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ABSTRACT
Biopesticides are eco-friendly solutions because they have low toxicity and specific targets. Neem oil (Azadirachta
indica) has the potential to enhance the antifeedant properties of wood vinegar against insect pests. Therefore, this
study aims to evaluate a nanoemulsion mixture of neem oil and wood vinegar viz-a-viz their characteristics and
efficacy against polyphagous insects like Spodoptera litura. This formulation involved the mixture of wood vinegar
and various concentrations of neem seed oil (10, 20, 30, and 40 %), alongside surfactant, and water, to form an oilin-water (o/w) nanoemulsion. Furthermore, the formulations were then studied for their physicochemical
properties and bioactivity. However, the 30 % formulation showed the best characteristics at 33.78 nm droplet
size, with a polydispersity index and an antifeedant activity of 0.176 and 90.4%, respectively. The best activity
(98.6%) was observed in the combination of 40 % neem oil and 2 % tar.
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INTRODUCTION
Synthetic pesticides are widely used to control pests and diseases, and the high-intensity varieties have been
associated with high production costs and environmental pollution. Today, most of the pesticides in the
market contain dangerous active ingredients, including chlorpyrifos, imidacloprid, phoxim, fenvalerate, and
diazinon.1 Narwanti et al.2 identified α-cypermethrin (98.8-245.6 ppb) and γ-cyhalothrin (14.4-120.0 ppb)
pesticide residues in onion samples, so the use of environmentally friendly pesticides is a promising
solution. Furthermore, the requirements are possibly attained through bio pesticides derived from readily
available and abundant renewable materials. This potential is observed in wood vinegar and neem oil,
decomposition of lignocellulose material, and a fast-growing plant, respectively. Neem (Azadirachta
indica, A. Juss) has secondary metabolites that act as bioinsecticides, growth inhibitors, antifungals,
antibacterial, and repellents. Furthermore, they are known to contain 35 bioactive compounds, 3–5 with
azadirachtin as the main compound.6 Additionally, the compound has synergistic activity with phenolic
compounds.7 These secondary metabolites do not kill insects directly, but through antifeedant mechanisms,
growth disruption, and insect reproduction. Conversely, wood vinegar is a mixture of complex derivatives
of lignocellulose decomposition through pyrolysis without oxygen and the condensation process.
Furthermore, the product possesses bioinsecticide, disinfectant, herbicide, antioxidant, antibacterial, and
fertilizer characteristics, resulting from the presence of phenols and organic acids.8–10 These components
are also responsible for the toxic, repellent, and antifeedant activities, which contribute to the strong
biopesticide nature required for pest control.8-10 Furthermore, the phenol derivatives and acetic acid are the
most significant and dominant stable components in wood vinegar.10–12
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A mixture of two or more bioactive compounds is assumed to yield products with increased activity.
Previous studies showed that the combination of wood vinegar and Salvia leriifolia extract generates
synergistic insecticide activity.13 Moreover, a mixture of wood vinegar and neem seed extract was produced
in the form of conventional emulsions and further applied to house flies.14 These studies indicate the
potential for wood vinegar to facilitate the effectivity of plant extracts, however, no reports on the
bioactivity in the nanoemulsion form. This formulation technique has prospects of improving the activity
and efficiency of bioactive compounds. Conversely, the production of conventional emulsions involves a
large number of raw materials because of the micro size droplet, which is reduced with the nanoemulsion
option, alongside improved effectiveness and production efficiency.15–17 Therefore, this study aimed to
formulate a neem seed oil and wood vinegar nanoemulsion mixture to determine their characteristics and
efficacy against polyphagous insects Spodoptera litura.

