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Performance Assessment of Contact Separation Triboelectric 
Generators (CS-TEGs) under various contact frequencies and  
electrode layers.
Ibrahem R. A.
College of Engineering, Jazan University, Jazan, KSA
(Received: 16/09/2023; Accepted: 06/12/2023)

Abstract: Triboelectric generators (TEGs) are classified as a novel approach for harvesting energy from small-scale mechanical 
motions. This work is concerned with improving the performance and output energy from contact separation triboelectric generator 
(CS-TEG) by using different electrodes under variable contact-separation frequencies. Aluminum or Copper layers were proposed as 
electrodes for PTFE/PVC, PTFE/Kapton, and Kapton/PVC CS – TEGs. Three contact frequencies were applied for the proposed TEGs 
for each electrode type under the constant contact load and separating distance of 2N and 0.5mm respectively. Aluminum electrodes 
that were used for Kapton/PVC CS – TEGs under high contact frequency show significantly improved performance of TEG.

Keywords: Triboelectric generators (TEG), friction energy, contact separation mode, PTFE, PVC, and Kapton TEGs.

1658-7022© JNBAS. (1446 H/2024). Published by Northern Border University (NBU). All Rights Reserved.
(*) Corresponding Author:
Ibrahem R. A., College of Engineering, Jazan University, Jazan, KSA.
E-mail: ribrahem@jazanu.edu.sa

DOI: 10.12816/0062031
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تأثير المواد المستخدمة في صناعة الاقطاب الموصلة وكذلك معدل الاتصال والانفصال بين 
الطبقات العازلة علي اداء المولد الكهربي الاحتكاكي

د. رفاعي احمد ابراهيم
كلية الهندسة - جامعة جازان - المملكة العربية السعودية

)قدم للنشر في 2023/9/16؛ وقبل للنشر في 2023/12/6(

المســتخلص: تتزايــد الجهــود البحثيــة والمحــاولات التقنيــة فــي الآونــة الاخيــرة للبحــث عــن مصــادر نظيفــة ومتجــدده للطاقــة وذلــك للمســاهمة فــي توفيــر 
ــة  ــة الاحتكاكي ــدات الكهربي ــر المول ــة. تعتب ــة المتاح ــوارد البيئي ــة والم ــادر الطبيعي ــي المص ــد عل ــا تعتم ــف وايض ــة التكالي ــا ومنخفض ــة بيئي ــة امن ــة بديل طاق
)”Triboelectric Generators “TEGs( – التــي تعتمــد علــي تحويــل الشــحنات الكهروســتاتيكية الناتجــة عــن احتــكاك المــواد المختلفــة معــا الــي طاقــة 
كهربيــة- مــن التطبيقــات الهندســية الحديثــة والتــي تهــدف الــي الاســتفادة مــن الحــركات البســيطة لتوليــد وتجميــع الشــحنات الكهربيــة التــي يمكــن اســتخدامها فــي 
العديــد مــن التطبيقــات الصناعيــة والطبيــة. تهــدف الدراســة الحاليــة الــي تحســين اداء المولــد الكهــرو احتكاكــي الــذي يعتمــد علــي اليــة الاتصــال والانفصــال 
ــوم  ــل النحــاس والالومني ــة )Electrodes( مث ــة الاقطــاب الموصل ــي صناع ــة ف ــواد مختلف ــتخدام م ــن خــال اس ــك م )Contact-Separation TEG( وذل
ــدد  ــم ع ــم تصمي ــك ت ــد. لذل ــزاء المول ــن اج ــال بي ــال والانفص ــة الاتص ــة لعملي ــدلات مختلف ــل Kapton ،PTFE ،PVC  بمع ــة مث ــات العازل ــا الطبق وايض
6 مولــدات كهــرو احتكاكيــة وبنــاء دائــرة كهربيــة لقيــاس كميــات الطاقــة الكهربيــة الناتجــة عــن كل منهــا. اظهــرت النتائــج تحســن ملحــوظ فــي اداء المولــدات 
التــي تكونــت مــن اســتخدام اقطــاب الالومنيــوم مــع طبقــات Kapton/PVC تحــت معــدلات اتصــال وانفصــال مرتفعــة )3Hz) مقارنــة بالمولــدات الأخــرى، 
ممــا يعــزز التوصيــة باســتخدام هــذه المــواد فــي صناعــة المولــدات الكهــرو احتكاكيــة التــي تعتمــد فــي عملهــا علــي اليــة الاتصــال والانفصــال مثــل قطــرات 

المطــر وحركــة الاشــخاص اليوميــة علــي الطرقــات وغيرهــا مــن الحــركات الميكانيكيــة البســيطة.

الكلمات المفتاحية: المولدات الكهربية الاحتكاكية TEGs ، طاقة الاحتكاك، ميكانيزم الاتصال والانفصال C-S mode، البوليمرات المولدة للطاقة

JNBAS ©1658-7022. )1446هـ/2024( نشر بواسطة جامعة الحدود الشمالية. جميع الحقوق محفوظة.

)*( للمراسلة:
د. رفاعي احمد ابراهيم، كلية الهندسة- جامعة جازان – المملكة العربية السعودية. 

E-mail: ribrahem@jazanu.edu.sa

DOI: 10.12816/0062031
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1.	 INTRODUCTION
In recent years, looking for clean and renewable 

energies has remarkably increased and occupied scientists’ 
minds and attention. Energy harvesting techniques from 
small-scale mechanical actions such as human daily 
motion, raindrops, and low-vibration movements were 
introduced as a novel energy solution (Nguyen, et al. 
2023). With the increasing popularity of portable and 
efficient electronic devices, like those utilized on the 
Internet of Things (IoT), the demand for consistent, 
reliable, and mobile power sources has become a pressing 
concern (Raj & Steingart 2018; Xu, Song & Han 2021). 
This has led to the exploration of energy harvesting 
methods as a feasible solution for powering these types 
of devices (Zhang et al. 2021). Triboelectric generators 
(TEGs) are energy harvesting devices (Chu & Majumdar 
2012; Maria et al. 2018; Ibrahem 2022) that can convert 
mechanical energy from various sources into electrical 
energy using the triboelectric effect.  TEGs operate based 
on the coupling of triboelectric charges and electrostatic 
induction, which allows them to generate an output 
voltage and current (Zhou, Wang, Liu & Zhong 2020). 
TEGs can operate in several fundamental modes (Niu 
2013; Niu & Wang 2015); vertical contact-separation 
mode - in this mode- the two materials in the TEG move 
vertically relative to each other, creating a contact and 
separation cycle (Luo, Jianjun, Wang & Zhong. 2020). 
This mode is typically used in applications where the two 
materials are fixed to a substrate and experience a periodic 
mechanical force, such as in footwear or ocean wave 
energy harvesting (Luo, Gao & Wang, 2021; Wu 2018). 
The resulting triboelectric charges generated during the 
contact and separation cycle are collected by electrodes 
and used to generate electrical power. The present work 
is based on the contact-separation mode.

Lateral sliding mode- in this mode; two materials 
in the TEG slide laterally relative to each other, 
generating triboelectric charges through friction. This 
mode is typically used in applications where the two 
materials experience a sliding or rubbing motion, such 
as touchscreens or self-powered sensors. The triboelectric 
charges are collected by electrodes and used to generate 
electrical power (Wang et al. 2016). 

Single-electrode mode: In this mode, a single 
electrode is used to collect the triboelectric charges 
generated by the contact and separation of two materials 
(Fan et al. 2012). The single-electrode mode is used in 
applications where only one electrode is accessible, such 
as in wearable electronics. This mode can also be used to 
reduce the complexity and cost of TEGs by eliminating 
the need for multiple electrodes.

Freestanding mode: In this mode, the two materials 
in the TEG are not fixed to a substrate, allowing them 
to move freely and generate triboelectric charges through 
vibrations or other mechanical motions. This mode is 
typically used in applications where the TEG must be 
sensitive to small mechanical motions, such as in self-
powered sensors or environmental monitoring. The 
freestanding mode can also be combined with other 
modes to enhance the performance of TENGs (Wang et 
al. 2015). 

2.	 EXPERIMENTS WORK 
To investigate the performance of a triboelectric 

generator based on contact separation mode, test samples 
were designed in the form of a triboelectric generator 
that consists of different non-conductor layers as well 
as different electrode layers. The electrode layers that 
are used for this work are aluminum or copper film in 
the form of rectangular layer (12mm x 7mm) with a 
0.2mm thickness. Three different triboelectric layers 
were used for this design; Kapton, PTFE, and PVC in a 
rectangular form (10mm x 5mm) with a 0.5mm thickness. 
Triboelectric generators based on contact separation mode 
are shown in Fig.1. Separating distance of 0.5mm between 
the contact layers allows the electrons that generate from 
contact between different materials to transfer from one 
electrode to another. The present design for TEG is also 
concerned with the frequency of contact and separation 
between layers, which also affect the amount of output 
voltage. 

To evaluate the TEGs performance based on different 
electrodes and different nonconductors; electrical 
circuits were designed using external load with 10 Ω 
and 16mf capacitance. The output voltage was measured 
instantaneously through millimeters under three values of 
contact separation frequencies 1Hz, 2Hz, and 3Hz.

Fig.1 Contact-Separation TEG
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3.	 RESULTS AND DISCUSSION
The triboelectric performance of the proposed 

contact-separation TEG was investigated through 
generated voltage. After building Triboelectric generators 
from the proposed materials for the three models each 
generator was subjected to repeated press and release of 
constant load 2N for 60 seconds then the output voltage 
was measured continuously, each type of CS-TEG was 
tested three times, and the average result was recorded.   

3.1	 Effect of aluminum electrodes
Figure 2 shows the output values of the generated 

voltage on the vertical axis during the time of the test 
for different contact separation frequencies for CS-TEG 
that consist of Kapton and PTFE as triboelectric layers 
and Aluminum Electrode, the average values of the 
electric voltage from this generator increases with time 
under high contact-separation frequencies. The output 
voltage exceeds 104 mV after 30 sec. of the 3Hz contact 
separation mechanism. The generated voltage for other 
frequencies also increases with time. In comparison 
with Figure 3 which explains the effect of using other 
triboelectric layers (PVC) with Kapton on the same 
Aluminum electrode; the output voltage increases at 
high frequencies with time, but the overall performance 
slightly decreases to 75mV. Figure 4 shows the effect of 
an aluminum electrode on the generated voltage of PTFE/
PVC CS-TEG, the output voltage increases under high 
frequency to 68mV, low frequencies contact separation 
shows low values of the generated voltage in comparison 
with other types of triboelectric layers on the same 
aluminum electrode. 

Fig.2 Effect of Al. electrode on the output voltage of 
Kapton/PTFE CS-TEG

Fig.3 Effect of Al. electrode on the output voltage of 
Kapton/PVC CS-TEG

Fig.4 Effect of Al. electrode on the output voltage of PTFE/
PVC CS-TEG

3.2	 Effect of copper electrodes
To obtain the effect of the copper electrode on the 

generated energy from CS-TEG, a single-layer Kapton/
PTFE TEG was tested under different contact separation 
frequencies. Figure 5 shows that the value of the output 
voltage slightly increases with time, as well as contact 
frequency. At a contact separation frequency of 3 Hz, 
the output voltage was achieved at 43mV after 42 sec. 
A triboelectric generator that consists of Kapton/PVC 
dielectric layers on a copper electrode. Figure 6 shows 
a small rise in voltage compared with Kapton/PTFE 
CS-TEG on the same electrodes. Figure 7 explains the 
effect of using PTFE and PVC as triboelectric layers 
for CS-TEG with copper electrode, as shown in the 
figure; the generated voltage remains constant between 
10 and 25mV for low and medium frequencies, but 
remarkably increases to 45mV after 50 seconds at high 
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contact separation frequencies. The overall discussion of 
the observed results shows that of aluminum electrodes 
increases the output voltage of CS-TEG in comparison 
with that of copper electrodes; beside the TEG that 
consists of Kapton /PTFE dielectric layers shows 
remarkably improvement of the generated voltage which 
recommended these TEG to be used for industrial and 
medical applications (Yuan et al. 2022). 

