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esticide nanoemulsions prepared
by the phase inversion composition method with
ionic liquids

Xin Zhao, Yanqiu Zhu, Chenhui Zhang, Jinmei Lei, Yue Ma and Fengpei Du *

The deposition of pesticide liquid droplets on plant surfaces is of great importance in agricultural

application. More than 50% of agrochemicals are lost and wasted during the spraying and wetting

processes. Because the surfaces of plant leaves are negatively charged, we produced a kind of positive

charge lambda-cyhalothrin loaded oil-in-water nanoemulsion in the system water/EL-80-Span 60/

solvent 150# via the phase inversion composition (PIC) method with addition of Ionic Liquids (ILs). The

electrostatic interaction between the negative charge surface and positive charge droplet would highly

increase the wetting property. The results show that the positive zeta potential of nanoemulsion droplets

gained along with the increase concentration of P14444Br, but with the increase concentration of P4444Br,

the negative zeta potential of nanoemulsion droplets changed slightly and stayed around �17.8 mV

(without any ILs). Besides, we explored the rheology characteristic of prepared nanoemulsions.

Additionally, the contact angle experiments show that the positively charged nanoemulsions have

a stronger adsorption on the negative surface and the contact angle decreased along with the increase

of positive charge. Significantly, with addition of ILs, the nanoemulsions showed an excellent long-term

stability due to electrostatic repulsion between droplets and homogeneous nanoscale droplet size. The

highly stable pesticide nanoemulsions are of great importance in practical application and the

nanoemulsions prepared with ILs offered a good potential as a carrier for drug delivery.
1. Introduction

Pesticides provide tremendous benets to agriculture by
decreasing crop losses caused by weeds, pathogenic bacteria,
insects, rodents and many other pests worldwide.1 In recent
years, the usage of pesticides has saved the food protection and
reduced the economic loss at the same time in China. However,
the pesticide utilization is rather low due to the poor wettability
of droplets on plant surfaces2 for their hydrophobic/
superhydrophobic properties. The sprayed droplets on impact
on the plant surface can bounce or roll off plant surfaces.3 The
intermediate stage between production and application is the
formulation of pesticides, which determines the effectiveness
and ease of implementation.4 The main kinds of pesticide
formulations are emulsiable concentrates (EC) and wettable
power (WP).5,6 Nowadays water-based formulations gain more
attention as EC contains too much organic solvent that causes
environmental pollution,7 WP have low stability that would
inuence its application.8 Emulsion in water (EW) and
suspension concentrate (SC) are widely used replacement
formulations, the plenty of water reduces the environmental
effect in certain extent. However, the formation of EW needs
f Science, China Agricultural University,

cau.edu.cn

96
amount of energy input and the droplet size of EW is about
0.5–3.5 mm that is a relatively large particle size, and besides it
would cause undesirable side effects such as toxicity.9 Suspen-
sion concentrate (SC) expresses prone to sedimentation and
agglomeration. The poor interface property, low permeability
and low stability limit its application.

Nanoemulsions were dened as emulsions consisting of
nanoscaled oil or water droplets (typically beyond the range of
20–200 nm) that dispersed in an opposite phase as the surfac-
tants arranging at the oil/water interface.10 Nanoemulsions have
gained great attentions for its particular characteristic in many
elds, such as long-term kinetic stability,11 transparent or trans-
lucent appearance,12 gravitational sedimentation or creaming
than conventional emulsions.13 Nanoemulsions are widely
applied inmany elds, for example drug delivery,13,14 food quality
improvement,15 personal care products in the cosmetics
industry,16 and agrochemical industry.4,8,17 The pesticide nano-
emulsion formulations have already researched in past years. b-
Cypermethrin has been incorporated in the system water/
poly(oxyethylene) nonionic surfactant/methyl decanoate18 and
this emulsion can be an ideal candidate as a water-insoluble
pesticide delivery system. Besides, another b-cypermethrin
nanoemulsion formulation has been achieved by using methyl
laurate as oil phase, alkyl polyglycoside (APG) and polyoxy-
ethylene 3-lauryl ether (C12E3) as mixed surfactants.10
This journal is © The Royal Society of Chemistry 2017
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However, these studies focus on the formation of nano-
emulsions, les the plant leaf surface characteristic behind and
do not take the interaction between droplet and plant leaf
surface into account. The surface of organism is typically
negatively charged, including microorganism,19,20 plant leaf,21,22

epithelial cells in the various tissues.23 Therefore, positive
charge droplets might be expected to attract to their surface for
electrostatic interaction, whereas negative charge droplets
would be expected to be repelled. The electrical charge on the
droplets of nanoemulsions can be manipulated in many ways,
for example, by using one or more emulsiers with different
charge characteristics or by adsorbing charge substances onto
the droplet surfaces.24 Thyme oil has been incorporated with
positive charge (LAE) nanoemulsion particles and show more
effective antimicrobial because the positive charge droplets
would be attracted to the surfaces of negative charge yeast
cells.24 Positive charge nanoemulsions have prepared by addi-
tion of cationic surfactant CTAB by a one-step sub-PIT method
and the mixed cationic-nonionic surfactants stabilized nano-
emulsions act relatively high long-term stability for electrostatic
stabilization.11 Consequently, a kind of pesticide nano-
emulsions formulations that consist of monodisperse nano-
scale and positive charge particle would enhance the wetting,
adhesion, and permeating between pesticide formulation with
crops, thus increasing the effectively utilizing of pesticides.

