-wetting, while the contact angle of the bifenthrin
nanoemulsion on the paraffin surface was obviously less than
90�, indicating that it was partially or totally wet. In addition,
the droplet shapes of the double distilled water and the
bifenthrin nanoemulsion on the real plant leaves were also
measured. As shown in Fig. 10, the bifenthrin nanoemulsion
droplets could be effectively spread on the real plant leaves in
comparison with the double distilled water droplets, indi-
cating good wetting properties, which is in good agreement
with the results on the paraffin. These results imply that the
bifenthrin nanoemulsion could be spread on the leaf surface,
which indicated the potential for agrochemical active
delivery. It could be also seen from Fig. 6 that the contact
angle of the bifenthrin nanoemulsion was basically increased
with the increase of the mROS, when the mROS exceeded 1.6.
Since the higher mROS led to the lower mass fraction of the
mixed surfactant, the thinner surfactant layer in the emulsion
resulted in a worse wetting effect. Therefore, the optimum
mROS for spraying application was 1.4, which was in accor-
dance with the mROS for nanoemulsion formation.
Fig. 9 Droplet shape of (a) bifenthrin nanoemulsions and (b) double dis
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3.4 Insecticidal activity against cabbage maggots

The insecticidal activity of bifenthrin nanoemulsions was
studied against cabbage maggots aer dilution. Table 1 shows
the mortality of cabbage maggots over time, aer 100-fold, 500-
fold and 1000-fold dilution of bifenthrin nanoemulsions. The
mortality rate of cabbage maggots increased with the increase
in exposure time from 5 h to 20 h. It is worth noting that aer
20 h of exposure, the mortality rate for all samples exceeded
90%, and 100%mortality was observed at 100-fold and 500-fold
dilution of bifenthrin nanoemulsions with the exposure time of
20 h. These results indicate the high insecticidal activity of
bifenthrin nanoemulsion for practical application.
3.5 Stability of the bifenthrin nanoemulsion

The formed nanoemulsions exhibited good stability without
phase separation aer several days, but an increase in droplet
size was observed with time. There are two probable breakdown
processes in dispersed systems, namely, coalescence and Ost-
wald ripening. The droplet growth rate, u, due to Ostwald
ripening, can be calculated by the Lifshitz–Slezov and Wagner
(LSW) theory:5,42,43

u ¼ dr3

dt
¼ 8CNgVmD

9rRT
(1)

where r is the average droplet radius aer time t; D is the
diffusion coefficient of the oil in the continuous phase; Vm is the
molar volume of the oil; g is the interfacial tension; CN is the
bulk phase solubility (the solubility of the oil in an innitely
large droplet); R is the gas constant; r is the density of the oil; T
is the absolute temperature.

In order to verify that the breakdown process was Ostwald
Ripening, the cube of the radius, r3, was plotted as a function of
time at different mROS in Fig. 11. The linear variation of r3 as
a function of time indicated that Ostwald ripening was the
driving force for instability, which was similar to the results
obtained by Du et al.44 It was clearly illustrated that the slope
increased with the increase in mROS, which meant that the
more stable nanoemulsions were formed with higher surfactant
concentrations. These results were in agreement with previous
research results.6,8 Note that the interfacial tension was reduced
with the increase in surfactant concentration, which is a factor
for reducing the Ostwald ripening, according to in eqn (1).
tilled water on paraffin surface.

This journal is © The Royal Society of Chemistry 2019



Fig. 11 The cube of the radius versus time for bifenthrin nano-
emulsions at various mROS.

Fig. 12 Representative chromatogram of bifenthrin nanoemulsions by
HPLC analysis.

Table 1 Mortality of cabbage maggots at various dilution ratios of
bifenthrin nanoemulsions

Dilution ratios

Mortality/%

5 h 10 h 20 h

100-fold 72.5 � 5.0a 100 � 0 100 � 0
500-fold 52.5 � 2.5 77.5 � 5.0 100 � 0
1000-fold 37.0 � 2.5 62.5 � 2.5 92.5 � 5.0

a Values represent the standard deviation.

