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Abstract
Weed management remains a critical challenge in modern agriculture, neces-

sitating innovative approaches to enhance the efficacy of herbicides. Nanotech-
nology offers a promising avenue for the synthesis of herbicides with improved 
performance and reduced environmental impact. This study underscores the im-
portance of employing nanotechnological methods in the synthesis of herbicides, 
emphasizing their potential to revolutionize weed management practices. The na-
no-encapsulated pretilachlor materials were synthesized using solvent evapora-
tion method at the Centre for Agricultural Nanotechnology, Coimbatore (Tamil 
Nadu, India). This research explores the synthesis and characterization of na-
no-encapsulated pretilachlor utilizing the solvent evaporation method. Through 
transmission electron microscope (TEM), X-ray diffraction (XRD), Fouri-
er-transform infrared (FTIR) spectroscopy, thermogravimetric analysis (TGA), 
and gas chromatography-mass spectrometry (GC-MS) analyses, we investigated 
the presence of nanoparticles, crystal structure, functional group, thermal stability, 
and composition of the nano-encapsulated pretilachlor herbicide. According to 
the results of characterization techniques on encapsulated pretilachlor, the TEM 
analysis confirmed the presence of pretilachlor, XRD analysis confirmed the na-
no-encapsulated pretilachlor exhibits amorphous nature and the polymer peak 
showed semi crystalline nature, FTIR validated the functional group of preti-
lachlor, TGA showed that double stage decomposition with high stable tempera-
ture and GC-MS analysis of different compounds of nano-encapsulated preti-
lachlor were detected representing with 100% concentration.
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Introduction
Herbicides play a pivotal role in modern agriculture by serving as essential 

tools in weed management. These chemical compounds are designed to control 
or eliminate unwanted vegetation, preventing weeds from competing with crops 
for nutrients, sunlight, and water [1]. Efficient weed management is crucial for 
maximizing agricultural productivity, ensuring crop yield stability, and ultimately 
addressing global food security challenges. The significance of herbicides in main-
taining the health and productivity of cultivated areas, underscoring their integral 
role in contemporary agriculture. In modern agriculture, herbicides emerge as 
crucial tools in the realm of weed management, playing a pivotal role in sustain-
ing crop health, and optimizing yields. Weeds, by nature voracious competitors 
for essential resources, pose a persistent threat to crop productivity, necessitating 
effective management strategies. As we delve into the complexities of herbicide 
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tainable solutions with reduced environmental impact. The 
research study aims to contribute to the evolving discourse on 
sustainable agriculture by unraveling the multifaceted role of 
nanotechnology in weed management [10]. Solvent evapora-
tion method is a novel approach surpassing conventional tech-
niques. By utilizing this method, we achieve precise encap-
sulation, enhancing pretilachlor efficacy and environmental 
sustainability. This innovative process represents a significant 
advancement in synthesis, demonstrating the transformative 
power of nanotechnology in agro-chemicals production. The 
valuable insights to the evolving discourse on nano-encapsu-
lated herbicides, positioning them as a transformative tool in 
the pursuit of efficient and sustainable weed control. However, 
the literature involving encapsulated herbicides usage is lim-
ited.

In the light of the above facts, the present study was car-
ried out to determine the synthesis and characterization of na-
no-encapsulated pretilachlor using solvent evaporation meth-
od through TEM, XRD, FTIR, TGA and GC-MS analyses.

Materials and Method
Materials

Technical grade pretilachlor (MW-311.85, purity - 98%), 
acetone (dimethyl ketone/2-propanone, MW - 58.08), poly-
ethylene glycol (PEG) (18-ethoxyoctadec-3-ene, MW - 
296.5), dichloromethane (dichloromethane, MW - 84.93) 
and starch (soluble, MW - 342.3) were purchased from Sig-
ma-Aldrich (Bengaluru, India), while its commercial formu-
lation Rifit® 50 EC was obtained from Syngenta (India). 
Borosil-made glassware and analytical-grade chemicals were 
both employed in the investigation without any additional 
purification. In order to make the solutions, double distilled 
water was used. 