Some researchers get positive charge nanoemulsion by
altering the pH and the electric charge shows slightly positive
at pH ¼ 2 (around +6 mV).25 Others have tried adding inor-
ganic salt such as AlCl3 and got positive charge droplets, the
x-potential is around 10 mV at a concentration of AlCl3
0.5 M.26 In agrochemical, low pH and high inorganic salt
concentration may cause irreversible damage to plant, which
limit the usage of pesticide, so we tried adding surface-active
ionic liquids into nanoemulsions to get positive charge
droplets.

Ionic liquids (ILs) are kinds of components consist of an
anionic part and a cationic part.27 Researches indicate that
some ILs with long-chain alkyl groups can self-assemble to form
aggregation in microemulsions and aqueous solutions28 and
thus show surface-active. These ILs are called surface-active
ionic liquids (SAILs).29 The changing alkyl chain length,
charged head group structure, functional groups, both cationic
and anionic surface active ILs have already been discussed.30–33

These ILs have been found to have a superior surface activity in
Table 1 Molecular structures and abbreviations of ionic liquids

Structure R Molecular fo

n-C4H9 C8H15N2Cl
n-C8H17 C12H23N2Cl
n-C12H25 C16H31N2Cl
n-C16H33 C20H39N2Cl
n-C4H9 C16H36PBr
n-C8H17 C20H44PBr
n-C12H25 C24H52PBr
n-C14H29 C26H52PBr

This journal is © The Royal Society of Chemistry 2017
comparison to corresponding alkyltrimethylammonium based
surfactants.34 For example, ILs have been developed as micelle
forming surfactants for chiral and achiral CE (capillary elec-
trophoresis) separations35 and the green solvent in extracting
organic substance. Besides, the addition of imidazolium ILs
could block organic amine–silanol interactions on the silica
surface and improve resolution.36 ILs has already been used in
preparing microemulsions in past years.37,38 However, pesticide
microemulsion would be limited in application for whose
formulation requires a high surfactant concentration (about
20% or higher).39 Nanoemulsions can be prepared at a surfac-
tant concentration between 3% and 10%.39

In this article, we have investigated the inuence of the
externally added ILs alkyl chain length and concentrations on
the droplet size, polydispersity, zeta potential, viscosity, and the
stability of nanoemulsions. Additionally, the modication of
solid surface by nanoemulsions and contact angle of nano-
emulsions on wheat (Triticum aestivum) were explored. The
positive charge nanoemulsions can be easily tuned by varying
different types of SAILs. Furthermore, the charge nano-
emulsions have exhibited excellent long-term stability for elec-
trostatic stabilization and nanoscale droplet size. The positive
charged nanoemulsions prepared with ILs offers a good
potential as a carrier for drug delivery of lambda-cyhalothrin
and would improve the pesticide effect.

2. Experimental
2.1 Materials

The nonionic surfactant polyoxyethylene castor oil (EL-80, HLB¼
14.4, C.P.) and solvent 150# (main composition is tetrame-
thylbenzene) were supplied by Nantong Zhanyi Chemical Co., Ltd.
Another nonionic surfactant sorbitan monostearate (Span 60,
HLB ¼ 4.7, C.P.) and pesticide lambda-cyhalothrin were
purchased from Numen (Beijing) International Biotech Co., Ltd.
The ILs ([BMIm]Cl, [OMIm]Cl, [C12-MIm]Cl, [C16-MIm]Cl, P4444Br,
P8444Br, P12444Br, P14444Br) (as shown in Table 1) were purchased
from Lanzhou Institute of Chemical Physics, Chinese Academy of
Sciences. Milli-Q water (water puried by treatment with Milli-Q
apparatus, Millipore Corp., Bedford, MA, USA) was used in
whole experiments. Wheat leaves (Jimai 22) were got in a green-
house of China Agricultural University. The length and width of
each leaf was strictly controlled and the leaf was cut and adhered
to the glass slide with double-sides adhesive tape.
rmula Abbreviation MW (g mol�1)

[BMIm]Cl 174.67
[OMIm]Cl 230.78
[C12-MIm]Cl 286.88
[C16-MIm]Cl 342.99
P4444Br 339.33
P8444Br 395.44
P12444Br 451.55
P14444Br 507.66

RSC Adv., 2017, 7, 48586–48596 | 48587
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Fig. 1 Schematic diagram of the preparation of nanoemulsions.
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2.2 Nanoemulsion formation