Fig. 10 Droplet shape of (a) bifenthrin nanoemulsions and (b) double distilled water on the real plant leaves.
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The long-term stability of the bifenthrin nanoemulsion was
further probed to assess the shelf life of the bifenthrin formu-
lation. The chemical stability was represented by the amount of
bifenthrin retention measured by HPLC analysis at the storage
time of three months. Fig. 12 shows the representative chro-
matogram of the bifenthrin nanoemulsion. The peaks at the
retention time of 3.3 min were assigned to the biodiesel, while
the retention time of bifenthrin was about 5.4 min. It could be
seen that aer three months of storage, the peak intensity was
slightly weakened, revealing that the bifenthrin nanoemulsion
This journal is © The Royal Society of Chemistry 2019
is not easily decomposed or precipitated, and has a good shelf
life, making it suitable for potential pesticide formulations.
4 Conclusion

A stable O/W bifenthrin nanoemulsion was successfully
prepared by the PIC method, using NP-6 and ABSCa as the
mixed surfactants, and biodiesel as the oil phase. The mecha-
nism of the formation of bifenthrin nanoemulsions by dripping
the water phase into the oil–surfactant phase was stated with
the aid of the pseudo-ternary phase diagram. To obtain the
optimum emulsication conditions, the effects of the mass
ratio of NP-6 and ABSCa, mROS, stirring rate, the addition rate of
water and the emulsication temperature on the mean droplet
size of the nanoemulsion were investigated. Experimental
results showed that the optimum emulsication conditions for
the mass ratio of NP-6 and ABSCa, mROS, stirring rate, the
addition rate of water and the emulsication temperature were
respectively 5/5, 1.4, 8000 rpm, 0.7 mL min�1 and 25 �C. In
addition, the bifenthrin nanoemulsion with the lower mROS

had a low interfacial tension and contact angle, which could be
spread and wet on the leaf surface for the spraying application.
RSC Adv., 2019, 9, 11649–11658 | 11657
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The insecticidal activity of bifenthrin nanoemulsions against
cabbage maggots was further studied, and the emulsion
stability of the nanoemulsions against Ostwald ripening
behavior was also evaluated. HPLC analysis showed that the
bifenthrin nanoemulsion is not easily decomposed or precipi-
tated, and has a good shelf life, making it suitable for potential
pesticide formulations.

Conflicts of interest

There are no conicts to declare.

Acknowledgements

We gratefully thank the nancial support from the Natural
Science Foundation of Hainan Province (218QN233), Scientic
Research Projects of Hainan Higher Education Institutions
(Hnky2019-36) and the National Natural Science Foundation of
China (21566009).

Notes and references

1 M. S. El-Aasser and E. D. Sudol, JCT Res., 2004, 1, 21–31.
2 D. J. McClements and J. Rao, Crit. Rev. Food Sci. Nutr., 2011,
51, 285–330.

3 A. H. Saberi, Y. Fan and D. J. McClements, J. Agric. Food
Chem., 2014, 62, 1625–1633.

4 M. Kah and T. Hofmann, Environ. Int., 2014, 63, 224–235.
5 Y. Liu, F. Wei, Y. Wang and G. Zhu, Colloids Surf., A, 2011,
389, 90–96.

6 Y. Chang and D. J. McClements, J. Agric. Food Chem., 2014,
62, 2306–2312.

7 O. Sonneville-Aubrun, J. T. Simonnet and F. Lalloret, Adv.
Colloid Interface Sci., 2004, 108, 145–149.

8 L. Wang, X. Li, G. Zhang, J. Dong and J. Eastoe, J. Colloid
Interface Sci., 2007, 314, 230–235.

9 S. Song, X. Liu, J. Jiang, Y. Qian, N. Zhang and Q. Wu,
Colloids Surf., A, 2009, 350, 57–62.

10 N. Sadurńı, C. Solans, N. Azemar and M. J. Garćıa-Celma,
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