Fig.5 Effect of Cu. electrode on the output voltage of 
Kapton/PTFE CS-TEG

Fig.6 Effect of Cu. electrode on the output voltage of 
Kapton/PVC CS-TEG

Fig.7 Effect of Cu. electrode on the output voltage of PTFE/
PVC CS-TEG

Table 1: Summary & comparison of the study results 

Triboelectric layer for 
TEG

Cont. Freq.  & Electrode Type (mv after 50 sec.)

Max. outputLow freq. 1Hz Med. Freq. 2Hz High freq. 3Hz

AL Cu AL Cu AL Cu

Kapton/PTFE 38 27 40 20 62 40 62mv.
On Al. under 3Hz

PTFE/PVC 8 24 20 18 65 46 65mv.
On Al. under 3Hz

Kapton/PVC 45 18 100 20 80 34 100mv.
On Al. under 2Hz
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4.	 CONCLUSION 
a.	 The triboelectric performance of TEG consists 

of Kapton and PTFE as triboelectric layers 
significantly enhanced by means of aluminum 
film as electrodes for electron transfer.

b.	 TEG that consists of Kapton/PTFE on AL 
electrodes shows high output values of voltage 
from 80 to 100 mv under high contact frequency 
after 50 sec. also, the generated voltage decreases 
under low contact separation frequency.

c.	 The use of PTFE/PVC as triboelectric layers 
for TEG on AL electrodes shows low values 
of output voltage in comparison with the other 
types of TEG in this study.

d.	 Using copper film as an electrode layer for TEGs 
that consist of Kapton/PTFE triboelectric layers 
slightly increases the output voltage to 45mv under 
high contact separation frequencies after 50 sec.

e.	 For all proposed TEGs the generated voltage 
increases with an increase in contact separation 
frequency.

f.	 It can be recommended that the proposed TEGs 
be a sustainable source of electrical energy on the 
roads that afford continuous contact-separation 
mechanisms.

Future work: a wide range of engineering materials will 
be proposed as triboelectric layers for different contact 
mechanisms to enhance the generated energy gained by 
TEG.
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1.	 Introduction
Chromium has negative environmental and health 

implications when used in excess. Before being released 
into the environment, effluent containing chromium 
must be treated to reduce contamination and related risks 
(Thirugnanasambandham and Shine, 2018). Numerous 
health issues, such as lung cancer, respiratory conditions, 
and skin irritation, may result from contact with high 
doses of Cr(VI) through drinking water besides inhalation 
(Mahmad et al., 2016; Abutaleb et al., 2023). Aquatic 
animals and ecosystems can be harmed by chromium 
pollution in water bodies, and sediment can become 
contaminated. Additionally, it may have an impact on 
crops and lower agricultural output (Genawi et al., 2020; 
Yan et al., 2023). Chromium can be eliminated from 
wastewater using a variety of techniques, including:

•	 Chemical precipitation (Nwabanne et al., 2018; 
Min et al., 2023): Chromium precipitates out 
of solution as an insoluble compound when 
chemicals like lime or ferrous sulphate are added 
to the wastewater. This insoluble product can 
then be removed by settling or filtration (Aoudj 
et al., 2017). 

•	 Ion exchange (Elabbas et al., 2016): Chromium 
ions in wastewater can be selectively adsorbed 
and eliminated using ion exchange resins. The 
resin can be recycled after becoming fully 
saturated with chromium. 

•	 Adsorption (Sadeghi et al., 2017; Abutaleb et 
al., 2021; Patil et al., 2023; Ayman et al., 2022): 
Through surface interactions, adsorbents like 
activated carbon or other unique adsorbents can 
remove chromium ions from wastewater.

•	 Membrane filtration (Singh et al., 2018): 
techniques like reverse osmosis and ultrafiltration 
enable water to flow

•	 Biological treatment (Ziati et al., 2018; Mubarak 
et al., 2024): Some microbes, including bacteria 
and fungi, have the ability to fix or decrease 
Cr(VI) to the less hazardous Cr(III). Wastewater 
treatment can make use of this bioreduction. 

•	 Electrocoagulation (Elabbas et al., 2020): In this 
technique, wastewater is exposed to an electric 
current, creating a coagulant that makes it 
easier to remove chromium by flocculation and 
sedimentation. In this study, activated carbon 
which is widely available and reasonably priced 
was used to eradicate Cr(VI) ions from the watery 
system. This study looked into the abolition 
of Cr(VI) from liquid feed using common, 
inexpensive activated carbon. Cr(VI) uptake 
was investigated using contact time, starting 
metal ion concentration, pH, sorbent dosage, 
and temperature during experiments carried out 

in a batch system. Investigations were made on 
the adsorption process’s kinetics, isotherms, and 
thermodynamics.

2.	 Resources and approaches
2.1	 Preparation of adsorbent material
Low-cost activated carbon (LC-AC) obtained as an 

agricultural byproduct (corn cob) was converted into 
low-cost adsorbent. At 450°C, the carbonization process 
took place, whereas the activation process was carried out 
in the presence of KOH.

2.2	 Preparation of Cr (VI) stock solution 
Dissolve the specified amount of K2Cr2O7 in a 

watery system and dilute to the necessary attentiveness 
to produce a base solution containing 1000 mg/l Cr(VI). 
The chemicals were all AR grade and came from Sigma-
Aldrich in Germany. 0.1N of NaOH and HCl were utilized 
to change the pH.

2.3	 Batch experiment 
The objective of the batch study is to examine the 

different conditions under which Cr(VI) adsorbs onto 
LC-AC. adding Cr(VI) preparations to Erlenmeyer flasks 
holding LC-AC is the process. Initial concentrations of 
10–60 mg/L, pH ranges of 3–8, and variable durations 
of time at 30–60°C in a thermostatic shaking water bath 
are the parameters of the experiment. The water bath was 
shaken at 120 revolutions per minute using a thermostat. 
A five-minute centrifugation at 5000 rpm came after 
sample separation and agitation. The remaining Cr(VI) 
content was determined by a UV spectrophotometer 
(Perkin Elmer, A 800) at 370 nm. Adsorption capability 
(q) was defined as:

q = Cp– Ce× V
M 				    (1)

Wherever

Cp = primary attentiveness of Cr(VI) (mg/L)

Ce  = attentiveness of Cr(VI) at steadiness (mg/L)

V  = bulk of Cr(VI) (L)

W  = sorbent dosage of (LC-AC)  (g)

According to the following equation, the removal 
percent (Re) is determined:

Re (%) = Cp– Ce× 100
C0 				   (2)

Fig. 1 The series of experimentation sequence
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3.	 Outcomes and discussion 
3.1	 LC-AC’s characterization
SEM image of LC-AC prior to adsorption is shown 

in Fig.2 (a). The surface appears to be irregularly shaped, 
rough, and porous. These features imply that the surface 
has a wide surface area and numerous fissures, which 
may enable effective adsorption between Cr(VI) ions and 
(LC-AC). Roughness and porosity give the Cr(VI) ions 
plenty of opportunities to interact with (LC-AC), possibly 
resulting in successful adsorption. The adsorption process 
may have caused certain alterations in the LC-AC based 
on the loss of porosity and roughness on the LC-AC 
surface (Fig. 2(b)). The Cr(VI) ions may have formed 
a connection with the surface, clogging the pores and 
smoothing out the imperfections. This change can be a 
sign that the target molecules were successfully adsorbed 
onto the LC-AC.

The N2-adsorption/desorption isotherms of LC-
AC produced at 450 °C are shown in Fig. 2(c). Based 
on IUPAC categorization, it indicates that the isotherm 
curves are most likely type I, indicating that the LC-AC 
is a microporous material with a surface area of 32.54 
(m2/g) and a pore volume of 0.028 (cm3/g). There is a 
large range of pore diameters in materials, as indicated by 
the lack eyhof a distinct plateau.

.  
Fig. 2 SEM image of Raw LC-AC (a) and Cr(VI) loaded LC-

AC (b)  N2 adsorption isotherm for activated carbon (c)

3.2	 Adsorption Investigations.
3.2.1	 Result of pH:

The role of pH was examined by varying pH values 
from 3 to 8 at 30°C, 50 mg/l, 0.20 g/50 ml of adsorbent, 
120 rpm of agitation, and 60 min (Fig. 3).

The elimination efficiency of ions augmented at pH 
levels between 3 and 3.5. This indicates that as the pH rose 

within this range, more Cr(VI) ions were adsorbed onto 
the (LC-AC) material. At pH 3.5, the maximal capacity 
for Cr(VI) ions was attained. This shows that the (LC-AC) 
material had the greatest affinity for Cr(VI) ions at this 
particular pH. Lower pH levels (below 3.5) occasioned a 
reduction in the effectiveness of Cr(VI) ion removal. This 
might be because Cr(VI) ions and H+ ions are vying for 
the same adsorption sites on the (LC-AC) material. The 
amount of Cr(VI) ions that might be removed from the 
solution decreased as a result of this competition (Peng 
& Guo, 2020). The effectiveness of removing metal was 
reduced above a pH of 3.5. Hydrolysis, and chemical 
reaction in which molecules in water are broken down as 
a result of an increase in hydroxide ions (-OH) when the 
pH rises, is responsible for this decline in efficiency (Ali 
Maitlo et al., 2019).

Fig.  3 Efficacy of pH on Cr (VI) ion binding to LC-AC

3.2.2	 Effect of contact time: 
The interaction period theatres a significant part in 

deciding how long it takes for the adsorbent (LC-AC) 
to absorb the greatest amount of the Cr(VI) adsorptive. 
The uptake procedure has more periods to take place the 
longer the contact time is. In your case, equilibrium is 
attained after 40 minutes under the indicated parameters 
of temperature (30°C), pH (3.5), and adsorbent dose 
(0.20g). As the contact period lengthens, Cr(VI) ion 
uptake also grows (Fig. 4). To be sure that the system 
genuinely reaches equilibrium, additional time may 
be allowed in some investigations, such as those that 
determine equilibrium adsorption isotherms. To better 
understand the uptake procedure, many kinetic replicas 
are being employed, e.g. pseudo-first-order, pseudo-
second-order, Elovich, and intraparticle distribution.

Fig.  4 Efficacy of interaction duration on the Cr (VI) 
elimination. 
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The pseudo-first-order kinetic model 
(Prasetyaningrum et al., 2018):

			  (3)  

The Pseudo-second-order model (Heffron et al., 
2016):

				   (4)

The Elovich model (Al-Qodah and Al-Shannag 
(2017):

			   (5)

The intraparticle diffusion model (Tejada-Tovar et 
al., 2020):

			   (6)

Wherever qe & qt are the adhesion capabilities 
(mg/g) at stability and at time t, accordingly,, K1 and K2 
are the factors of kinetic replicas. β & α are the Elovich 
coefficients. Kid is the Intraparticle constant. The rate-
dependent compatibility of the experiment’s results 

was examined by evaluating the correlation value (R2) 
(Prasetyaningrum et al., 2018).

	(7)

The larger R2 clearly demonstrated that the Cr(V1) 
adsorption kinetics closely resemble the pseudo-first-
order model, as shown by Table 1 and Fig. 5. As a result, 
it became clear that physic-adsorption is crucial to the 
uptake of Cr(V1) by LC-AC (Mahmad et al., 2016).

Table 1. Adsorption kinetic model constants.