The preparation of the nanoemulsion can be divided into three
steps. Firstly, the nonionic surfactants (EL-80 and Span 60),
pesticide and ILs were dissolved into the solvent 150# under
mechanical stirring at 150 rpm in water bath (323 K). Secondly,
the water phase was added drop-wise into the oil mixture at
a rate of 1 mL min�1 in water bath (323 K) under mechanical
stirring at 150 rpm (Fig. 1). Thirdly, when the samples were
cooled down to room temperature, they were subsequently
poured into glass vials and placed under 327 K, 298 K, and
273 K, respectively. The inuences of ILs types and ILs
concentrations were investigated systematically. In the prepa-
ration of nanoemulsions, the composition and preparation
conditions used were uniform: 10 wt% of solvent 150#, 10 wt%
mixed surfactant (EL-80: Span 60 ¼ 3 : 1), 5% of the lambda-
cyhalothrin, varies ILs and the others was water. We used
solvent 150# as solvent for it has high-boiling-point and has
excellent solubility properties, good chemical and physical
stability.
2.3 Droplet size measurements

Droplet size (z-average diameter) and size distribution (PDI) of
nanoemulsions were measured by dynamic light scatter (DLS)
using Malvern Zetasizer Nano-ZS90 (Malvern Instruments, UK)
at 298 K. The instrument contains an argon laser (l ¼ 633 nm)
with variable intensity. The emulsion was diluted about 1000
times with Milli-Q water before measurements in order to avoid
multiple light scattering effects and each measurement was
made with three readings per sample.
2.4 Zeta potential measurements

The zeta potential of nanoemulsion droplets was measured by
using Malvern Zetasizer Nano-ZS90 (Malvern Instruments, UK)
at 298 K. The emulsion was diluted about 1000 times with Milli-
Q water before measurements. Results were reported as the
average of three measurements.
48588 | RSC Adv., 2017, 7, 48586–48596
2.5 Transmission electron microscopy (TEM)

TEM images were obtained on Hitachi H-7650B electron
microscope operating at the accelerating voltage of 80 kV; to
obtain the detail information about morphology and particle
size of the nanoemulsion particles. For the preparation of
samples, about 10 mL of diluted nanoemulsion sample (100
times) was dropped on the copper coated carbon grid for 1
minute, and the extra sample was wiped off with capillary tube.
Then about 10 mL of 2% phosphotungstic acid (PTA) solution
(pH 6.4) was added for staining 1 minute, and the extra phos-
photungstic acid was wiped off with capillary tube. Put the
copper at room temperature for overnight before being placed
in the electron microscope.
2.6 Determination of critical micelle concentration (CMC)

The CMC values of aqueous surfactant solutions were calcu-
lated by two methods: surface tension measurements and
conductivity method. The surface tension was measured by the
wilhelmy plate method by using a surface tensiometer (Data-
physics, Germany, DCAT21) at 298 K. Before each measure-
ment, the platinum plate was thoroughly cleaned and burnt
under alcohol ame till red in order to remove the absorbed
impurities completely before each measurement. The surface
tension of pure water (72.00 mN m�1) was used to calibrate the
tensiometer and check the cleanliness of the glassware in this
measurement. More than ten successive measurements were
carried out in each measurement and the standard deviation
did within �0.2 mN m�1. The conductivity method was per-
formed by using a conductometer (Shanghai instrument and
electrical scientic instrument Limited by Share Ltd, China,
DDSJ-308A) with a PT/platinized electrode at 298 K.
2.7 Rheological measurements

Rheological measurements were carried out by a rheometer
(Brookeld Engineering Laboratories Middleboro, R/S plus,
MA, USA) at 298 K. All measurements were performed with
a spindle of DG3-DIN under shear rate control condition within
the range 1 s�1 to 200 s�1.
2.8 Long-term stability test

The long-term stability of nanoemulsions was assessed by
measuring the change of droplet size along with the time of
storage at different storage temperature by DLS (298 K).
2.9 Contact angle measurement

2.9.1 The hydrophobic modication of solid surface. Put
the glass slide into the fresh nanoemulsions in room temper-
ature for 24 h. Take it out, remove excess emulsion and let it air-
dry. Measurements of contact angles for water on the dried
glass slide were carried out via the sessile drop method using
OCA 20 (Dataphysics, Germany) at 298 K with a relative
humidity around 65%. 3 mL water were syringed and immedi-
ately deposited onto the surface. The measurements were
repeated 9 times by setting other drops on the new parts.
This journal is © The Royal Society of Chemistry 2017
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2.9.2 The contact angle of nanoemulsion on wheat leaf.
Measurements of contact angles for water on the wheat leaf
(30 d) were carried out via the sessile dropmethod using OCA 20
(Dataphysics, Germany) at 298 K with a relative humidity
around 65%. 3 mL nanoemulsion dilution were syringed and
immediately deposited onto the surface. The measurements
were repeated 9 times by setting other drops on the new parts.
The nanoemulsions were diluted 3000 times as the content of
lambda-cyhalothrin was 5.0 wt%.
3. Results and discussion
3.1 Effect of alkyl chain length of ILs on the droplet size and
zeta potential of nanoemulsions