Solvent evaporation method

In organic phase preparation, analytical grade of preti-
lachlor (5 mg) was dissolved in acetone solvent of 6 ml and 
stirred using magnetic stirrer for 15 min to form a homoge-
nized mixture and then sonicated for 120 sec. 25 mg of PEG 
polymer was added to a different beaker and dissolved in 10 
ml of dichloromethane and agitated using magnetic stirrer for 
15 min and sonicated for 120 sec. To prepare aqueous phase, 
6 ml of starch polymer (six percent concentration) is added 
to a beaker and stirred with magnetic stirrer for 60 min. Both 
the organic and aqueous phase are gradually mixed and stirred 
continuously in magnetic stirrer under room temperature for 
the next 24 h. The resulting nanoparticles are removed from 
acetone, dried in vacuum desiccator, and collected in vial for 
storage. The schematic representation of nano-encapsulated 
pretilachlor is given in figure 1.

Characterization

The nano-encapsulated pretilachlor was characterized us-
ing TEM, XRD, FTIR, TGA, and GC-MS to ascertain the 
crystal structure, thermal stability, and composition of the na-
no-encapsulated pretilachlor.

application, the goal is to highlight their role in maintaining 
agricultural efficiency, ensuring food security, and contributing 
to sustainable farming practices.

In the dynamic landscape of agricultural innovation, nan-
otechnology has emerged as a promising frontier, particularly 
in the realm of weed management [2]. It sets the stage for a 
comprehensive exploration of the importance of nanotechnol-
ogy in weed management within the context of contemporary 
research. By harnessing the unique properties of nanomateri-
als, researchers aim to revolutionize weed control strategies, 
offering precise and environmentally sustainable solutions [3]. 
The synthesis of progressive research findings will shed light 
on the transformative potential of nanotechnology in mitigat-
ing weed-related challenges in crop production. Technology 
such as smart delivery, encapsulation and slow release can also 
be used to create herbicides that suppress weeds [4]. In the 
process of nano-encapsulation, microscopic particles called 
nanoparticles are employed to encapsulate active ingredients 
like chemicals. Its use is not limited solely to conventional mi-
crocapsules; it encompasses all other systems of microscopic 
particulates, including self-assembling structures that need 
prior manipulation. In the pursuit of enhancing precision and 
efficacy in weed management, the integration of nano-encap-
sulated herbicides stands at the forefront of agricultural in-
novation [5]. Due to the nanoscale size range of nanoparti-
cles, they may enter plants and deliver substances where they 
are needed. Encapsulation improves the stability, controlled 
release and toxicity of the herbicide while also increasing its 
efficacy. 

There are two phases involved in emulsification-solvent 
evaporation. Emulsifying the polymer solution into an aque-
ous phase is necessary for the first step. The second stage in-
volves evaporating the polymer solvent, which causes the 
polymer to precipitate as nanospheres. High-energy homog-
enization of a dispersing agent is used to disperse a polymer 
organic solution containing the dissolved dosage into micro 
droplets [6]. Although many emulsion types can be employed, 
using oil or water as the non-solvent simplifies and enhances 
process economics by removing the need for recycling, making 
the washing step easier and reducing agglomeration [7]. After 
cellulose, starch is the second most common natural polymer. 
It is inexpensive and simple to extract from a wide range of 
plants [8]. All natural polymers, including starch, are totally 
biodegradable because microorganisms have hundreds of mil-
lions of years to develop the enzymes needed to digest them. 
Extended agrochemical activity, cost-effective encapsulation, 
a biodegradable matrix, reduced environmental pollution, 
shortened application times and amounts, enhanced plant and 
handling safety, efficient agrochemical control over targets and 
decreased agrochemical losses are all displayed by starch-en-
capsulated agrochemicals [9]. With improved weed control, 
the pesticide encased in nanoparticles posed no environmental 
harm. It could be the result of nanoencapsulation enhanced 
mechanism of action, which preserved the product’s effective-
ness even when the administered dosage was lowered. 