Models Constant Value

Pseudo-first-order       K1 0.090

qe 1.666

r2 0.996

Pseudo-second-order   qe  8.3961

K2 0.0084

r2 0.9566

Elovich                          β 1.8231

α 0.7898

 r2 0.9352

Intraparticle distribution Kid  2.1592

a 0.4246

r2 0.8587

Fig.  5 Pseudo-first order (a) Pseudo-second order (b)  Elovich (c) and Intraparticle diffusion (d) models.
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3.2.3	 �Result of preliminary Cr(VI) 
concentrations:

The outcomes demonstrated that the adhesion 
capabilities rose from 3.32 to 6.22 mg/g as the starting 
Cr(VI) attentiveness augmented from 10 to 60 mg/L 
at 30°C, 0.20 g adsorbent dosage, 40 min, and pH 3.5. 
This indicates that while the starting concentration was 
higher, the adsorbent was able to trap more Cr(VI) ions. 
Additionally, the removal effectiveness decreased as the 
starting Cr(VI) content increased, indicating that the 
adsorbent was less efficient at eradicating Cr(VI) from 
the solution at higher preliminary concentrations and the 
open adsorption sites on the adsorbent became saturated 
(Khan et al., 2019). This shows that the accessible sites 
on the adsorbent are filled up as additional Cr(VI) ions 
are added to the solution, and eventually, no further 
adsorption can take place due to the adsorbent’s limited 
capacity (He et al., 2020). To make the outcomes of 
experiments more accurate, the Freundlich isotherm and 
Langmuir replicas are used. Designing and improving 
adsorption methods for use in water treatment, pollution 
management, and other environmental applications 
requires the use of such data.

The Langmuir isotherm (Pavithra et al., 2020):

Ce/qe = 1/ Q0b +Ce/ Q0				   (8)

Where b (L/ mg) and Q0 (mg /g) are Langmuir 
coefficients.

The rudimentary qualities of the Langmuir faultless 
can be outlined using the distinction of dynamic RL (Liu 
et al., 2018).

 RL =	  1
1 + b C0 				    (9)

If 0 < RL < 1 implies that the binding mechanism is 
positive. 

The Freundlich isotherm (Das and Nandi, 2020):

Logqe = log (Kf )+ 1/n log (Ce )                             (10)

In which KF and n are Freundlich parameters.

A better fit between the model and the experimental data is shown by higher R2 values (Table 2). There is a significant 
connection between the model and the data when the R2 value is close to 1. The fact that the R2 value for the Langmuir 
isotherm is greater (0.983 > 0.921) shows that the Freundlich model does not adequately account for the investigational 
outcomes and that the Langmuir model does. From this, one can infer that the interaction of Cr(VI) onto LC-AC exists most 
likely the result of a monolayer adsorption process, as shown by the Langmuir isotherm (Fig. 6) (Chouhan et al., 2018).

Fig.  6  (a) Langmuir (b) Freundlich isotherms of adsorption of process

Table 2.  The adsorption system’s Langmuir (a) and Freundlich (b) constants.

Langmuir  Freundlich 

   b Q0 RL    r2        Kf       n    r2

0.0640 1.358 0.6095 0.9311     6.6839     6.6608 0.890
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3.2.4	 Effect of adsorbent dose:
LC-AC was used in the experiment at different doses 

(0.01- 0.26g) for 40 minutes, pH 3.5 and 30°C. The 
elimination efficiency of Cr(VI) rose when the adsorbent 
dose augmented beginning 0.01g to 0.18g, as shown in 
Fig. 7. The attendance of extra energetic locations on 
the LC-AC may be due to the improvement in removal 
effectiveness with increasing adsorbent dosages. More 
adsorbent means more active sites for the Cr(VI) ions to 
bind to and be drawn out of the solution.

This is probably because bigger doses of the adsorbent 
have an increased surface area (Martín-Domínguez et al., 
2018). However, subsequent increases in adsorbent dosage 
did not lead to a corresponding improvement in removal 
efficiency after a certain point (particularly when the 
adsorbent dose climbed beyond 0.18g). This shows that 
there is a limit to the benefits. At this point, the number of 
adsorbent particles may cause the adsorption sites to become 
congested, which could cause certain adsorption sites to 
overlap or become inaccessible (Emamjomeh et al., 2017).

Fig.  7 The significance of LC-AC dosage on Cr(VI) 
removal.

3.3	 Thermodynamic Studies
The temperature’s effect on the Cr(VI) uptake was 

examined amid 30 and 60°C.As the temperature rose, It 
became apparent that eliminating Cr(VI) ions was less 
effective. The following equations (Babakhouya et al., 
2019) were used to estimate the factors enthalpy (ΔH°), 
entropy (ΔS°), and Gibbs free energy (ΔG°), using the 
diffusion coefficient (KD).

 LnKD =	 ΔS° ـــ ΔH°

R RT 	 (16)

KD =   q ــ
Ce 	 (17)

ΔG°  =	 ΔH° ـــ T ΔS°
	 (18) 

Table 3 shows that the -ve of ΔH° demonstrates 
that the adsorption procedure is exothermic. Also, the 
assessment of ΔH° can reveal information on the kind of 
adsorption (Fig.8) (Kim et al., 2020). The two primary 
categories are physical (physisorption) and chemical 
(chemisorption). In contrast to chemisorption, which 
typically involves greater heats of adsorption (80–200 
kJ/mol), physical adsorption typically involves relatively 
lower heats of adsorption (2.1-20.9 kJ/mol) (Peng et al., 
2019).  Given that ΔH° has an absolute value of -5.278 kJ/
mol (Table 4), The binding of Cr(VI) by LC-AC is most 
likely a physical sorption mechanism involving both 
types of elements. The minus sign of ΔG° demonstrates 
the potential and spontaneity of the act of adsorption, 
which means that the adsorption will take place naturally 
without the need for outside energy. During the solid/
solution interface, a negative ΔS° denotes a reduction in 
unpredictability (Aboulhassan et al., 2018).

Table 3: Temperature-dependent thermodynamic variables.

ΔH° (kJ/mol) ΔS°
(KJ/mol.K)

ΔG°(kJ/mol)
30°C 40°C 50°C 60°C

-5.278 -0.0145 -0.8845 -0.7395 -0.5945 -0.4495

Fig. 8   ln KD vs 1/T(K) Van’t Hoff conspiracy.
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The energy change brought about by the 
transmission of a single mole of a sorbate species 
starting an infinitely diluted solution to the surface of 
a material is referred to as the mean free energy (E) of 
sorption. It offers an understanding of how the adsorbate 
and adsorbent surfaces interact using the following 
equations (Mamelkina et al., 2019).

E = RTLnKD	 (16)

wherein R is the ideal gas standard (8.314 J/(mol. 
K)). The amount of mean free energy is able to reveal 
information about how strongly the adsorbate interacts 
with the adsorbent surface. Because temperature can 
affect the interactions between adsorbate and adsorbent, 
the mean free energy values varied with temperature. 
The binding mechanism is physical if E is less than 8 kJ/
mol; otherwise, it is chemical. Where E exceeds 8 kJ/
mol (Petrie et al., 2015). According to Table 4, as the 
temperature fluctuated between 30°C and 60°C, the mean 
free energy (E) changed from 2.799 to 5.559KJ/mol, 
respectively. The mean free energy values suggest that 
the physical-binding mechanism supported the results 
obtained by ΔHº value.

Table 4: Free Energy (E) at various temperatures.

Temperature °C q (mg/g) KD E(KJ/mol)
30 6.22 0.329101 2.799
40 6.00 0.293399 3.19
50 5.45 0.243957 3.788
60 4.22 0.134181 5.559

4.	 Conclusions
This study’s investigation of LC-AC revealed that 

it has good potential for purging water-based solutions 
of Cr(VI). At pH 3.5 and 40 minutes of contact time, 
the highest ability to adsorb (qe) ever recorded was 
6.22 mg/g.  The results of the kinetic and equilibrium 
analyses indicate that the procedure of binding matches 
the pseudo-second-order and the Langmuir isotherm. The 
uptake method is instantaneous and exothermic in nature. 
The LC-AC’s binding of Cr(VI) is physical in nature, 
according to the estimated values of ΔHº and sorption 
energy (E).
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دراسة الشكل و التركيب الالكتروني واطياف الاهتزاز لبعض مشتقات مركب  1و-3بنزوثيازول 
بواسطة نظرية الكثافة الوظيفية

د.علي الريس
جامعة الحدود الشمالية، كلية العلوم، قسم الكيمياء – عرعر – المملكة العربية السعودية

)قدم للنشر في 2024/01/09؛ وقبل للنشر في 2024/3/05(

مســتخلص البحــث: تــم التعــرف علــى الاشــكال الفراغيــة لبعــض مشــتقات -1,3بنزوثيــازول )BT-1,3( وهــي؛ -2فينيل-1،3-بنزوثيــازول، 2-)2-بيريديــل(-
ــد المســتوى  ــة الكثافــة الوظيفيــة )DFT( عن ــد باســتخدام نظري ــازول، 1،3-بنزوثيازول-2-كربوكســالدهيد و1،3-بنزوثيازول-2-كربونيــل فلوري 1،3-بنزوثي
G(d,p)++311-6. تــم إجــراء حســابات الحالــة المثــارة باســتخدام طريقــة Time Dependent-DFT/6-311++G(d,p). تــم العثــور علــى BT،1-3 فــي 
اثنيــن مــن المتناظــرات الفراغيــة، A form & B form ليكــون  B-form   أكثــر اســتقرارًا مــن الشــكل A form مــع حاجــز الــدوران الــذي يتــراوح مــن 
5.73 كيلــو كالــوري / مــول إلــى 9.78 كيلــو كالــوري / مــول. تــم تحديــد أطيــاف الأشــعة فــوق البنفســجية وطاقــات HOMO-LUMO و التــي تراوحــت 
بيــن 4.70 و3.95 الكتــرون فولــت وبعــض الثوابــت الكيميائيــة الكموميــة العالميــة، علــى ســبيل المثــال الثابــت η لــه قيــم تتــراوح بيــن 2.35 و1.98 لــكل مــن 
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1.	 Introduction
Heterocyclic compounds such as benzothiazoles 

(BT) constituents two fused rings of thiazole and benzene 
(Téllez,López-Sandoval,Silvia,Castillo-Blum,Barba-
Behrens, 2008). Organic and medicinal chemists have 
been fascinated by benzothiazole and its derivatives as 
potential pharmaceuticals. Benzothiazole possesses a wide 
range of biological actions, including anti-inflammatory, 
anti-tumor, anti-HIV, anti-virus, schistosomicidal, anti-
bacterial, and anti-tumor properties.

 The benzothiazole molecule has two distinct 
chromophores: aromatic rings and thiazole. These 
chromophores have intriguing chemical and biological 
features that encourage further study of the compounds. 
Numerous studies on substituted benzothiazoles have 
revealed a range of biological activity and chemical 
reactivity. Pharmacological activity such as antiviral 
(Mubarik, Mahmood, Rasool, Hashmi, Ammar, 
Mutahir, Ali, Bilal, Akhtar, Ashraf, (2022), antibacterial 
(Sathyanara, Karunathan, Kannappan, 2013), 
antimicrobial (Hafizi, Zainal, Mark-lee, Tahir, Ahmad, 
Kassim, 2018), and fungicidal (Mabrouk, Azazi, Alimi, 
2010), are reported for the benzothiazole ring. As anti-
allergic (Zahradník,1990), antidiabetic (Bédé, Koné, 
Kon, Ouattara, Ouattara, Bamba, 2019), anticancer 
(Tahlan, Kumar, Narasimhan 2019), anti-inflammatory 
(Chen, Femia, Babich, Zubieta, 2001), anthelmintic 
(Tariq, Kamboj, Amir 2019), and anti-HIV agents, they 
are also beneficial. Moreover, condensed pyrimido-
benzothiazoles and benzothiazolo-quinazolines exhibit 
antiviral action, while phenyl substituted benzothiazoles 
have anticancer activity (Khokr, Arora, Kha, Kaushik, 
Saini, Husain, 2019; Mishra, Ghanavatkara, Malib, 
Qureshi, Chaudhari, Sekar, 2019; Yagodzinska, 
Yagodzinski, Yablonski, 1980). 

Computational chemistry has emerged as a 
fascinating field in recent years for using a laptop or other 
modern computer to analyze chemical problems (Singhal, 
Mishra, Datta, 2016; Maji, Sengupta, Chattopadhyay, 
Mostafa, Schwalbe & Ghosh, 2001; Coni, Massacesi, 
Ponticelli, Puggioni & Putzolu, 1987; Malik, Manvi, 
Nanjwade, Singh, Purohit, 2010; Gomathi, Vijayan, 
Viswanathamurthi, Suresh, Nandhakumar & Hashimoto, 
2017; Melnik, Mikuš & Holloway, 2013;   Kuramshina, 
Vakula, Vakula, Majouga, Senyavin, Gorb, Leszczynski, 
2016). It is a rapidly developing and informative field that 
works with the mathematical calculation and visualization 
of systems, including pharmaceuticals, polymers, 
biomolecules, and organic and inorganic complexes and 
molecules.