Two types of ILs (phosphonium ILs and imidazolium ILs) were
chosen in this part and the concentrations of the two types ILs
were all 0.4 wt%. The dependence of the droplet sizes of
nanoemulsions on the ILs type was given in Table 2. The PDI of
each nanoemulsion was around 0.2 that was considered to be
the homogenous system.40 From Table 2, we could see that the
sizes of droplets decreased along with the increase of alkyl
chain length in phosphonium ILs from butyl to dodecyl, and
when the alkyl chain length was twelve, a minimum size was
obtained. Whereas, a further increase in alkyl chain length from
dodecyl to tetradecyl caused an increase of droplet size in
nanoemulsions. The trend of mean droplet size with the
increase of alkyl chain length of imidazolium ionic liquids was
the same with the nanoemulsions with phosphonium ILs. The
sizes of droplets decreased along with the increase of alkyl
chain length in imidazolium ILs from octane to dodecyl, and
when the alkyl chain was dodecyl, a minimum size was ob-
tained. Whereas, a further increase in alkyl chain length from
dodecyl to cetyl caused an increase of droplet size in nano-
emulsions. The smallest droplet was observed when the alkyl
chain of ILs was dodecyl.

The formation of the ILs nanoemulsions droplets size may
be due to the differences in polarity and lipophilicity between
ILs.41 The hydrophobic of phosphonium and imidazolium ILs
gains along with the increase of alkyl chain length. The hydro-
philic ILs that having coordinating anions is easier to dissolve
in the EL-80/Span 60 rather than hydrophobic ILs.42 Besides,
due to the arrangement changes on the surfaces of the
Table 2 The initial droplet size, polydispersity, zeta potential of
nanoemulsions prepared with different additives

Additives
Initial droplet
size/nm Polydispersity Zeta potential/mV

[BMIm]Cl 201.3 0.148 �17.4
[OMIm]Cl 193.9 0.119 �22.0
[C12-MIm]Cl 153.4 0.245 5.54
[C16-MIm]Cl 159.2 0.174 47.4
P4444Br 219.3 0.174 �19.8
P8444Br 193.5 0.110 �22.6
P12444Br 161.7 0.142 16.2
P14444Br 185.1 0.165 33.7

This journal is © The Royal Society of Chemistry 2017
emulsiers with the addition of ILs cations to the formulation
could lead to the formation of smaller droplet sizes.43 Thus, the
size of the two types ILs nanoemulsions droplets decreased with
the increase of alkyl chain length to dodecyl. The slight increase
in droplet size at a tetradecyl may be due to P14444Br possessing
more at the oil–water interface.

The functional performance of nanoemulsions containing
lambda-cyhalothrin is likely to depend on the electrical char-
acteristics of the oil droplets for this would be expected to affect
their interactions with the anionic surfaces of plant leaf
surfaces. The zeta potential of initial nanoemulsions (stabilized
by only EL-80 and Span 60) was negatively charged (�17.1 mV),
which could be attributed to the presence of some anionic
impurities (such as free fatty acids) in the surfactant or some
anionic species (such as hydroxyl ions) from the water's
adsorption to the droplet surfaces.24 The effect of ILs types on
the zeta potential of nanoemulsion droplets was determined
(Table 2.). When different alkyl chain length of phosphonium
Fig. 2 The twomethods of measuring CMC. (a) Surface tension versus
log c (c is the concentration of ILs) in aqueous solution at 298 K, (b)
conductivity versus log c (c is the concentration of ILs) in aqueous
solution at 298 K.

RSC Adv., 2017, 7, 48586–48596 | 48589
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ILs was added to the initial nanoemulsion, the droplet charge
increased from �19.8 mV to 33.7 mV along with the alkyl chain
length increase from butyl to tetradecyl. As the same, we could
see the same tendency of imidazolium ILs added nano-
emulsions, the droplet zeta potential increased from �22 mV to
47.4 mV following the alkyl chain length increase from octyl to
cetyl. The positive charge brought by the cationic head group of
more than dodecyl chain ILs neutralize the original negative
charges, resulting in a charge reversal and ultimately a positive
charge on the droplets. Besides, with the alkyl chain length
rising from dodecyl to tetradecyl, the positive charge of droplet
surfaces increased from 16.2 mV to 33.7 mV. And with the alkyl
chain length rising from dodecyl to cetyl, the positive charge of
droplet surfaces increased from 5.54 mV to 47.4 mV. These
results suggested that the ILs with a more than twelve-alkyl
chain acted as cationic surfactant, and at least some of the
cationic surfactant molecules adsorbed to the oil droplet
surfaces.44

Generally, the charge stabilization is considered to be
effective if the zeta potential of nanoemulsion is above +30 mV
or below �30 mV.45 Since phosphonium-based ILs shown
higher thermal stability and lower toxicity compared to
imidazolium-based ILs,46 P4444Br and P14444Br were chosen for
the following research.