EXPERIMENTAL
Materials
Neem seeds were purchased from east java, Indonesia, and Acacia mangium barks were obtained from the
local market, Bogor, Indonesia. The surfactants of sodium dodecylbenzene sulphonate and alkylphenol
ethoxylates were obtained from PT. Indochem, while distilled water was acquired from PT. Ikapharmindo
Putramas. In addition, Spodoptera litura larvae were purchased from IPB University Bogor, Indonesia.
Neem Oil Extraction
The extraction of neem seed oil involved the cold press method, using a screw press machine. This process
was initiated by cleaning the endocarp from impurities, drying it under the sun, and pressing it at a rotation
speed of 120 rpm. The produced oil was then collected and filtered with an 80-mesh filter.
Preparation of Wood Vinegar
Wood vinegar was made from the cleaned bark of A. mangium, and the water content was measured.
Furthermore, the sample was weighed and placed into the pyrolysis reactor (11,304 cm 3) and heated with
an electric heater at a temperature of 400o C.7 The smoke generated was then condensed on the water
condenser to obtain the wood vinegar accommodated in a glass. Subsequently, tar was separated by
deposition and filtration after the product stopped dripping.
Preparation of Nanoemulsion
The surfactant was made by mixing sodium dodecyl benzene sulphonate and alkylphenol ethoxylates in a
ratio of 3:2. Subsequently, 2 mL of neem oil was added to the surfactant and sonicated for 5 min (a).
Conversely, the filtered wood vinegar was prepared in various volumes according to the proportions in the
emulsion. The nanoemulsions were composed of neem oil, wood vinegar, and surfactant in the ratio of
1:8:1(N10V80); 2:7:1(N20V70); 3:6:1(N30V60), and 4:5:1(N40V50), where the wood vinegar was added
gradually to the mixture (a) and simultaneously homogenizing with a sonicator (b). In addition, the
nanoemulsions were created by gradually mixing (b) into water (1:9) while sonicating, while tar
nanoemulsions were prepared using neem oil, wood vinegar, surfactant, and tar composition in a ratio of
4:4.95:1:0.05 (N40T0.5); 4:4.9:1:0.1 (N40T1.0) and 4:4.8:1:0.2 (N40T2.0), with the same procedure stated
above.
Characterization of Nanoemulsion
The viscosity of the nanoemulsion formulations was measured by a Rheolab viscometer (Anton Paar,
Austria) at room temperature (25 ± 1ºC). Measurements were conducted three times. The pH of the
formulation was measured four times at room temperature (25 ± 1 ºC) using a pH meter (Metrohm, Swiss),
while the surface tension was determined using the Krüss K20 (Krüss, UK) instrument using the Wilhelmy
plate method. Before measurement acquisition, the tensiometer was calibrated using deionized water at a
surface tension of 72-73 mNm-1, and the readings were repeated five times for each formulation.
Subsequently, the nanoemulsion was evaluated for zeta potential, polydispersity index (PDI), and droplet
size using the Zetasizer ZSP (Malvern Instruments, UK). Furthermore, the stability of the nanoemulsion
formulations was carried out by visual observation based on the separation and transparency of the samples
in the following centrifugation at 3500 rpm for 30 minutes. The morphology of nanoemulsion formulations
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was analyzed using TEM (FEI Tecnai G2 S-Twin),18 as previously described. This method involved the
dropwise application of nanoemulsions on carbon-plated copper gratings, then dried in a vacuum.
Afterward, the samples were washed with distilled water, colored with uranyl acetate, and analyzed at a
magnification of 195000x.
Antifeedant Activity
The antifeedant activity of the nanoemulsions was performed using a choice feeding test measuring 1.5 x
2.0 cm (3.0 cm2). Therefore, observations were made after 24 hours, and then the taro leaves were dipped
in the extract mixture for 5 seconds before air-drying. The control experiment required dipping in a
surfactant with a concentration equivalent to the treatment. Furthermore, each of the sample leaves was
placed in a plastic container (7 cm in diameter), to which the fourth instar S. litura larva was inserted and
tightly closed. The bioassay was performed in 7 replications, with one larva in each container, and records
pertaining to the level of leaf consumption were obtained. The following formula was used to estimate the
percentage of antifeedant activity:
% Antifeedant Index =

(

)

(

)

(1)

The antifeedant activity was reported in terms of mean and standard deviation.