Due to their distinctive electro-optical properties, 
these heterocyclic compounds containing electron-rich 
nitrogen and sulfur heteroatoms have received a lot of 
attention in recent years (Mishra, Ghanavatkara, Malib, 

Qureshi, Chaudhari, Sekar, 2019). In addition to their 
biological and pharmacological features (Malik1, Manvi, 
Nanjwade, Singh, Purohit, 2010; Tong, Fu, Ma,2018; 
Niknam, Hamidizadeh, Nabavizadeh, Niroomand, 
Hoseini, Ford, Abu-Omar, 2019; He, Vogels, Decken , 
Westcott, 2004), benzothiazole derivatives may produce 
a spectrum of colors with good transport properties, 
which makes them suitable for application in light-
emitting diodes (LEDs) as both emissive and electron-
transporting materials (Maji, Sengupta, Chattopadhyay, 
Mostafa, Schwalbe & Ghosh, 2001).

Due to the lack of experimental determination 
of structure and geometries of some 2-substituted 
1,3-benzothiazole (1,3-BT), The present study is to 
theoretically investigate the geometrical structures, 
conformations and spectroscopic properties of 2-vinyl-1,3-
benzothiazole (VBT), 2-(2-pyridyl)-1,3-benzothiazole 
(PBT), 1,3-benzothiazole-2-carboxaldehyde (BTC) and   
1,3-benzothiazole-2-carbonyl fluoride (BTCF). Density 
functional theory (DFT) have been used to perform the 
gas phase calculations for the molecules under study at 
both ground and excited states. Results of the study could 
enable researchers to closely look at these molecules as 
a potential precursor in the preparation of new electro-
optical materials.

2.	 COMPUTATIONAL METHOD
All of the computations have been performed using 

the density functional theory (DFT) technique, which is 
included in the Gaussian 09 program package (Frisch et 
al, 2003). Previous research has demonstrated that the 
molecular geometry, vibrational frequency, and electrical 
characteristics of organic molecules have been accurately 
and consistently determined using DFT methods 
(Dennington, Keith, & Semichem, 2016; Jamroz, 2004; 
El-Rayyes, Umar, 2005; El-Rayyes, Maung, 2005; El-
Rayyes, Maung, 2004). The calculations in this study 
were performed utilizing the 6-311G++(d,p) basis set 
by applying the B3LYP method (El-Rayyes, 2003; El-
Rayyes, 2003).  GaussView (Dennington, Keith, & 
Semichem, 2016) was used to create the initial geometries 
of the molecules under study. After that, unrestricted 
geometry optimization and frequency calculations were 
performed. Figure 1 shows the atom numbering in 1,3-BT 
molecules. 

Further calculations, such as electronic parameter, 
vibrational infrared spectra, and UV-visible spectra of 
the molecules, were subsequently performed using the 
newly optimized structural parameters. The electronic 
absorption spectra were performed using time-dependent 
density functional theory (TD-DFT) . Using the 
polarizable continuum model (PCM) and its integral 
equation formalism variant (IEF-PCM),  the UV-visible 
spectral calculations were performed in methanol (Umar 
and El-Rayyes, 2024). Based on the potential energy 
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distribution as previously mentioned (El-Rayyes, Umar, 
2005; El-Rayyes, Maung, 2005; El-Rayyes, Maung, 
2004; El-Rayyes, 2003; El-Rayyes, 2003; Umar and El-
Rayyes, 2024)], normal vibrational modes were identified 
using the VEDA4 program (Jamroz, 2004). For Gaussian 
software calculations a z-matrix describing the molecular 
geometries is used as a data input file, however, for VEDA 
4 program the optimized frequescies obtained from DFT 
calculations is used as input data file. 

2.1	 Asymmetric torsional potential function
By allowing N=C–CC (N=C–CO in formyl and 

N=C–CN in the pyridyl derivative) torsional angle (φ) 
to vary by 15° increments from 0° (A form, where the 
vinyl double bond (or the carbonyl group) eclipses the 
N=C bond) to 180° (B form, where the vinyl double 
bond (or the carbonyl group) is anti to the N=C bond), 
the potential surface scan for the internal rotation about 
the C–C single bond was obtained. After identifying the 
saddle areas, geometry optimization was performed at 

the transition states. Furthermore, geometry optimization 
was performed at each of the fixed torsional angles (φ) 
[N=C–CC (N=C–CO or N=C–CN)] at 15, 30, 45, 75, 
90, 105, 135, 150, and 165. The torsional potential was 
represented as a Fourier cosine series in the dihedral 
angle (φ):

; where the potential coefficients from V1 to V6 are 
thought to be sufficient to explain the potential function, 
and V0 is the relative energy of the A form. Using the 
recursive least squares method, the six coefficients were 
determined based on the energy optimization results that 
correspond to (φ) of 0°–180°. Table 1 contains a list of the 
data. Figure 2 displays the asymmetric potential functions 
for the internal rotation of the four molecules.

	

	

Figure 1: Atom numbering for optimized structures of 1,3-benzothiazole derivatives
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3.	 RESULT
3.1	 Molecular geometries: 
The DFT-B3LYP optimized geometry parameters for 

the most stable geometrical structure of the molecules are 
given in Table 2. The C-C bond lengths were calculated 
to be in the range of 1.457–1.480 Å, depending on the 
substituent with the least value found in VBT (1.457 Å) 
and the highest value in PBT (1.480 Å) indicating more 
π-bond character in case of VBT. The C=N bond length 
of thiazole ring varies from 1.294 Å in COF substituent 
1.341 Å in 2-pyridyl substituent. This is mainly attributed 
to the charge effect. The slightly longer values in 
2-pyridyl derivative indicated more single bond character 
due to resonating structures. 

When hetero aromatic ring bond distances are 
compared, it becomes clear that due to differences in 
electronegativities between substituents and associated 
atoms the bond distances in hetero aromatic rings are 
diverging dramatically from one another. The S–C7 
bond length is longer than S-C1 bond distance, with 
higher values found in the longest pyridyl derivative 
(1.793 Å) and shortest value found with COF substituted 
BT is 1.768 Å indicating pure single bond. While S-C1 
bond length varies from 1.750 Å to 1.745 Å, an average 
distance for a carbon–sulfur bond and the 1.81 Å which 
indicate that the actual bond order is between one and two 
which is due to conjugative effect in benzothiazole. For 
N=C and N-C2 bond lengths, due to ring strain the N=C 
double bond distance is 1.297 Å, 1.291 Å, 1.298 Å and 
1.294 Å in VBT, PBT, BTC and BTCF respectively. 

Symmetry of the thiazole ring is distorted due to 

substitution effect, yielding ring angles smaller than 
120° at the point of substitution. This fact was clear 
from the calculated S-C-N bond angle in VBT, BTC and   
BTCF, while it was exactly found to equal 120° in PBT, 
this suggests a planar configuration due to conjugation 
between thiazole ring and pyridyl substituent.

 Compared to the benzene ring, the heteroring exhibits 
greater distortion in bond properties. The central atom’s 
electronegativity, the existence of a lone pair of electrons, 
and the conjugation of the double bonds all affect how 
much the bond angle varies. The bond angle decreases with 
decreasing core atom electronegativity. Thus, the bond 
angle C–S–C is very less (88.6°, 88.6°, 87.9° and 87.9°) 
in VBT, PBT, BTC and   BTCF respectively, than the bond 
angle C–N–C (111.9°, 112.0°, 111.0°, 110.8°) in VBT, 
PBT, BTC and   BTCF respectively, which is due to the 
fact that electronegativity of nitrogen is greater than sulfur.

3.2	 Energetics
The B3LYP total energies of the four molecules, VBT, 

PBT, BTC and   BTCF in their stable conformations is 
summarized in Table 3. Free rotation of the C-C bond lead 
to an equilibrium between the A form and B form with the 
B form to be the most stable conformation The corrected 
barrier to interconversion, A form-B form barrier was 
found to be about 5.005 kcal/mol, 7.435 kcal/mol, 5.058 
kcal/mol and 5.390 kcal/mol in VBT, PBT, BTC and   
BTCF respectively.  The high rotational barrier is a result 
of the possible conjugation where the C-C single bond 
could have some π-character. This could be explained in 
terms of electronic effects, where the electron donating 
vinyl group lead to more delocalized double bond.
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Figure 2: The determined potential surface for 2-vinyl-1,3-benzothiazole (solid line), 2-(2-pyridyl)-1,3-benzothiazole (dotted 
line), 1,3-benzothiazole-2-carboxaldehyde (dashed line) and 1,3-benzothiazole-2-carbonyl fluoride(dashed-dotted line)
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Table 1. Calculated potential coefficients (kcal/mol) for internal rotation in substituted 1,3-BT derivatives 
calculated at DFT-B3LYP/6-311++G(d,p) level

Parameter 2-Vinyl-1,3-
benzothiazole

2-(2-Pyridyl)-1,3-
benzothiazole

1,3-Benzothiazole-2-
carboxaldehyde

1,3-Benzothiazole-2-
carbonyl fluoride

V1 -0.787 -0.897 -4.352 -0.416
V2 4.946 5.747 3.100 1.822
V3 -0.450 -0.520 0.193 0.034
V4 -0.293 -0.329 -0.293 -0.137
V5 0.129 0.138 0.129 0.019
V6 0.021 0.019 0.021 0.038

Table 2. Optimized parameters for substituted1,3-BT derivatives calculated at B3LYP /6-311++G(d,p) level of 
theory

 Parametera 2-Vinyl-1,3-
benzothiazole

2-(2-Pyridyl)-1,3-
benzothiazole

1,3-Benzothiazole-2-
carboxaldehyde

1,3-Benzothiazole-2-
carbonyl fluoride

Bond distance (A° )
R(C=C) 1.336 1.402
R(C-C) 1.457 1.480 1.477 1.476
R(C=N) 1.297 1.341 1.298 1.294

R(C7-S13) 1.787 1.793 1.768 1.768
R(N-C2) 1.380 1.291 1.376 1.375

R(S13-C1) 1.750 1.747 1.747 1.745
R(C1-C2) 1.414 1.451 1.418 1.418
R(C=O) 1.209 1.188
R(C-F) 1.348

Valence angles (deg)
∠(SC7N12) 115.0 120.3 116.4 116.6
∠(CSC) 88.6 88.6 87.9 87.9

∠(C7NC2) 111.9 112.0 111.0 110.8
∠(C=C-C7) 126.3 122.2
∠(C-C-S) 122.3 120.3 121.1 118.3
∠(C-C-N) 122.7 124.9 122.5 125.0
∠(O=C=C) 123.9 126.3
∠(OCH) 122.8 121.6

Dihedral Angles (deg)
∠(CCCN) 180.0 180.0
∠(CCCS) 0.0 0.0
∠(OCCN) 180.0 180.0
∠(OCCS) 0.0 0.0

Rotational Constant (MHz)
A 2843.8 1877.7 2868.0 2284.8
B 659.3 297.2 655.4 529.1
C 535.2 256.6 533.5 429.6

Dipole Moment (Debye)
µ 1.09 1.40 3.83 5.25

a Atom numbering are provided in Figure 1
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Table 3: Computed total energies and/or zero-point corrections (hartrees), and relative energy and rotational 
barriers (kcal/mol) in 2-substituted benzothiazole calculated at DFT-B3LYP/6-311++G)d,p)  level

2-Vinyl-1,3-
benzothiazole

2-(2-Pyridyl)-1,3-
benzothiazole

1,3-Benzothiazole-2-
carboxaldehyde

1,3-Benzothiazole-2-
carbonyl fluoride

Total energy

cis -800.2322566 -969.9601537 -836.1577691 -935.4510216

trans -800.2330631 -969.9703854 -836.1648137 -935.451216

TS -800.2239564 -969.9575511 -836.1492803 -935.4419881

Relative energy 0.508 6.446 4.438 0.818

cis–trans Barrier 5.229 1.640 5.348 5.691

trans–cis Barrier 5.737 8.086 9.786 6.509

Zero-point correction

cis 0. 092902 0.064529 0.049464 0.112754

trans 0.092925 0.064508 0.049553 0.112759

TS 0.093258 0.064018 0.049925 0.113230

Corrected relative energy 0.494 6.359 4.382 0.815

Corrected cis–trans barrier 5.005 1.318 5.058 5.390

3.3	 Electronic Properties and Energy Profile
The highest occupied molecular orbitals (HOMO) 

and the lowest unoccupied molecular orbitals (LUMO) 
three-dimensional graphs for the four benzothiazole 
compounds obtained via optimization and frequency 
calculations are shown in Figure 3. The electronic 
characteristics of the four benzothiazole compounds, 
including oscillator strengths and excitation energies, 
were calculated using the TD-DFT/IEFPCM method. 
The HOMO and LUMO patterns and their energies are 
displayed in Figure 3. The absorption spectra of the 
four benzothiazole compounds are displayed in Figure 
4. Every molecule has a unique absorption peak in the 
methanol medium. The electron transfer from the ground 
state to the excited state is correlated with the associated 
excitation energy of each absorption peak. 