3.2 Surface and aggregation properties of P14444Br and
P4444Br in aqueous solution

The surface tension value is generally considered as an indi-
cator of the adsorption efficiency of surfactant molecules at the
air-liquid interface.47 The equilibrium surface tension of
P14444Br and P4444Br in aqueous solution versus the logarithm of
the concentration was shown in Fig. 2a. It can be gured out
that the surface tension of P14444Br and P4444Br solution
progressively decreased along with the increase of concentra-
tion and then reached a plateau. So, the P4444Br and the P14444Br
could be called surface active agent which is surfactant. The
plateau of surfactant solution indicated that the transition
point corresponded to the critical micelle concentration that is
CMC,48 and the surface tension of CMC is the gCMC. This was
determined by the breakpoint of the two tted straight lines.
The maximum surface excess concentration Gmax and Amin

could be calculated by Gibbs adsorption49 using the slopes of
plots versus log concentration with the eqn (1) and (2). The
DGq

mic and DGq
ads could be calculated with the eqn (3) and (4).50,51

Gmax ¼ � 1

2:303nRT

�
dg

d log C

�
T

(1)

Amin ¼ 1

NAGmax

(2)
Table 3 Parameters of aggregation and adsorption of P14444Br and P444

ILs CMC (mol L�1) gCMC (mN m�1) Gmax (mol m�2)

P14444Br 4.75 � 10�3 31.13 2.07 � 10�6

P4444Br 1.36 � 10�1 38.21 2.32 � 10�6

48590 | RSC Adv., 2017, 7, 48586–48596
DGq
mic ¼ RT ln

�
CMC

55:5

�
(3)

DGq
ads ¼ DGq

mic � 6.022
Q
Amin (4)

where R is the gas constant (8.314 J mol�1 K�1), T is the absolute
temperature, dg/d log C is the slope of tted line below CMC of
surface tension plots, n is the number of solute species whose
concentration at the interface changes with variation in the
value of bulk concentration, NA is the Avogadro's number,

Q
(¼g0 � g) is the surface pressure in the region of surface satu-
ration, g0 is the surface tension of pure water. The parameters
above of P14444Br and P4444Br solution were shown below
(Table 3).

The CMC values of surfactants in aqueous solutions are
crucial parameter for their aggregation behaviors. It can be
calculated by several methods. Except for the above mentioned
surface tension method, we also measured the CMC by
conductivity method, and the results was shown in Fig. 2b. The
inection point of x axis was CMC. In Fig. 2a the break points of
x axis were 1.36 � 10�1 mol L�1 (P4444Br) and 4.75 �
10�3 mol L�1 (P14444Br), which were the same with that in
Fig. 2b. So, the obtained CMC values of the two ILs show the
following order: P4444Br (1.36� 10�1 mol L�1) > P14444Br (4.75�
10�3 mol L�1), and gCMC value show the same order: P4444Br
(38.21 mN m�1) > P14444Br (31.13 mN m�1). The results show
that the CMC and gCMC decreased from P4444Br to P14444Br as
the alkyl chain increased from butyl to tetradecyl. This was
attributed to the increase of hydrophobic of the two ILs, due to
the increase of alkyl chain length, which caused a decrease in
the formation of micelles.

In addition, parameters of aggregation and adsorption were
further calculated at equilibrium in Table 3. The obtained
Gmax values of the two ILs show the following order: P4444Br
(2.32 � 10�6) > P14444Br (2.07 � 10�6), and Amin value exhibited
an opposite order: P4444Br (80.24 Å2) < P14444Br (71.60 Å2). This
indicated that more ILs surfactants were adsorbed at the air/
water interface with an increase of hydrophobic alkyl chain.
Moreover, P4444Br and P14444Br were able to spontaneously
form micelles and adsorbed at the air/water interface for both
the free energies of micellization and adsorption (DGq

mic and
DGq

ads) were negative. It is obvious that the absolute value of
DGq

ads was larger than that of DGq
mic. The more negatively of

DGq
ads values, the easier adsorption behaviour occurred, which

was governed by the thermodynamic stability of the molecules
at the air–water interface, in comparation with the micelliza-
tion behavior. This was in accordance with the literature
data.51,52
4Br at 298 K

Amin (Å2)
Q

(mN m�1) DGq
mic (kJ mol�1) DGq

ads (kJ mol�1)

80.24 40.87 �23.21 �42.96
71.60 33.79 �14.90 �29.47

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 TEM images of nanoemulsions with P4444Br (a) and P14444Br (b).
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3.3 Effect of ILs concentrations on droplet size and zeta
potential of nanoemulsions

We added different concentrations of P4444Br and P14444Br
separately and the PDI of each nanoemulsions were below 0.2
that were considered to be homogenous systems.40 Fig. 3
showed the transmission electron microscopy (TEM) images of
nanoemulsions with 0.4% P4444Br (Fig. 3a) and 0.4% P14444Br
(Fig. 3b). Through these images, nanoemulsions were appeared
dark with a spherical shape of droplets and the particle size
ranged from 100 to 200 nm, which matched with the data from
DLS. It is obvious that the nanoemulsion system is homoge-
nous, the droplet size was in nanosize range and the shape of
droplet were spherical, thus can be considered as nano-
emulsions. Fig. 4 was the effect of the ILs concentration on the
mean droplet size and polydispersity of the nanoemulsions. We
can gure out that the mean droplet size initially increased with
the increasing of ILs concentrations, and when the
Fig. 4 Effect of the ILs concentration on the mean droplet size
(column) and polydispersity (line) of the nanoemulsions. (a) The initial
droplet size distribution of different ILs concentration nanoemulsions
in the right two charts. (b) P14444Br, (c) P4444Br.