The synthesis of research findings will illuminate its po-
tential to redefine weed management practices, providing sus-
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TGA

TGA is used to determine the decomposition temperature 
of materials. TGA analysis was performed using a Q50 V20.6 
Build 31 Universal Thermogravimetric Analyzer equipped 
with a simultaneous differential scanning calorimetry (DSC) 
system. DSC measurements were performed on a TA DSC 
V500 series at a heating rate of 15 °C/min. The encapsulated 
pretilachlor sample was weighed prior to measurement. The 
weight of the sample was about 7 - 10 mg. The sample was 
heated at 10 °C/min over a temperature range from 25 °C 
to 600 °C in a nitrogen atmosphere. The weight of the sam-
ple was continuously monitored as the temperature increased. 
The polymer content and its change at transition temperatures 
were investigated.

GC-MS

GC analysis was performed using a Shimadzu GC-2010 
equipped with a dimension of 30 m x 0.25 mm x 0.25 µm 
5% diphenyl/95% dimethyl poly siloxane stationary phase col-
umn. The energy of the electron ionization system was 70 eV, 
and the scan interval was 0.5 sec. The carrier gas was helium 
with a flow rate of 1.0 ml/min. The temperature program used 
was as follows: an initial temperature of 60 °C for 2 min, in-
creased to 300 °C at a rate of 10 °C/min and held for 5 min. 
A 1 µl sample of nano-encapsulated pretilachlor was injected 
in the split-less mode. The detection limit for pretilachlor was 
0.005 mg/kg. The retention time was 5.0 min.

Results
TEM

The TEM image (Figure 2) validates that nanoparticles 
of pretilachlor were found adhered with layers of starch poly-
mer and size of their particles were in close proximity of 100 
nm. No further impurities were observed in the encapsulated 
particles. 

TEM

The nano-encapsulated herbicide sample was placed on 
a TEM grid coated with carbon. JEOL JEM-2100F TEM 
running at an accelerating voltage of 200 kV was employed 
in this investigation. A digital camera called Gatan Ultrascan 
1000 was used to take the pictures. TEM pictures with high 
resolution were obtained at various magnifications. Particles 
of encapsulated nano-herbicide are dissolved in acetone using 
an ultrasonic bath, and after 30 min of solvent evaporation, 
the mixture is placed on a grid covered with carbon for exam-
ination.

XRD

XRD analysis was used to determine the crystal structure 
and identify possible impurities in the sample. The XRD anal-
ysis was performed using a Bruker D8 Advance diffractome-
ter equipped with a 40 kV with CuKα radiation source. The 
scanning speed was 5° to 60° 2θ per sec, the step size was 0.02° 

2θ and the counting time was 5 sec per step and wavelength 
(1.54 Å). The samples were finely ground and placed on foil. 
The XRD condition of the crystal is given by Bragg’s law (2d 
sinθ = nλ). Diffraction peaks were identified using the Joint 
Committee on Powder Diffraction Standards ( JCPDS) da-
tabase maintained by the International Center for Diffraction 
Data.

FTIR

FTIR was utilized to characterize the functional groups 
found in the sample. The Perkin Elmer Spectrum FTIR spec-
trometer, which has a 4 cm-1 resolution, was used. The FTIR 
data were obtained with 64 scans, and the detected wave-
lengths were within the range of 4000 cm-1 to 400 cm-1. Per-
kin Elmer provided Opus software, which was used to process 
the data. Using a hydraulic press, the mixture was compressed 
into pellets by pressing it onto a hard plate. After that, the 
pellet was placed on a transfer frame and scanned, preferring a 
thickness of 0.5 - 1 mm.

Figure 1: Schematic representation of nano-encapsulated pretilachlor by 
solvent evaporation method.

Figure 2: TEM image of nano-encapsulated pretilachlor.
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capsulated pretilachlor were detected representing 100% con-
centration, retention time (RT), with molecular formula and 
molecular weight are presented in table 1. The different com-
pounds are detected in the GC-MS analysis of nano-encapsu-
lated pretilachlor (Figure 7). 