The most likely absorption wavelengths for 
benzothiazoles are listed in Table 4, along with the principal 
molecular orbital contributions, oscillator strengths, and 
molecular orbital assignments that correspond to them 
in the methanol medium. The electron transfer from the 
ground state to the excited state is correlated with the 
associated excitation energy of each absorption peak. The 
most likely absorption wavelengths for benzothiazoles 
are listed in Table 4, along with the principal molecular 
orbital contributions, oscillator strengths, and molecular 
orbital assignments that correspond to them.

The electronic excitation wavelengths of the 
envisioned spectra were found to be between 228 and 
370 nm, as shown in Figure 4. It is clear that the different 
absorption wavelengths of the BT compounds are caused 
by the unique electronic characteristics of the substituent. 
The HOMO and LUMO energy values are used to 
determine the global reactivity descriptors, which include 
ionization potentials (IP), hardness (η), chemical potential 
(μ), chemical softness (S), and the electrophilicity index 
(ω). The global reactivity descriptors and the calculated 
HOMO, LUMO, and HOMO-LUMO energy values are 
shown in Table 5.

The lowest energy electronic excitation permitted 
in the molecules under study, recognized as the HOMO-
LUMO energy gap, which is the difference between the 
HOMO and LUMO energies. The electrons ability to move 
determines how energy is distributed properly across 
the molecule in large conjugated systems, stabilizing it. 
Therefore, a lower HOMO-LUMO energy gap suggests 
a more chemically stable system. The energy difference 
between HOMO and LUMO for BT molecules was found 
to be between 4.70 and 3.95 eV. With an energy gap of 
4.70 eV, the vinyl derivative is considered to have more 
chemically stable structure than the formyl derivative, 
which has the least stable structure with HOMO-LUMO 
energy gab of 3.95 eV, as seen in Table 5.
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Table 4: Calculated absorption wavelength (λ), excitation energies (E), and oscillator strengths (f) for 
substituted1,3-BT derivatives at TD-DFT/B3LYP/6–311++ G(d,p)
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303 4.09 0.0645 68 42 -> 43
282 4.40 0.5112 66 41 -> 43
261 4.74 0.0001 99  40 -> 43
240 5.16 0.0003 76 42 ->45
234 5.30 0.0391 46 42 -> 44
229 5.41 0.0005 78 41 -> 45
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304 4.07 0.0801 87  44 -> 47
272 4.57 0.0001 94  42 -> 47
244 5.08 0.0125 89  43 -> 47
228 5.43 0.0474 51 46 -> 50
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Figure 3. HOMO and LUMO patterns for substituted1,3-BT derivatives calculated by B3LYP/6–311++G(d,p).
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The HOMO and LUMO energies can be used to 
calculate many quantum chemical properties, such as 
electronegativity (χ), chemical hardness (η), softness (s), 
potential (μ), and electrophilicity (ω). Since it evaluates 
the resistance to charge transfer, the η, which represents 
the molecule’s propensity for charge transfer, is an 
effective means for validating chemical processes [Umar 
and El-Rayyes, 2024)]. The highest and lowest values of 
η for substituted BT are 2.35 and 1.98 eV, for vinyl and 
formyl substituted BT respectively. Given this, it is easy 
to determine that the softest molecule that is most prone 
to chemical reactions and charge transfer is formyl BT.

A molecule with a higher χ value is an electron 
acceptor that is superior to other molecules. The vinyl 

and COF derivatives have the lowest and highest values’ 
χ values have been determined to be 4.37 and 5.16 eV, 
respectively. The high χ values linked to COF derivatives 
may be primarily caused by the presence of fluoride 
atoms. The alkenyl and aryl groups’ ability to donate 
electrons is the primary cause of the fall in χ parameter 
values observed in both vinyl and pyridyl derivatives.

The electrophilicity index (ω) classifies systems 
according to their capacity of taking away electrons from 
their environment in order to take up additional electronic 
charge. The BT molecules substituted with CHO and 
COF have the largest ω parameter, measuring 6.45 and 
6.72 eV, respectively.

Figure 4: UV spectra of substituted 1,3-benzothiazole molecules.

Table 5 Calculated HOMO and LUMO energies, HOMO-LUMO energy gap, and global reactivity descriptors 
for substituted 1,3-BT

Propertya 2-Vinyl-1,3-
benzothiazole

2-(2-Pyridyl)-1,3-
benzothiazole

1,3-Benzothiazole-2-
carboxaldehyde

1,3-Benzothiazole-2-
carbonyl fluoride

EHOMO (eV) -6.7210 -6.6571 -7.0274 -7.1346
ELUMO (eV) -2.0207 -2.2705 -3.0726 -3.1796

|∆E | = EHOMO - ELUMO  
gap (eV)

4.70 4.39 3.95 3.96

Ionization potentials (I) 6.72 6.66 7.03 7.13
Electron affinity (A) 2.02 2.27 3.07 3.18
Electronegativity (χ) 4.37 4.46 5.05 5.16

Chemical hardness (η) 2.35 2.19 1.98 1.98
Chemical potential (μ) -4.37 -4.46 -5.05 -5.16
Chemical softness (S), 0.21 0.23 0.25 0.25

Electrophilicity index (ω) 4.06 4.54 6.45 6.72

a I = - EHOMO (eV), A = - ELUMO (eV), χ = (I + A)/2 (eV), η = (I - A)/2 (eV), μ = -(I + A)/2 (eV), S = 1/(2η) (eV-1), ω = μ2/2η(eV) 
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3.4	 Vibrational IR spectral properties
For the more stable conformer, the B form conformer, 

figure 5 shows the calculated vibrational spectra for the 
molecules and tables 6 and 7 include the determined 
vibrational wavenumbers and their associated intensities 
as well as the proposed vibrational mode assignments.

3.4.1	 C–H Stretching
Owing to aromatic C–H stretching vibrations, 

Aromatic compounds are known to exhibit numerous 
weak bands in the 3100–3000 cm−1 area (Tariq, 
Kamboj, Amir 2019; Khokr, Arora, Kha, Kaushik, Saini, 
Husain, 2019; Mishra, Ghanavatkara, Malib, Qureshi, 
Chaudhari, Sekar, 2019; Yagodzinska, Yagodzinski, 
Yablonski, 1980). The C–H stretching vibrations in the 
current case are recorded between 3200 and 3140 cm−1. 
In benzothiazoles, an experimental Ar-CH stretching 
vibration of 3056 cm-1 has been reported (Mishra, 
Ghanavatkara, Malib, Qureshi, Chaudhari, Sekar, 2019). 
The region between 1300 and 1000 cm−1 is where the 
aromatic C–H in-plane bending modes of benzene and 
its derivatives are detected. The medium intensity C–H 
out-of-plane bending modes (Tariq, Kamboj, Amir 2019; 
Khokr, Arora, Kha, Kaushik, Saini, Husain, 2019; Mishra, 
Ghanavatkara, Malib, Qureshi, Chaudhari, Sekar, 2019; 
Yagodzinska, Yagodzinski, Yablonski, 1980; Singhal, 
Mishra, Datta, 2016), often capture in the 950–600 cm−1 
range. When it comes to BT, the bands that are seen 
between 1200 and 960 cm−1 are attributed to the C–H in-
plane bending vibrations. Within the range of 1000–600 
cm−1, the C–H out of plane bending mode of benzene 
derivatives is detected. The medium to weak bands 
found at 1014 and 978 cm−1   in the infrared spectrum 
is assigned to the aromatic C–H out of plane bending 
vibrations of BT. There is a significant overlap between 
the in-plane and out-of-plane ring C–C–C bending modes 
and the aromatic C–H bending vibrations.

3.4.2	 C–S Stretching
Because of their high polarizability, the C–S bonds 

exhibit greater spectral activity. The predicted range for the 
C–S stretching vibration is 710–685 cm−1 (Khokr, Arora, 
Kha, Kaushik, Saini, Husain, 2019). Benzothiazoles 
were found to exhibit C-S stretching vibrations with an 
experimental value of 706 -672 cm−1 (Yagodzinska, 
Yagodzinski, Yablonski, 1980). For the molecules under 
investigation, the C–S stretching vibrations have been 
identified in the 682–714 cm−1 area. The computed 
frequencies of 714, 682, 698, and 714 cm−1 are in perfect 
agreement with both the data from the literature and 
experimental observation. The C-S vibration is clearly a 
pure mode, as Tables 6 and 7 demonstrate. Additionally, 
there is an equivalent correlation between the in-plane and 
out-of-plane C-S stretching vibration and experimental 
observations.

3.4.3	 C=N Vibrations
The region 1672–1566 cm−1 is where the C=N 

stretching vibrations (Khokr, Arora, Kha, Kaushik, Saini, 
Husain, 2019; Mishra, Ghanavatkara, Malib, Qureshi, 
Chaudhari, Sekar, 2019) has been observed. For BT 
molecules, the corresponding bands in the IR spectra at 
1634, 1488, 1541, and 1555 592 cm−1 are attributed to 
the C=N stretching vibration. Tables 6 and 7 display the 
bands that correspond to the C–C–C and C–S–C in-plane 
and out-of-plane bending modes of BT. According to 
normal coordinate analysis, there is a noticeable blending 
of C-H and C-C-C in-plane bending. Similarly, there is 
a large overlap between the C–H out of plane bending 
modes and the skeleton out of plane bending modes.

3.4.4	 Ring Vibrations
The benzene ring’s carbon–carbon stretching modes 

are predicted to lie between 1650 and 1200 cm−1, 
and they are typically not highly sensitive to minor 
substituent substitution; however, the frequency gets 
reduced by heavy halogens (El-Rayyes, Umar, 2005; 
El-Rayyes, Maung, 2005; El-Rayyes, Maung, 2004; El-
Rayyes, 2003; El-Rayyes, 2003; Umar and El-Rayyes, 
2024)]. The computed theoretical values for carbon-
carbon stretching modes range from 1653 to 1208 cm−1. 
These values exhibit good agreement with previously 
published experimental data of 1654, 1612, and 1485 
cm−1 (Khokr, Arora, Kha, Kaushik, Saini, Husain, 2019; 
Mishra, Ghanavatkara, Malib, Qureshi, Chaudhari, 
Sekar, 2019; Yagodzinska, Yagodzinski, Yablonski, 
1980). The infrared band at 873 cm−1 corresponds to the 
BT ring’s C–C–C in-plane bending vibrations. Together 
with the C-H in-plane bending vibrations, the C-C in-
plane bending vibrations were observed as a combined 
vibrational mode. In the FTIR spectra for BT, the bands 
corresponding to C–C–C out-of-plane bending vibrations 
are seen at 585 and 531 cm−1.