This journal is © The Royal Society of Chemistry 2017
concentrations continuous increasing, the droplet sizes basi-
cally remained unchanged. Because of the charge screening by
more counterions from ILs, the effective volume fraction
dropped, and depletion attractions generated in micelles in
continuous phase and led to extensive droplet aggregation that
resulted in the droplet sizes increasing.53 And when the
adsorption reached equilibrium, the droplet sizes kept as
a constant. In Fig. 4b and c, we can see that formation of
nanoemulsions with different concentrations of ILs expressed
different droplet size distribution. The narrowest distribution of
droplet size could be got at the highest.

The impact of adding ILs with different alkyl chain length
and different concentrations on the zeta potential of the
nanoemulsions droplets was determined (Fig. 5). The zeta
potential of the initial nanoemulsion (containing Span 60 and
EL-80) was negative (�17.1 mV), which could be attributed to
the presence of some anionic impurities (such as free fatty
concentration of ILs acids) in the surfactant or some anionic
species (such as hydroxyl ions) from the water's adsorption to
the droplet surfaces.24 When P4444Br was added to the initial
nanoemulsion, the droplet charge became much more anionic.
The negative charge on the droplets increased from �17.1 to
�20.1 mV when the P4444Br concentration was increased from
0 to 0.1%. Moreover, with an addition of higher concentration
of P4444Br, the charge remained relatively constant. This sug-
gested that the P4444Br molecules adsorbed to the oil–water
interface and displace some of the mix surfactants (Span 60 and
EL-80), which is the same with anionic surfactant SDS in thyme
oil nanoemulsions.24 Conversely, when P14444Br was added to
the initial nanoemulsion, the droplet charge became more
cationic. The positive charge on the droplets increased from
�17.1 to 6.83 mV when the P14444Br concentration increased
from 0 to 0.1%. The change in droplet charge with increasing
P14444Br concentration was steepest from 0 to 0.1%, and still
increased less steep from 0.1% to 0.6%, but stayed constant
with an increasing concentration from 0.6% to 0.8%. This
suggests that the P14444Br molecules had adsorbed to the oil–
water interface and displaced at least some of the mix
Fig. 5 Effect of the ILs concentrations of EL-80-Span 60 stabilized
nanoemulsions on the droplet zeta potential. The coordinate of
horizontal ordinate intersection is (0, 0).
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Fig. 6 Shear viscosity as a function of shear rate for nanoemulsions
with different concentrations ILs. (a) P14444Br, (b) P4444Br.

Table 4 Results of shear stress as a function of shear rate for emul-
sions with different concentration ILs fitted by the power law model
and Herschel–Bulkley model

c/wt%

Power law model s ¼
k _gn

Herschel–Bulkley model s ¼
s0 + k _gn

k/Pasn n R2 k/Pasn n s0 R2
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surfactants molecules, which is the same with cationic surfac-
tant lauric arginate in thyme oil nanoemulsions.24

The initial change in particle charge with increasing
concentration was higher for P14444Br than for P4444Br (Fig. 5),
which may be attributed to differences in their molecular
characteristics. The two ILs possess the same hydrophilic head
group. However, the P14444Br has a tetradecyl and P4444Br has
a butyl hydrophobic chain oppositely. The hydrophobic of tet-
radecyl is stronger than the butyl, which suggested that the
P14444Br molecules may be able to pack more effectively at the
oil–water interface. Nanoemulsions with a range of different
charge characteristics can be prepared by mixing nonionic-
coated droplets with different types and concentrations of ILs.
P14444Br 0.10 0.2445 0.36 0.9672 �2.240 2.10 0.112 0.9878
0.20 0.2570 0.35 0.9640 �2.608 2.47 0.099 0.9852
0.40 0.2635 0.34 0.9660 �2.087 1.99 0.116 0.9849
0.60 0.2613 0.34 0.9684 �1.589 1.54 0.137 0.9830
0.80 0.2993 0.32 0.9700 �1.752 1.76 0.122 0.9834

P4444Br 0.10 0.2140 0.35 0.9579 �1.971 1.87 1.060 0.9783
0.20 0.2670 0.32 0.9420 �2.035 1.97 0.108 0.9841
0.40 0.2837 0.32 0.9435 �2.544 2.37 0.100 0.9855
0.60 0.2397 0.36 0.9635 �2.779 2.60 0.097 0.9885
0.80 0.2222 0.38 0.9774 �1.030 1.13 0.172 0.9908
3.4 Rheology study

The rheology evaluation of pesticide nanoemulsion is an
important parameter for development and application of
nanoemulsions for which can give useful information about the
rheology behaviour of nanoemulsion. Fig. 6 showed the shear
viscosity as a function of shear rate for nanoemulsions with
different concentrations of ILs. From Fig. 6a and b, we could see
that the nanoemulsions added with P14444Br (a) and P4444Br (b)
48592 | RSC Adv., 2017, 7, 48586–48596
show the same tendency. The viscosity of all nanoemulsions
was decreased sharped with increasing of shear rate and then
plateaued. From these we could see that the ow behaviour of
the nanoemulsions we got were typical non-Newtonian ow
behaviour, and shear thinning behaviour at low shear rates up
200 s�1 for all nanoemulsions, these nanoemulsions were all
non-Newtonian pseudoplastic uid. And their viscosity values
increased with the increasing of ILs concentration. The struc-
ture of the nanoemulsions was gradually destroyed and locally
dense clusters were disrupted into individual droplets with the
increase of shear rate.54 When the shear rate increased to
overcome the Brown motion, the interaction of droplet to
droplet was deformed and disrupted. And the droplets became
more ordered beyond the ow eld and offered less resistance
to ow that resulted the decrease of viscosity.55,56