RESULTS AND DISCUSSION
Nanoemulsion Characteristics
The composition of neem oil, surfactant, and wood vinegar was selected according to the criteria for the
maximum amount of oil phase that allows the formation of nanoemulsions with high oil content. The
observed characteristics of nanoemulsions are presented in Table-1. Studies showed that neem oil plays a
determinant role in the physicochemistry of formulations. For example, an increase in neem oil content
causes the formulation to become more viscous.15 However in this study, the viscosity of the formulation
with 30% neem oil composition (115.46 mPa.s) was much higher than 40% neem oil. This viscosity value
is also higher than neem oil nanoemulsion (48%) with Tween 80 surfactant.15 These findings support the
apparent effect of wood vinegar in increasing viscosity. In the case of the N40V50 formulation, the viscosity
and surface tension decreased due to oil separation in the emulsion system, while there was an emulsion
system balance in the 30% oil composition (N30V60). The ratio of surfactants could affect the droplet size
and stability of the phase separation.19 In this study, at an oil concentration of 40%, there was an increase
in viscosity five-fold. Meanwhile, a 1% tar concentration was observed as optimal for decreasing surface
tension. Together, the findings indicate that tar might function as an emulsifier.
Table-1: Characteristics of Nanoemulsion in the Various Composition of Neem, Wood Vinegar, and Tar
Formulation
Viscosity (mPa.s)
Surface tension (mN/m)
pH
Stability*
N10V80
21.27 + 0.10
30.0 + 0.01
3.23 + 0.11
V
N20V70

77.14 + 0.43

33.8 + 0.14

3.26 + 0.02

V

N30V60

115.46 + 0.06

38.2 + 0.26

3.41 + 0.03

V

N40V50

46.86 + 0.35

30.1 + 0.01

3.46 + 0.01

X

N40T0,5

221.40 + 1.41

32.4 + 0.08

3.31 + 0.04

X

N40T1,0

203.01 + 0.13

15.9 + 0.04

3.30 + 0.19

X

N40T2,0

242.27 + 0.33

46.4 + 0.03

3.43 + 0.03

V

*V: Stable X: Unstable

The formation and stability of nanoemulsion were also influenced by pH, as rhamnolipids demonstrate
better surfactant effectiveness at values above 4.0.18 The pH measurement results of neem oil and wood
vinegar nanoemulsion mixtures ranged from 3.23 to 3.46, smaller than the reference observations, 16 which
was between 3.53 - 4.51 for neem nanoemulsions. This value further declined from 3.30 to 3.43 with the
addition of tar, which was still below the pH of the N40V50 formulation (Table-1). The acidic components
influenced the formulation pH in neem oil, including cis-9-oleic methyl ester, methyl palmitate, methyl
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octadecanoate, and wood vinegar encompassing acetic acid, formic acid, phenol, and tar. Moreover, wood
vinegar generally has lower pH values (2.6) than neem oil (5.3). The tendency for the pH of nanoemulsion
to increase with elevating concentrations of neem oil from 10% to 40% (pH: 3.23 – 3.46). Furthermore, the
addition of tar further decreased the value (3.31), and better stability was achieved with a higher tar
percentage (2.0%). Further observations showed a relationship between the change in pH and increasing
concentrations of neem oil in the nanoemulsion system. Besides the necessity to achieve an optimal balance
in the mixture of neem oil and wood vinegar for effective insecticidal action, the pH is also essential for the
stability of the active ingredients in the formulation. As the main active compound of neem oil, azadirachtin
was most stable in the pH range of 3.0-6.0, and a stability decrease was observed at 7.0.20 Hence, all
formulations in Table-1 can support the stability of azadirachtin. The response of nanoemulsions to
centrifugation at 3500 rpm for 30 minutes showed different emulsion stability, and the result showed
stability in formulations N10V80, N20V70, and N30V60, while N40V50 was unstable. Furthermore, the
preparation with 2.0 % tar content (N40T2.0) was stable, while N40T0.5 and N40T1.0 were not. Based on
the size of the droplets, the smallest values were recorded in N30V60 and N40T2.0. The findings suggest
that the stability of nanoemulsions is affected by the type of surfactant, the composition of the oil phase,
and their physicochemical properties.19-21
Effect of Neem Oil and Wood Vinegar Composition
Oil in water emulsion (o/w) was made using neem oil, wood vinegar, and surfactant, with an increasing oil
composition of 10, 20, 30, and 40 %, the wood vinegar content practically decreased, while the surfactant
was standardized (10%). In addition, the oil phase was mixed with the polar phase (wood vinegar) and the
surfactant at a composition ratio of 1:8:1; 2:7:1; 3:6:1; and 4:5:1. The nanoemulsion was then formed by
subsequently mixing with water in a ratio of 1:40, and all formulations formed nano-sized droplets. Fig.-1
showed the droplet size and polydispersity index of all neem oil and wood vinegar formulations and droplet
size distribution of the nanoemulsions.
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Fig.-1: (a) Droplet Size and Polydispersity Index of the Neem Oil and Wood Vinegar Formulations (b) Droplets Size
Distribution of the Nanoemulsions