3.4.5	 C=O vibrations
In the infrared spectra of 1,3-benzothiazole-2-

carboxaldehyde and 1,3-benzothiazole-2-carbonyl 
fluoride, the C=O stretching frequency is identified as 
the most intense band. The most stable trans conformers 
exhibit this line at 1859 cm−1, which was further blue-
shifted for the COF group and identified at 1764 cm−1 for 
the CHO group (mode υ6).
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Figure 5: Vibrational IR spectra of substituted 1,3-BT molecules.
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Table 6: Calculated vibrational wavenumber (cm-1) for 1,3-Benzothiazole-2-carboxaldehyde and 
1,3-Benzothiazole-2-carbonyl fluoride

No
1,3-Benzothiazole-2-carboxaldehyde 1,3-Benzothiazole-2-carbonyl fluoride

IR.a Intensityb Assignmentc (PED ≥ 10%) IRa Intensityb Assignmentc (PED ≥ 10%)
ν1 3202 9.15 νCH(97) 3204 6.55 νCH(82)
ν2 3195 10.72 νCH(90) 3197 9.26 νCH(96)
ν3 3185 5.63 νCH(86) 3187 5.38 νCH(97)
ν4 3173 1.60 νCH(96) 3175 1.70 νCH(97)
ν5 2959 94.23 νCH(100) 1859 1024.48 νOC(100)
ν6 1764 860.19 νOC(93) 1635 10.45 νOC(93)
ν7 1634 11.20 νNC(67) 1588 12.94 νCC(63)
ν8 1588 13.32 νCC(63) 1539 423.21 νCC(55)
ν9 1534 316.16 νCC(71) 1488 14.46 νNC(69)
ν10 1488 14.08 νCC(79) 1453 32.49 νCC(34)+ δHCC(43)
ν11 1454 27.44 νCC(57) 1351 35.30 δCCC(14)+ δHCC(49)
ν12 1371 1.28 νCC(67) 1315 27.77 νSC(64)
ν13 1351 60.67 νNC(69) 1269 34.50 νNC(29)+ δHCC(49)
ν14 1309 0.01 νCC(64) 1242 895.00 νCC(14)+νNC(21)+δHCC(34)
ν15 1267 4.27 νSC(83) 1189 1.90 νCC(29)+νFC(17)+δOCF(13)+δCNC(12)
ν16 1208 415.55 νCC(37)+δCCN(39)  1145 24.57 νCC(18)+δHCC(56)
ν17 1187 15.85 δHCC(68) 1079 199.28 νCC24+δHCC(44)
ν18 1145 28.38 νCC(12)+δHCC(52) 1035 23.24 νSC(17)+δCCC(43)+δHCC(10)
ν19 1071 22.19 νSC(20)+δCCC(46) 999 0.05 νCC(59)+δHCC(18)
ν20 1034 7.88 νCC(67)+δHCC(21) 998 1005.22 τHCCC(76)
ν21 1001 0.67 δHCCS(68)+δOCCS(26) 965 5.75 νFC(43)+δCNC(26)
ν22 995 0.13 δHCCC(64)+τCCCC(11)  883 16.01 τHCCC(80)
ν23 963 6.39 δHCCC(79) 867 4.22 νCC(12)+νNC(16)+δCCC(32)
ν24 881 58.37 νNC(13)+δCCC(58) 777 309.97 HCCC(88)
ν25 867 3.23 τHCCC(83)  749 16.10 τHCCC(67)
ν26 777 260.21 τHCCC(69)+τCCCC(20) 736 58.89 τOCFC(78)+τCNSC(10)
ν27 746 100.31 δCCO(64) 735 146.54 δNCC(25)+δCCF(17)
ν28 738 137.41 τHCCC(43)+τCCCC(36)  715 48.01 τHCCC(20)+τCNSC(35)+τCCCC(16)
ν29 714 6.50 νSC(25)+δCCC(46)  698 9.33 νSC(27)+δCCC(43)
ν30 630 196.64 δCCC(28)+δCCN(31) 596 58.98 νFC(11)+δOCF(38)+δCNC(10)+δNCC(10)
ν31 602 236.60 δCCC(40)+ δCCN(18) 595 2.70 δCCC(56)
ν32 601 0.20 τCCCC(63)+τSCCC(13) 512 0.60 δCCC(56)+τSCCC(13)
ν33 510 1.81 νSC(25)+δSCC(21)+δCCC(28)
ν34 505 5.91 δCCC(15)+τSCCC(58)

a Calculated IR vibrational wavenumbers, cm-1(scaled with 0.9619). b Calculated infrared intensities in km mol-1.
c ν is stretching, δ is bending, and τ is torsion
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Table 7: Calculated vibrational wavenumber (cm-1) for 2-(2-Pyridyl) 1,3-benzothiazole and 2-Vinyl-1,3-
benzothiazole.

No 2-(2-Pyridyl)-1,3-benzothiazole 2-Vinyl-1,3-benzothiazole
IR.a Intensityb Assignmentc (PED ≥ 10%) IRa Intensityb Assignmentc (PED ≥ 10%) cccccccc

ν1 3211 2.37 νCH(93) 3229 6.69 ν(CH) 95
ν2 3198 15.88 νCH(97) 3200 10.19 ν(CH)93
ν3 3195 20.43 νCH(93) 3193 12.99 ν(CH)93
ν4 3191 19.38 νCH(96) 3182 5.87 ν(CH)92
ν5 3180 6.84 νCH(96) 3170 1.18 ν(CH)92
ν6 3175 10.30 νCH(94) 3169 2.87 ν(CH)96
ν7 3169 1.28 νCH(97) 3142 2.08 ν(CH)97
ν8 3155 27.76 νCH(93) 1683 7.57 ν(CC) 62+δ(HCC)10+δ(HCC)11
ν9 1635 6.55 νCC(61)+δHCC(11) 1630 7.78 ν(CC)51
ν10 1623 127.51 νCC(53) 1594 3.52 ν(CC)59 +δ(HCC) 11
ν11 1607 58.12 νCC(62)+δHCC(10) 1541 45.41 ν(SC)11 + ν(NC)63
ν12 1592 12.15 νCC(50) 1487 4.26 δ(HCC)20 +
ν13 1555 73.71 νNC(69) 1462 12.49 δ(HCC) 51+ ν(CC)14
ν14 1494 125.02 νCC(20)+δHCC(16)+δHCN(31) 1442 0.34 δ(HCC)68 + ν(NC)11
ν15 1486 9.62 νCC(29)+δHCC(46) 1346 14.71 ν(CC)64 + δ(HCC)29+δ(HCC)10
ν16 1464 100.07 δHCC(49) 1310 2.95 δ(HCC)10+δ(HCC) 71
ν17 1460 4.01 δHCC(56) 1302 0.45 δ(HCC)14+δ(HCC)59
ν18 1348 80.77 νCC(51) 1266 4.60 δ(CCN)34+ν(CC)10
ν19 1321 7.18 νNC(26)+δHCN(26) 1229 36.37 δ(CCN)17+δ(HCC)24+ν(CC)35
ν20 1313 26.62 νCC(22) 1184 2.90 δ(HCC)17+δ(HCC)66 
ν21 1306 5.41 νNC(59) 1144 3.09 δ(HCC)24+δ(HCC)56
ν22 1279 34.04 νCC(18)+δHCC(27) 1077 2.74 ν(SC)48+δ(CCC)26
ν23 1261 23.83 νNC(28)+δHCC(10) 1038 5.11 ν(CC)19+ν(CC)67
ν24 1185 6.36 νCC(12)+δHCC(66) 1018 16.44 τ(HCCH)94
ν25 1172 14.26 νCC(11)+δHCC(73) 999 23.26 δ(HCC)62
ν26 1144 7.11 νCC(14) + δHCC(41) 986 0.00 τ(HCCC)93
ν27 1114 19.43 νNC(14)+νCC(19)+δHCC(46) 953 0.07 τ(HCCC)87
ν28 1085 18.88 νSC(16)+δCCC(32) 950 45.88 τ(HCCH)97
ν29 1065 6.06 νCC(29)+δCCC(25) 884 4.85 δ(CCC)15+ ν(SC)17+δ(CCC)47
ν30 1036 20.38 νCC(59)+δHCC(26) 862 0.86 τ(HCCS)93
ν31 1016 0.20 τHCCC(73)s 769 56.31 τ(HCCC)94
ν32 1012 29.82 νNC(29)+δCNC(13) +δCCC(41) 730 21.51 τ(CCCC)93
ν33 989 204.46 δCNC(44) 718 4.93 τ(HCCN)96
ν34 985 0.59 τHCCC(69) 716 2.20 ν(CC)53+δ(CCN)18
ν35 984 2.10 τHCCC(73) 682 6.11 ν(SC)14+ν(SC)53+δ(CCN)10
ν36 952 6.52 τHCCC(70)+τCCCC(17) 632 5.92 ν(NC)36+ν(CC)14+δ(HCC) 15
ν37 917 2.94 τHCCC-84 586 1.20 τ(HCCC)91
ν38 874 15.43 νNC(13)+δCCC(23)+δCCC(13) 525 11.65 δ(HCC)22+δ(HCC)52
ν39 860 3.48 τHCCC(84) 509 0.41 ν(CC)45+ν(CC)15+ν(CC)16
ν40 801 175.47 τHCCC(49)+τSCCC(17)τCCCN(20)
ν41 769 284.52 τHCCC(64)+τCCCC(11)
ν42 756 125.75 τHCCC(17) +  τHCCC(24)+τCNCC(41)
ν43 730 87.59 τHCCC(32)+τCCCC (40)
ν44 725 71.84 δCCC(44)+δCCN(12)
ν45 714 45.67 νSC(30)+δCCC(15)+δCCC(23)
ν46 691 12.86 δCCC(17)+δCCC(11)+δCCC(16)+δCCN(13)
ν47 633 47.67 δCCC(73)
ν48 629 21.71 τSCCC(12)+τCCCC(39)+τCCCN(13)
ν49 585 26.92 δCCN(11)+δCCC(17)+δCCC(13)+δCCC(19)
ν50 561 15.78 τCCCC(54)
ν51 511 0.47 νSC(26)+δCCC(47)

a Calculated IR vibrational wavenumbers, cm-1(scaled with 0.9619). b Calculated infrared intensities in km mol-1.
c ν is stretching, δ is bending, and τ is torsion

4.	 Conclusion
The geometrical structure of four substituted 1,3-

BT molecules have been optimized using the B3LYP/6-
31G(d,p) method without any symmetry constraints. 
Simulated UV-vis and IR, spectra were used to describe 
the spectroscopic properties of the molecules. Excited 
state calculations were carried out using the Time 
Dependent-DFT/6-311++G(d,p) method. 

1,3-BT is found to exist in two main conforms, the A 
form and the B form with the B form to be more stable 
than the A form conformer with A to B form rotational 

barrier ranging from 5.73 Kcal/mol to 9.78 Kcal/
mol. Symmetry of the thiazole ring is distorted due to 
substitution effect, yielding ring angles smaller than 120° 
at the point of substitution. 

UV-vis spectra, HOMO-LUMO energies and the 
global quantum chemical parameters were determined. 
Simulated IR spectra were determined with complete 
assignments of the vibrational frequencies. For substituted 
1,3-BT molecules, the energy difference between HOMO 
and LUMO was determined to be between 4.70 and 3.95 
eV which demonstrates that vinyl derivative is chemically 
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more stable structure with an energy gap of 4.70 eV, 
whereas formyl derivative is the least stable, having an 
energy gap of 3.95 eV.