The power law model (5) and the Herschel–Bulkley model (6)
were all used to t curves of shear stress versus shear rate. The
Table 4 appends the tted results of the two models.

s ¼ k _gn (5)

s ¼ s0 + k _gn (6)

_g is shear rate, k is a consistency index, s is shear stress, n is
a ow behaviour index, s0 is yield stress. In Table 4, R2 is the
correlation coefficient. We found out that the curves of shear
stress versus shear rate for all concentrations of ILs nano-
emulsions were tted well by the power law model and Her-
schel–Bulkley model; especially the Herschel–Bulkley model
was much better. The consistency index was a measure of
apparent viscosity and was well in agreement with the results of
viscosity measurements. Emulsions possessed of a relatively
high yield stress could prevent the creaming of the emulsions.
3.5 Long-term stability

The major destabilization mechanism of nanoemulsions is
Ostwald ripening which results from the difference in solubility
between small and large droplets.57 Large droplets grow for
there exist expense small droplets in polydisperse emulsions
This journal is © The Royal Society of Chemistry 2017

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c7ra08653a


Fig. 7 Long-term stability of nanoemulsions in different storage temperatures (273 K, 298 K, 327 K) with two ILs. (a–c) P14444Br, (d–f) P4444Br. All
data were processed and linear curve fitting were applied between r3 and time. The relationship between r3 and time show linear come out that
the main unstable mechanisms of nanoemulsions were Ostwald ripening and vice versa.
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due to the mass transport of dispersed phase through the
intermediate continuous phase driven by Laplace pressure
differences.58 The rate of Ostwald ripening u can be obtained by
LSW (Lifshitz–Slezov–Wagner) theory:

u ¼ dr3

dt
¼ 8

9

CNgVmD

RT
(7)

where r is the average droplet radius, t is the storage time, CN is
the bulk phase solubility, g is the interfacial tension, Vm is the
molar volume of the oil, D is the diffusion coefficient of the oil
phase in the continuous phase, R is the gas constant, T is the
absolute temperature.59 In equal (7), the cube of the droplet
radius and time predicts a linear relationship.

There are many factors can inuence the droplet size and the
stability of nanoemulsion, which results in a change of the rate
of Ostwald ripening. The stability of nanoemulsions that were
prepared by high-energy method could be having ne stability,
but these high-energy methods cost high energy and might
cause viscous heating.12 From the previous studies it is difficult
to obtain highly kinetically stable nanoemulsions by the low-
energy method. Sun and his team studied the Span 80-Tween
80 stabilized paraffin O/W nanoemulsions by PIC method at
a preparation temperature of 343 K thus enhanced the surfac-
tant adsorption at the O/W interface and reduced the viscous
resistance of the oil phase. The size distribution of these
nanoemulsions did not change over 5 months.60 However the
relatively high stable nanoemulsions have to be prepared in
higher temperature.

The stability of these nanoemulsions with the addition of
P14444Br and P4444Br was assessed by following the change in
droplet size with time of storage at different temperatures, as
This journal is © The Royal Society of Chemistry 2017
summarized in Fig. 7. The electrical charge on the droplets plays
an important role in the stability of nanoemulsions due to elec-
trostatic stabilization. Nanoemulsions with an addition of
0.1 wt% P14444Br (Fig. 7a–c) had the lowest stability with increased
droplet size at different temperatures. There was no signicant
difference in droplets size of the emulsions with concentrations of
P14444Br from 0.2 wt% to 0.8 wt%. The size distributions of
nanoemulsions prepared with P14444Br have not changed over 90
days in 298 K. From the Fig. 7a–c, we can see that storage
temperature had slight inuence on the droplet size of nano-
emulsions. The head groups of surfactant have a lot of hydrogen
bonding sites and thus form hydrogen bonds between the
hydroxyl group of Span 60 and EL-80 with the anions of ILs.61

P14444Br with tetradecyl possess excellent surface activity and
strongly absorbed on the oil/water interface for its well hydro-
phobic than P4444Br.41 Besides, the zeta potential increased along
with the increasing of P14444Br concentrations, the relatively high
electrical charge between nanoscale droplets contributed to
nanoemulsions stability due to electrostatic repulsion. In Fig. 7d
and e, the droplet sizes of nanoemulsions prepared with P4444Br
changed slightly over 90 days in 298 K and 273 K. When nano-
emulsions prepared with P4444Br were stored in 327 K (Fig. 7f),
there was no signicant difference in droplets size of nano-
emulsions with concentrations of P4444Br at 0.1 wt%, 0.2 wt%,
0.4 wt%, 0.6 wt% and 0.8 wt%. As the negative charge did not
change with the increasing of P4444Br concentrations, the elec-
trostatic repulsion of nanoemulsions with series P4444Br concen-
trations was similar.