XRD

The XRD pattern of nano-encapsulated pretilachlor sam-
ple peak was represented in figure 3. The XRD diffractogram 
of nano-encapsulated pretilachlor shows amorphous charac-
teristic peaks at 2θ equal to 17.3°, 22.8°, and 25.7°. Based 2θ 
angles of nano-encapsulated sample represent the d spacing 
value of 0.51, 0.39, and 0.35. Thus, the nano-encapsulated 
sample with 2θ angles viz., 17.3° and 22.8° represents the 
starch and PEG polymers. The XRD analysis confirmed the 
nano-encapsulated sample exhibits amorphous nature and the 
polymer peak showed semi crystalline nature. The XRD pat-
tern of the nano-encapsulated pretilachlor is consistent with 
standard pattern for the active ingredient of the herbicide and 
the polymer with JCPDS file no 00-003-0226 and 00-013-
0686 correspondingly and no impurities detected in the sam-
ple.

FTIR

The pretilachlor nano-encapsulated spectra analyses in 
figure 4 signify the presence of active functional groups at the 
spectra peak. The alcohols with O-H stretching vibration were 
proven to be the peak that occurred at 3468 cm-1. The peak that 
showed up at 2939 cm-1, 2889 cm-1 and 2834 cm-1 with C-H 
stretching is verified with aldehydes group. The isothiocyanate 
molecule N=C=S stretching at 2071 cm-1 was verified to ex-
ist. A peak with C=O extending at 1637 cm-1 indicated the 
existence of an amide chemical. The presence of amine C-N 
stretching was confirmed by the development of three peaks 
at 1153 cm-1, 1079 cm-1 and 1024 cm-1. The smaller peak that 
displayed  at 773 cm-1 stretching indicated that alkene com-
pound. The C-Br stretching in the presence of alkyl halides 
was confirmed by the peak at 479 cm-1.  

TGA

The TGA analysis is performed to assess the resistance of 
the herbicide and encapsulating materials to raising tempera-
tures. The TGA result of pretilachlor showed that double stage 
decomposition with high stable temperature at 180 °C with a 
weight loss of 46.97% and shown in figure 5. The thermal de-
composition reaction is an endothermic reaction. The reaction 
then rapidly decreased from 200 °C to 600 °C with a final 
weight loss of 12.81% and followed a steady decomposition 
pattern.

According to the TGA results, the weight of the nano-en-
capsulated pretilachlor decreased gradually from room tem-
perature and then quickly from 220 °C to 600 °C. The TGA 
result, which is depicted in figure 6, shows that the nano-en-
capsulated pretilachlor has good thermal stability up to 200 
°C. The weight loss was recorded as a consistent breakdown 
pattern, with a gradual loss of 62.6% up to 200 °C and a final 
loss of 16.4% at 600 °C. These weight losses were attributed to 
the evaporation of volatile components, or the release of the 
solvent employed in the encapsulation process.

GC-MS analysis

GC-MS analysis of different compounds of nano-en-

Figure 3: XRD diffractogram of nano-encapsulated pretilachlor.

Figure 4: FTIR spectrum of nano-encapsulated pretilachlor.

Figure 5: TGA thermogram of commercial pretilachlor.
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position of a crystal, X-ray crystallography is a technique in 
which the crystal’s atoms cause a beam of incoming X-rays to 
diffract in an array of varied directions [13]. An image of the 
density of electrons within the crystal may be created in three 
dimensions by measuring the angles and intensities of these 
diffracted beams. The average locations of the atoms in the 
crystal, their chemical bonds, their ailments, and several other 
details can potentially be calculated from this electron density. 
The XRD pattern of nano-encapsulated herbicide was shown 
from the X-ray diffractogram (Figure 3), the characteristic 
peaks are amorphous seen at an angle (2θ) of 17.3° and 25.7° 
with d spacing value of 0.51 and 0.35. The same XRD pattern 

Discussion
TEM

A magnification of 15,000,000X was used. The spherical 
shape of the two polymer layers and the active component in-
side the hollow shell was seen under this magnification [11]. 
The presence of pretilachlor is visible inside the capsule as in-
dicated by the dark color within the sphere in the TEM image, 
and similar findings were reported by [12]. 

XRD

In order to determine the atomic and molecular com-

Figure 6: TGA thermogram of nano-encapsulated pretilachlor. Figure 7: GC-MS spectrum of nano-encapsulated pretilachlor.

Table 1: GC-MS analysis of nano-encapsulated pretilachlor.