Both VBT and BTC have the highest and lowest 
values of η that is 2.35 and 1.98 eV, respectively. In 
light of this, it is simple to conclude that formyl BT is 
the softest molecule and the most susceptible to charge 
transfer and chemical reactions. In comparison to other 
molecules, a molecule with a greater χ parameter is a 
superior electron acceptor. χ values for both VBT and 
BTCF derivatives were having the lowest and greatest 
values and were determined to be 4.37 and 5.16 eV, 
respectively. The presence of fluoride atom can be the 
main cause for the high χ parameters associated with COF 
derivatives. Values for χ parameters decrease for both 
vinyl and pyridyl derivatives due mainly to the electron 
donating power of the alkenyl and aryl groups.
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Abstract: The saw-toothed grain beetle Oryzaephilus surinamensis (Coleoptera: Silvanidae) is a widespread warehouse pest that 
attacks a range of stored food products. Although chemical pesticides are effective to control this beetle, however, these agents are 
associated with harmful effects on humans and to the environment, indicating the need for safer and ecofriendly alternatives. In the 
present study, we aimed to compare the efficacy of neem (Azadirachta indica) essential oil and its nano-emulsion in the control of 
O. surinamensis adults. Neem essential oil was prepared using a steam distillation method, whereas the nano-emulsion was prepared 
using a non-ionic surfactant. Adults of O. surinamensis were exposed to both preparations, and mortalities were recorded after 24 h. 
The mean nano-emulsion droplet size was found to be 63.94 nm, and electron microscopy revealed that the nanoparticles occur either 
as scattered particles or agglomerated in small groups, with size ranging from 6.94 to 13.9 nm. The lethal concentrations of the neem 
essential oil and its nano-emulsion that cause 50% mortality (LC50) among O. surinamensis adults were 18.2 and 15.7 µL/L of air, 
respectively, indicating that the LC50 of the nano-emulsion against these beetles was 13.7% lower (p < 0.05) than that of the parent 
essential oil. Although, beetles were found to be susceptible to both preparations, the higher efficacy of the nano-emulsion as compared 
to the essential oil indicates that it would be a more promising option for the control of O. surinamensis.
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تقييم سمية الزيت العطري للنيم ومستحلب النانو له ضد الطور الكامل لخنفساء الحبوب 
المنشارية )غمدية الأجنحة: الخنفساء ذات الصدر المنشاري(
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مســتخلص البحــث: خنفســاء الحبــوب المنشــارية تعتبــر مــن آفــات المخــازن عالميــة الانتشــار والتــي تهاجــم مــدى واســع مــن المنتجــات والأغذيــة المخزونــة. 
وبالرغــم مــن فعاليــة المبيــدات الحشــرية الكيميائيــة فــي مكافحتهــا إلا أنهــا ارتبطــت بالعديــد مــن الأضــرار علــى الإنســان وبيئتــه الطبيعيــة. لــذا دعــت الحاجــة 
إلــى البحــث عــن بدائــل للمبيــدات الكيميائيــة تكــون أكثــر أمانــاً وفــي ذات الوقــت صديقــة للبيئــة. وتهــدف دراســتنا الحاليــة إلــى مقارنــة فعاليــة الزيــت العطــري 
ــة بعــد  ــغ للحشــرة وحســاب نســب الإمات ــة الطــور البال ــم معامل ــد ت ــوب المنشــارية. وق ــم لمكافحــة خنفســاء الحب ــت الني ــو لزي ــم مــع مســتحلب النان ــات الني لنب
24 ســاعة. وكان متوســط حجــم قطــرات النانــو التــي تــم تحضيرهــا 63.94 نانومتــر، كمــا تبيــن مــن خــال الفحــص بالمجهــر الإلكترونــي أن جســيمات النانــو 
تظهــر إمــا كجســيمات متناثــرة أو مجتمعــة فــي مجموعــات صغيــرة، وبأحجــام تتــراوح مــا بيــن 6.94 إلــى 13.9 نانومتــر. دلــت النتائــج أن تركيــز الزيــت 
العطــري للنانــو ومســتحلب النانــو لــه والــذي أحــدث 50% مــن الإماتــة للطــور الكامــل للحشــرة هــو 18.2 و15.7 ميكــرو لتر/لتــر هــواء علــى التوالــي، وهــذا 
يظهــر بــأن التركيــز المميــت لخمســين بالمئــة مــن الحشــرات لمســتحلب النانــو قــد كان أقــل بنســبة 13.7% عــن الزيــت العطــري للنيــم ممــا يــدل علــى أنــه 
الأكثــر فعاليــة. وبشــكل عــام أظهــرت نتائــج المقارنــة بيــن الزيــت العطــري للنيــم و مســتحلب النانــو للنيــم قــد يكــون لــه مســتقبلاً واعــداً فــي مكافحــة خنفســاء 

الحبــوب المنشــارية.                                                                                       
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1.	 Introduction
Stored grains and other products often become 

infested with pests that inflict varying degrees of 
damage, which accordingly reduce product quantity and 
quality, thereby resulting in considerable economic loss. 
According to the Food and Agricultural Organization 
(FAO), approximately 17% of food produced annually 
is lost, of which 10% is attributable to insect infestation 
(Stathas et al. 2023). Among pests that affect foodstuffs, 
the saw-toothed grain beetle Oryzaephilus surinamensis 
(Coleoptera: Silvanidae) causes severe damage to 
stored food (Gharsan 2022; Kousar et al. 2021), and 
thus it would be highly desirable to develop effective 
strategies for controlling and eliminating the damage 
caused by this beetle. Although in this regard, chemical 
insecticides are effective to control of O. surinamensis, 
they are associated with a number of potentially harmful 
effects with respect to human health and the environment 
(Kim et al. 2017). Consequently, studies are necessary 
to identify safer and effective alternatives, such as plant 
extracts, for the control of stored product insects (Ahmed 
et al. 2021; Alhaithloul et al. 2023; Garay et al. 2020). For 
example, Gharsan et al. (2018) have reported that onion 
and lavender oils are particularly effective in combating 
grain beetles, resulting in mortality rates reaching 100% 
for onion oil at all concentrations and 90% for lavender 
oil at a concentration of 4 μL/mL. Additionally, Al 
Qahtani et al. (2012) established that among the three 
types of plant powder they assessed, the ginger powder 
was the most effective in combating grain beetles, with a 
lethal concentration that causes 50% mortality (LC50) as 
low as 0.14 mg/g. Neem extracts are among those plant 
extracts that have widely been used and proven to be 
effective in the control of insect pests of stored products 
(Saxena et al, 2018). For example, a study of the efficacy 
of different neem products (those of leaves, seeds, and 
bark) against cowpea beetle (Callosobruchus maculatus) 
infestation in bean seeds revealed that powdered seed 
had the highest protective effect, resulting in the lowest 
weight loss percentage of bean seeds (0.09%) compared 
to that in control group (1.16%) (Rajab & Abdullahi 
2020). Neem contains a range compound with favorable 
bioactive properties, among which terpenoids are the 
most important and can be extracted from different parts 
of the plant. Additionally, azadirachtin has been identified 
as one of the most active biological components in neem 
(da Costa et al. 2014). Moreover, neem contains more 
than 20 sulfur compounds, which are responsible for 
its distinctive odor (Lokanadhan et al. 2012). Recently, 
the efficacy of plant extracts in the control of insects 
has attracted considerable research attention, notably 
in the context of the emergence and development of 
nanotechnology, which has contributed to enhancing 

the stability of active compounds (Hashem et al. 2020; 
Melanie et al. 2022; Palermo et al. 2021). In this regard, 
the toxicities of citronella essential oil and its nano-
emulsion against O. surinamensis have previously been 
evaluated, however, to date, there have been no similar 
studies that have examined the toxicity of neem oil 
against this beetle. Consequently, in this study, we aimed 
to evaluate the efficacy of neem essential oil and its nano-
emulsion against the adults of O. surinamensis. 

2.	 Materials and Methods
2.1	 Insect rearing
Saw-toothed grain beetles (O. surinamensis) were 

collected from infected oats and dates from the market 
of Al-Baha City, Saudi Arabia, and then transferred to 
the laboratory of the Biology Department, College of 
Science, University of Al-Baha. The insect was identified 
by microscopic examination and using identification keys 
(Vendl et al. 2019). The insects were reared on dry dates 
within plastic containers (1 L) in an incubator at 27 ± 
2°C and 65% ± 5% relative humidity and maintained for 
several generations to obtain a sensitive population.

2.2	 Extraction of neem essential oil 
Neem essential oil was extracted from the fresh 

leaves of neem plants (Azadirachta indica, A. Juss, 
1830) collected during July 2019 from the Department 
of Medicinal and Aromatic Plants Research, Institute 
of Horticulture Research (El-Kanater El-Khairia farm), 
Egypt. The extracted oil was purified using a steam 
distillation method. Fresh neem leaves were dried, 
ground, and 100 gm of powder was placed in 300 ml of 
water and then distilled using a Clevenger apparatus for 3 
hours. (Wu et al. 2019).

2.3	 Preparation of a neem nano-emulsion 
A nano-emulsion of the neem extract was prepared by 

mixing 10 mL of neem essential oil with 5 mL of a non-
ionic surfactant (Tween 80), followed by slow stirring 
until a homogeneous mixture had formed. Thereafter, 
the mixture was diluted with 85 mL of water to obtain 
final volume of 100 mL, followed by continuous stirring 
for 30 min using a magnetic stirrer to ensure adequate 
dispersion and complete incorporation. The mixture thus 
obtained was divided into two portions, both of which 
were sonicated at 700 W using a SONOPULS HD 2200 
ultrasonicator (Bandelin, Germany): one portion for 15 
min and the other for 1.5 h. The size of the particles in each 
portion of the 10% neem nano-emulsion were determined 
using a hydrodynamic light scattering analyzer (DLS) 
following storage for 90 d at 27°C (Hassanin et al. 2017).
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2.4	 Determination of nano-emulsion droplet size
The size of the neem nano-emulsion droplets was 

measured at 27 °C using a Zetasizer Nano ZS particle 
sizer (Malvern Instruments, UK). Briefly, prior to 
measurement, 30 µL of the nano-emulsion was diluted 
with 3 mL of water at 25 °C. Molecule size information 
is presented as the mean Z-normal of three independent 
batches of nano-emulsions (Hassanin et al. 2017).

2.5	 Transmission electron microscopy
The samples for transmission electron microscopy 

observation were prepared initially by pipetting a 20-µL 
diluted sample onto a 200-mesh copper specimen grid 
coated in film, followed by incubation for 10 min, with 
subsequent blotting of excess liquid. Thereafter, the grid 
was stained with one drop of 3% phosphotungstic acid 
and allowed to dry for 3 min. Finally, the dried coated grid 
was observed using a Tecnai G20 Super TWIN double-
tilt transmission electron microscope (FEI, Netherlands) 
operated at 200 kV (Hassanin et al. 2017)

2.6	 Fumigant toxicity 
To assess the toxicity of neem essential oil and its 

nano-emulsion against O. surinamensis, 10 adult insects 
(2 weeks old) were placed in 1-L plastic containers, in 
which were suspended filter papers (1 cm × 1 cm) soaked 
with graded concentrations of neem essential oil as well 

as its nano-emulsion (10, 15, 20, and 25 μL/L). Control 
group insects were maintained in containers in which 
untreated filter papers were suspended. The insects were 
exposed to the test materials for 24 h, after which the 
number of dead insects was counted under a microscope. 
The experiments were performed under laboratory 
conditions at 27 ± 2°C with 65% ± 5% relative humidity 
(Gharsan et al. 2022; Malacrinò et al. 2016).

2.7	 Statistical Analysis
The percentage mortality was calculated and 

corrected according to the formula proposed by Abbott 
(1925), as follow:

Percentage mortality of treated insects = (percentage 
of dead insects in the control/total number of tested 
insects) × 100

After calculation of the percentage mortalities, 
the toxicity data were analyzed to determine the 
lethal concentration to 50% of the insects (LC50; Ldp 
line) using probit analysis (Finney 1952). Significant 
differences between the groups were determined by one-
way ANOVA, followed by Tukey’s honest significant 
difference (HSD) tests, and statistical significance was set 
at p < 0.05. All statistical analyses were performed using 
SPSS (USA-based IBM Corp.). 

3.	 Results
3.1	 �Droplet size and polydispersity of the neem nano-emulsion  
The mean droplet diameter of the prepared neem nano-emulsion was 63.94 nm (Fig. 1), and the value of the 

polydispersity index, an indicator of polydispersity and a measure of the regularity and stability of droplet size, of this 
preparation was found to be 0.364.