Based on Fig.-1, the first formulation demonstrated an increase in droplet size with the elevation in neem
oil composition from 10% (35.12 nm) to 20% (36.28 nm), followed by a decline at 30% (33.78 nm), and
another increase at 40% (48.39 nm). Therefore, formulation N30V60, with 30% neem oil and 60% wood
vinegar, was assessed to possess the smallest droplets size. Based on the polydispersity index (PDI),
N30V60 had the smallest value (0.176) compared to N10V80, N20V70, and N40V50, at 0.459, 0.425, and
0.669, respectively.
Effect of Tar on Nanoemulsion
The effect of tar was observed after developing a nanoemulsion composed of neem oil, wood vinegar,
surfactant, and tar (Fig.-2) in the ratios 4:4.95:1:0.05; 4:4.9:1:0.1; and 4.8:1:0.2, using the standardized
surfactants and neem oil of 10 and 40%, respectively.
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Fig.-2: (a) Droplet Size and Polydispersity Index of the Neem Oil, Wood Vinegar, and Tar Formulations
(b) Droplets Size Distribution of the Nano emulsions

However, the wood vinegar content declined with an increase in tar composition, which was 0.5, 1.0, and
2.0%, and then the effect on PDI as well as droplets size was studied. In addition, the 0.5% tar composition
in the formulation of N40T0.5 (4:4.95:1:0.05) led to an increase in the droplet size (83.14 nm) and a decline
in the polydispersity index (0.468), compared to N40V50, but the 1% (N40T1.0) and 2% (N40T2.0)
mixtures caused a reduction in sizes down to 60.83 and 36.28 nm, respectively. The concentration of neem
oil and surfactant was the primary determinant of emulsion stability and droplet diameter. The droplet
diameter was measured between 33.78-48.39 nm for neem oil and wood vinegar mixture, while 36.28-83.14
nm was attained in formulations where tar was added. The droplet size of the nanoemulsion increased from
33.78 to 48.39 nm due to an increase in neem oil concentration of 30 to 40%. Similarly, the stability of the
0.5% lemon oil nanoemulsion, while at the 4% lemon oil concentration, there was a phase separation in the
emulsion.22 This phenomenon could be due to the higher oil concentration. The surfactants' ratio can also
affect the droplet size and stability of the phase separation. Based on droplet size categorization, all
preparations could form nanoemulsions, which are classified into a range of 20-100 nm. 21–24 In addition,
the smallest size (33.78 nm) was recorded in N30V60, as observed in Fig.-1, which is a good indicator of
stability due to the inversely proportional relationship.18 PDI values <0.2 of a nanoemulsion illustrate the
stability of the formulation method and its synthesis,25 and a significant decline in value from 0.669 to 0.176
was observed. This led to an increase in emulsion stability, as smaller polydispersity index values represent
better droplet size uniformity,26 and the least PDI of 0.176 was recorded in N30V60. This phenomenon is
consistent with the previous report,27 where more excellent uniformity was observed with the polydispersity
index of 20% oil composition than the 10 and 30%. Without tar, zeta potential values ranged between 28.69 and -37.97 mV, but the values were -27.04 and -31.27 mV (Fig.-3).