S. No. Compound RT (min) Area % Molecular formula Molecular 
weight

1 Stigmastane-3,6-dione, (5.alpha.)- 25.396 37.87 C29H48O2 428.7
2 Octadecane, 1-iodo- 24.607 11.25 C18H37I 380.4
3 4-Bromo-2-thiaadamantane 24.850 4.52 C9H13BrS 233.17

4 5-Amino-1-benzyl-1H-[1,2,3]triazole-4-carboxylic acid  
(4-trifluoromethoxy-phenyl)- 23.265 4.41 C17H14F3N5O2 377.32

5 1,2,4-Oxadiazol-5(4H)-one, 4-phenyl-3-(3-pyridyl)- 23.693 4.13 C13H9N3O2 239.23
6 Benzenamine, 3-[2-(2-pyridinyl)ethyl]- 22.200 3.70 C13H14N2 198.26
7 Sulfurous acid, isobutyl pentyl ester 9.331 3.07 C9H20O3S 208.32
8 cis-Vaccenic acid 19.171 3.06 C18H34O2 282.5
9 Nonane, 4-methyl 6.052 2.76 C13H28 184.36
10 Cyclopropanecarboxyllic acid, tridec-2-ynyl ester 6.890 2.33 C17H28O2 264.4
11 2,2-Diethoxyacetophenone 5.817 2.22 C12H16O3 208.25
12 4H-Pyran-4-one 14.499 2.09 C5H4O2 96.08
13 Ethanone, 1-(4,5-dihydro-2-thiazolyl) 13.106 1.95 C5H7NOS 129.18
14 Phenol, 4,4'-methylenebis 21.336 1.87 C29H44O2 424.7
15 Orcinol 15.262 1.83 C7H8O2 124.14
16 1-Butene, 1-chloro-, (Z)- 18.509 1.66 C4H7Cl 90.55
17 3-Trifluoromethylbenzoic acid, 4-methylpentyl ester 16.437 1.65 C14H17F3O2 274.28
18 l-Alanine, N-octanoyl-, hexadecyl ester 21.545 1.57 C27H53NO3 439.7
19 1-Decene 12.343 1.42 C10H20 140.27
20 Cyclopropane, 1-pentyl-2-propyl 17.821 1.31 C11H22 154.29
21 Cyclotrisiloxane, hexamethyl 6.362 1.20 C6H18O5Si4 282.54
22 Hexadecanoic acid, methyl ester 17.317 1.13 C17H34O2 270.5
23 Fumaric acid, 2-ethylhexyl nonyl ester 20.287 1.06 C21H38O4 354.5
24 Glutarimide, N-(5-chloro-2-methoxyphenyl)- 24.054 0.96 C12H12ClNO3 253.68
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fluromthoxy-phenyl with retention time of 23.2, area 4.41% in 
the nano-encapsulated pretilachlor sample is comparable with 
peak profile noticed in the chromatogram. The findings are in 
line with those of [22, 23], concluded that existence of 1-(+) 
ascorbic acid 2, n-hexadecanoic acid confirms the presence 
of a fatty acid peak in the chromatogram. The results of the 
nano-encapsulated pretilachlor release efficiency were below 
the MRL of 0.05 µg/g defined by FSSAI [24]. The findings 
resonate with the conclusions made by [25, 26].

Conclusion
Based on the current research, it can be concluded that 

nano-encapsulated pretilachlor particles have a spherical form 
with well formed internal structure confirmed by TEM anal-
ysis. The functional group of pretilachlor is validated by FTIR 
spectrum. The XRD pattern of nano-encapsulated pretilachlor 
has an amorphous characteristic peak and exhibited ther-
mal degradation at 200 °C and the releasing efficiency was 
analyzed by GC which validates the loading of herbicide in 
nanoparticles. Thus, it infers as herbicide that endured inside 
the starch polymer was effectively concealed from external 
factors and released gradually to control the weeds.
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The thermogram of nano-encapsulated pretilachlor herbi-
cide showed a double pattern of decomposition which is due 
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GC-MS analysis
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and efficacy of nano-encapsulated herbicide [21]. 

The GC-MS analysis of nano-encapsulated pretilachlor 
confirmed the presence of 24 compounds as indicated in figure 
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