In our study, the Ostwald ripening process is almost prevented
by adding a certain amount of SAILs (P14444Br and P4444Br). This is
of great signicance from an applied point of view.
RSC Adv., 2017, 7, 48586–48596 | 48593
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Fig. 8 (a) The contact angle of nanoemulsions as a function of
P14444Br/P4444Br concentration. The coordinate of horizontal ordinate
intersection is (0, 18.48). The measurement of contact angle was
carried on by water on dried glass slide. (b) The contact angle of
nanoemulsions (3000 times dilution) with different concentrations ILs
on wheat leaf.
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3.6 The hydrophobic modication of solid surface and the
contact angle on wheat leaf

We compared the contact angle of water on hydrophobic
modied glass slide as a function of P14444Br/P4444Br concen-
tration in Fig. 8a which show a familiar trend with nano-
emulsion zeta potential (Fig. 5). The contact angle of positive
nanoemulsions modied solid surface gained with the increase
of P14444Br concentration. However, the contact angle of nega-
tive nanoemulsions modied solid surface relatively stable with
the increase of P14444Br concentration. We gured out that as
the surface of glass slide was negative, the positive charge
droplet adsorbed on the surface of glass slide due to the elec-
trostatic attraction. And with the increase of positive charge, the
electrostatic attraction increased, which caused the contact
angle showing an increasing tendency. But the electrostatic
repulsion between the glass slide and negative charge droplet
presented weak adsorption and thus the contact angle changed
less. So the positive charge nanoemulsion could be used in the
hydrophobic modication of solid surface. In summary, the
48594 | RSC Adv., 2017, 7, 48586–48596
better adsorption of positive charge nanoemulsion with nega-
tive charge surface could effectively enhance the pesticide
retention.

In order to gure out whether the droplet charge play an
important role in pesticide nanoemulsions retention, we
studied the contact angle of nanoemulsions with different
concentrations of ILs on wheat leaf below. We found out that
the contact angle decreased from 139.04� to 120.39� with the
concentration of P14444Br increased from 0.1 wt% to 0.4 wt%
(Fig. 8b). And the contact angle slightly increased from 135.44�

to 138.39� with the concentration of P14444Br increased form
0.1 wt% to 0.4 wt%. Clearly, the contact angle on wheat leaf
decreased with the increase of positive charge due to the elec-
trostatic attraction interaction between positive charge droplet
and negative charge leaf surface. Oppositely, the contact angle
on wheat leaf slightly increased along with the increase of
negative charge mainly for the electrostatic repulsion interac-
tion between the similarly charged leaf surface and droplet. So,
the positive charge could promote the wetting of pesticide
nanoemulsions on plant surfaces and thus stated that the
pesticide-loaded positive charge nanoemulsions possessed
excellent wetting properties.
4. Conclusions

Nanoemulsions with ILs have been obtained by the PIC method
at 323 K. The addition of different alkyl chain length ILs can
affect the zeta potential of nanoemulsions. With the increase of
alkyl chain length, the droplet charge reversed from negative to
positive. P14444Br can absorb at the O/W interface and changes
the droplet zeta potential from negative to positive, but the
addition of P4444Br can only get negative charge nanoemulsions.
Once formed, the droplet size of nanoemulsions could not
change in 90 days at room temperature. The shear viscosity of
nanoemulsions clearly decreases with the increase of shear rate
and shows non-Newtonian uid behavior. In our study, the
Ostwald ripening process is almost prevented by adding
a certain amount of SAILs (P14444Br and P4444Br). Additionally,
the contact angle experiments show that the positive charge
nanoemulsions have a strong adsorption on negative surface
and can decrease the contact angle on wheat leaves. This study
provided a promising approach to produce ne lambda-
cyhalothrin nanoemulsions with positive charge and
enhanced the wetting property of nanoemulsions that is
considerably important for application in agrochemistry.
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20 M. Näıtali, F. Dubois-Brissonnet, G. Cuvelier and

M.-N. Bellon-Fontaine, Int. J. Food Microbiol., 2009, 130,
101–107.

21 W. Moore, Ind. Eng. Chem., 1925, 17, 465–466.
22 D. Choi, D. W. Kim, D. Yoo, K. J. Cha, M. La and D. S. Kim,

Nano Energy, 2017, 36, 250–259.
23 M. P. Y. Piemi, D. Korner, S. Benita and J.-P. Marty, J.

Controlled Release, 1999, 58, 177–187.
24 K. Ziani, Y. Chang, L. McLandsborough and

D. J. McClements, J. Agric. Food Chem., 2011, 59, 6247–6255.
25 L. Bai and D. J. McClements, J. Colloid Interface Sci., 2016,

479, 71–79.
26 J. K. Beattie and A. M. Djerdjev, Angew. Chem., Int. Ed., 2004,

43, 3568–3571.
This journal is © The Royal Society of Chemistry 2017
27 S. Javadian, V. Ruhi, A. Asadzadeh Shahir, A. Heydari and
J. Akbari, Ind. Eng. Chem. Res., 2013, 52, 15838–15846.
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