Zeta potential
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0
-10
-20
-30
-40
-50
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Fig.-3: Zeta Potential of Nanoemulsion of Neem Oil, Wood Vinegar, and Tar

The nanoemulsion droplets having a highly negative charge exhibit strong electrostatic repulsion, allowing
them to prevent droplet flocculation and aggregation.28,29 Tar caused a decrease in the zeta potential of the
emulsion as it might have adsorbed charged droplets to the surface. As a result, the electrostatic repulsion
between the droplets decreases, resulting in flocculation.29 The N40V50 formulation gave a better zeta
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potential value than N30V60, but N40V50 exhibits phase separation of less than one hour; therefore, the
measurement value occurred after the emulsion was separated. It can be concluded that the N30V60 still
shows the best performance.
Therefore, the N30V60 and N40T2.0 formulations were evaluated with TEM analysis. The result showed
a measurement of 33.30 nm (Fig.-4a) for N30V60, which was not significantly different from the PSA at
33.78 nm. Meanwhile, 38.80 nm was recorded for the nanoemulsion with 2% tar (Fig.-4b), which was in
accordance with PSA measurements (36.28 nm).

(a)

(b)

Fig.-4: A Droplet of Nanoemulsion (a) N30V60 (b) N40T2.0

The Nanoemulsion morphology of mixture N30V60 was measured using the TEM, and the results showed
that each particle was spherically surrounded by surfactant nano micelle (Fig.-4a). In accordance with our
findings, previous research reported that the morphological observations of nanoemulsions were shaped
like droplets coated with thick lines.17 However, the appearance was slightly different in formulations with
tar (Fig.-4b) due to the presence of some stand-alone. Furthermore, the nanoemulsion behavior is influenced
by interface effects, which occur because of the droplet combination. 29

Antifeedant
Activity (%)

Bioactivity of Nanoemulsion against S. litura
Fig.-5 shows the nanoemulsion antifeedant activity, which increased at elevating neem oil concentrations
of 20, 30, and 40%. Furthermore, the highest effectiveness was obtained in the preparations with 40% neem
oil without tar (90%) and 2% tar (99%).
1.5
1
0.5
0

Formulations
Fig.-5: The Antifeedant Activity of Nanoemulsion Formulations

Wood vinegar has weak insecticidal activity,8 hence the bioactivity is increased by preparing a
nanoemulsion mixture with neem oil. The different formulations confer varying effects on insect
reproduction and as well as growth.30 Furthermore, the presence of low surface and droplets tension in the
system increases the penetration of active substances.31 Also, the highest antifeedant effectiveness (without
tar) was observed in N40V50 at 90%, 99% with the addition of tar (N40T2.0). These values were not
significantly different from the N30V60 formulation, which demonstrated the bioactive synergy of wood
vinegar and neem oil, evidenced by a 90% increase in activity compared to the wood vinegar (51%). This
synergy is also observed in combination with some synthetic insecticides and is specific to the
characteristics of particular chemical compounds, e.g., carbosulfan.32,33 In addition, previous studies
showed that pyrolysis of the bark of A. mangium produced wood vinegar with acetic acid (47.36%) and
phenol derivatives (32.12%) as the main components.34 Furthermore, GC-MS analysis of wood vinegar
from Toona sureni mainly contains carboxylic acid (61.96%) and phenol (8.29%). 35 Based on
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physicochemical properties and bioactivity with other formulations, N30V60 was recognized as the best
preparation. The findings of this study recommend the utilization of wood vinegar and neem oil
nanoemulsion biopesticide for the synergistic properties, which is more effective and economically
conservative in controlling S. litura.

CONCLUSION
The nanoemulsion mixture of neem oil and wood vinegar was successfully studied, and higher neem oil
composition positively influenced the antifeedant activity of wood vinegar. The formula with 30% neem
oil and 60% wood vinegar demonstrated the best properties in terms of physicochemical properties and
bioactivity, while the preparations with tar had reduced droplet size with better stability and slightly
increased antifeedant activity. Furthermore, the nanoemulsion characteristics ought to be considered for the
development of economical, effective, and environmentally friendly biopesticides .
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