Figure 1. Mean droplet size (nm) of neem nano-emulsion.
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3.2	 Characteristics of neem nano-emulsions
The shape and size of the nanoparticles, which were determined from transmission electron micrographs, revealed 

that the particles are dark and spherical, and they appeared either as single scattered particles or in small clusters ranging 
in size from 6.94 to 13.9 nm (Fig. 2).

Figure 2. Representative transmission election microscopy image of neem nano-emulsion

3.3	 Toxicity of neem essential oil against O. surinamensis adults 
The essential oil of neem showed a concentration-dependent increase in toxicity against O. surinamensis adults, 

with mean mortality rates of 8%, 28%, 57%, and 81% , being recorded at concentrations of 10, 15, 20, and 25 µL/L, 
respectively (Table 1 and Fig. 3). On the basis of these findings, the LC50 and LC95 values of neem essential oil against O. 
surinamensis adults were calculated as 18.2 and 35.5 µL/L, respectively.

Figure 3. Regression line of Log concentration-mortality of neem essential oil on Oryzaephilus surinamensis adults.
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Table 1 Toxicity of neem essential oil and neem nano-emulsion against Oryzaephilus surinamensis adults
Sig.SlopeLC95LC50Sig.Mean toxicity 

(percentage) 
Conc.

µL/L of air
0.025.735.518.2a*0.782810Essential oil of neem

2815
5720
8125
0Control

10.622.615.7b0.0313.310Neem nano-emulsion
2515

91.620
10025
0Control

* Different letters following values in the same column indicate statistically significant differences at the p < 0.05 level.

3.4	 Toxicity of neem nano-emulsion against O. surinamensis adults
Consistent with the parent oil, the neem nano-emulsion was found to show a concentration-dependent increase in 

toxicity against the insects, with mean mortalities ranging from 3.3% to 100% at concentrations from 10 to 25 µL/L of air 
(Table 1 and Fig. 4), and an LC50 value of 15.7 µl/L.

Figure 4. Regression line of Log concentration-mortality of neem nano-emulsion on Oryzaephilus surinamensis adults.

4.	 Discussion
In this study, it has been observed that the neem essential 

oil was effective in eliminating O. surinamensis, which 
is consistent with the findings of previous studies that has 
evaluated the exterminatory effects of neem against insect 
pests of stored products (Mantzoukas et al. 2020; Muhammad 
& Kashere 2020; Onu et al. 2015). Neem contains range of 
active substances, which are presumed to contribute to the 
efficacy of neem extracts in controlling insects, among which, 
the limonoids present in neem are believed to be responsible 
for its insecticidal properties. Although azadirachtin has 
been identified as the most active compound in neem, other 
limonoids may also contribute in enhancing its activity and 
efficacy, as well as to preventing insect resistance (Iqbal et 
al. 2021). Compared with that of the neem oil, we noted a 
13.7% reduction in the LC50 of the nano-emulsion against 
O. surinamensis adults, thereby indicating that the nano-
emulsion was more effective than its parent essential oil in 
controlling these beetles. These results are consistent with 
previous findings indicating that the conversion of essential 
oils to nano-emulsions enhances their efficacy in eliminating 

insects (Giunti et al. 2019; Gharsan et al. 2022; Manjesh et 
al. 2022; Palermo et al. 2021; Sabbour 2020). For example, 
da Costa et al. (2014) found that the mortality of Zabrotes 
subfasciatus increased when exposed to nanocomposites of 
neem extract, and also noted that the compounds were more 
stable than the parent extract. 

In the present study, we obtained a value of 63.94 
nm for the mean droplet size of the prepared neem 
nano-emulsion, which is within the 20–200 nm droplet 
size range, considered to be suitable for a good nano-
emulsion (Ibrahim 2020; Ostertag et al. 2012). The neem 
nano-emulsion was prepared using a surfactant (Tween 
80), which has been reported to ensure the stability of 
emulsions of essential oils (Mansouri et al. 2021). For 
example, Ali et al. (2017) have confirmed that the use of 
Tween 80 in combination with high-energy sonication 
promoted the formation of a stable and durable nano-
emulsion. In addition, to enhance the stability of plant 
extracts, there are certain other advantages also associated 
with the use of nano-emulsions in the field of pest 
control, including an increased solubility of the active 
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constituents and enhanced wettability during application 
(Mustafa & Hussein 2020). Moreover, the small size of 
the nanoparticles comprising nano-emulsions facilitates 
active constituent penetration through the insect cuticle, 
thereby enhancing their ability to eliminate insects 
(Margulis-Goshen & Magdassi 2013). However, one of 
the limitations of the present study is that all experiments 
were conducted under laboratory conditions, and 
consequently, it is necessary to further validate our 
findings under actual storage conditions.

Conclusively, the findings of this study will make a 
valuable contribution to the field of pest control, and in 
particular control of the pests of stored products, as plant 
extract nanoparticles have shown to possess a number 
of important advantages. Moreover, the continued 
application of nanotechnology will no doubt contribute to 
the discovery of other effective compounds for control of 
the insect pests of stored products.

5.	 Conclusions
In this study, we compared the pesticidal activities 

of a neem essential oil and its nano-emulsion against 
the adults of O. surinamensis. The conversion of 
neem essential oil to a nano-emulsion was found 
to significantly enhance its toxic effects against O. 
surinamensis. Although the efficacy of natural plant 
products in controlling insects is often attributable to the 
action of their active compounds, these plants products 
and their bioactive compounds tend to be unstable and 
are susceptible to deactivation or degradation by multiple 
factors. However, converting compounds of plant origin 
to a corresponding nano form can enhance their stability, 
thereby making them more promising candidates for 
the control of insect pests. Moreover, nano-emulsions 
can be incorporated as a complementary component of 
integrated pest management programs.
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هـ

شروط النشر

أولًا:   ضوابط النص المقدم للنشر
.)A4( صفحة من القطع العادي )ألا تزيد صفحاته عن )35  )1

أن يحتوي على عنوان البحث وملخصه باللغتين العربية والإنجليزية في صفحةٍ واحدةٍ، بحيث لا يزيد عن )250( كلمة   )2
للملخص، وأن يتضمن البحث كلمات مفتاحيةٍ دالةٍ على التخصص الدقيق للبحث باللغتين، بحيث لا يتجاوز عددها )6( 

كلمات، توضع بعد نهاية كل ملخص. 
أن يذكر اسم المؤلف وجهة عمله بعد عنوان البحث مباشرة باللغتين العربية والإنجليزية.   )3

أن تقدم البحوث العربية مطبوعة بخط )Simplified Arabic(، بحجم )14( للنصوص في المتن، وبالخط نفسه بحجم )12(   )4
للهوامش.

أن تقدم البحوث الإنجليزية مطبوعة بخط )Times New Roman( بحجم )12( للنصوص في المتن، وبالخط نفسه بحجم   )5
)9( للهوامش.

2.5 سم على  الحواشي  السطور، وتكون  ترك مسافة سطر واحد بين  الصفحة، مع  البحث على وجه واحد من  كتابة   )6
الجوانب الأربعة للصفحة، بما يعادل 1.00 إنش )بوصة(.

التزام الترتيب الموضوعي الآتي:   )7
       المقدمـــة: تكون دالة على موضوع البحث، والهدف منه، ومنسجمة مع ما يَرِدُ في البحث  من معلومات وأفكار وحقائق 

علمية، كما تشير باختصار إلى مشكلة البحث، وأهمية الدراسات السابقة. 
         العـرض: يتضمـن التفاصيـل الأساسـية لمنهجيـة البحـث، والأدوات والطـرق التـي تخـدم  الهدف، وترتب المعلومات حسـب 

أولويتها. 
        النتائج والمناقشة: يجب أن تكون واضحة موجزة، مع بيان دلالاتها دون تكرار. 

        الخاتمة: تتضمن تلخيصًا موجزًا للموضوع، وما توصل إليه الباحث من نتائج، مع ذكر التوصيات والمقترحات.
أن تدرج الرسوم البيانية والأشكال التوضيحية في النص، وترقم ترقيماً متسلسلًا، وتكتب أسماؤها والملاحظات التوضيحية   )8

أسفلها.
أن تدرج الجداول في النص، وترقم ترقيماً متسلسلًا، وتكتب أسماؤها أعلاها، وأما الملاحظات التوضيحية فتكتب أسفل   )9

الجدول.
ألا توضع الهوامش أسفل الصفحة إلا عند الضرورة فقط، ويشار إليها برقم أو نجمة، ويكون الخط فيها بحجم )12(   )10

للعربي و )9( للإنجليزي.
لا تنشر المجلة أدوات البحث والقياس، وتقوم بحذفها عند طباعة المجلة.  )11

والتاريخ  الاسم  ذكر  يعتمـد  نظام  وهـــو   ،)APA( نظام  النص  داخل  والمراجـــع  المصــادر  توثيق  منهج  في  يُراعى  أن   )12
)name/year( داخل المتن، ولا يقبل نظام ترقيم المراجع داخل النص مع وضع الحاشية أسفل الصفحة، وتوضع المصادر 
والمراجع داخل المتن بين قوسين حسب الأمثلة الآتية: يذكر اسم عائلة المؤلف متبوعا بفاصلة، فسنة النشر، مثلا: )مجاهد، 
1988م(. وفي حالة الاقتباس المباشر يضاف رقم الصفحة مباشرة بعد تاريخ النشـر مثلا: )خيري، 1985م، ص:33(. أما 
إذا كان للمصدر مؤلفان فيذكران مع اتباع الخطوات السابقة مثلا: )الفالح وعياش، 1424هـ(. وفي حالة وجود أكثر من 
مؤلفين فتذكر أسماء عوائلهم أول مرة، مثلا: )مجاهد والعودات والشيخ، 1408هـ(، وإذا تكرر الاقتباس من المصدر نفسه 
فيشار إلى اسم عائلة المؤلف الأول فقط، ويكتب بعده وآخرون مثل: )مجاهد وآخرون، 1408هــ(، على أن تكتب معلومات 

النشر كاملة في قائمة المصادر والمراجع.
تخرج الأحاديث والآثار على النحو الآتي:  )13

      )صحيح البخاري، ج:1، ص: 5، رقم الحديث 511(.
توضع قائمة المصادر والمراجع في نهاية البحث مرتبة ترتيباً هجائياً حسب اسم العائلة، ووفق نظام جمعية علم النفس   )14
الأمريكية )APA( الإصدار السادس، وبحجم )12( للعربي و)9( للإنجليزي، وترتب البيانات الببليوغرافية على النحو 

الآتي: 
        •     الاقتباس من كتاب لمؤلف واحد:

الخوجلي، أحمد. )2004م(. مبادئ فيزياء الجوامدمبادئ فيزياء الجوامد. الخرطوم، السودان: عزة للنشر والتوزيع.

        •     الاقتباس من كتاب لأكثر من مؤلف: 
الرياض،  للتعليم والتعلم.  التعليمية  للتعليم والتعلمالتقنية  التعليمية  التقنية  )1434هـ/2013م(.  نيوباي، تيموثي؛ ستيبتش، دونالد؛ راس، جيمس.   

المملكة العربية السعودية: دار جامعة الملك سعود للنشر.
        •     الاقتباس من دورية: 

النافع، عبداللطيف حمود. )1427هــ(. أثر قيادة السيارات خارج الطرق المعبدة في الغطاء النباتي بالمنتزهات البرية: 
دارسة في حماية البيئة، في وسط المملكة العربية السعودية. المجلة السعودية في علوم الحياةالمجلة السعودية في علوم الحياة، 14)1(، 72-53.

        •     الاقتباس من رسالة ماجستير أو دكتوراه: 
القاضي، إيمان عبدلله. )1429هـ(. النباتات الطبيعية للبيئة الساحلية بين رأسي تنورة والملوح بالمنطقة الشرقيةالنباتات الطبيعية للبيئة الساحلية بين رأسي تنورة والملوح بالمنطقة الشرقية: 
دراسة في الجغرافيا النباتية وحماية البيئة. رسالة دكتواره غير منشورة، كلية الآداب للبنات، الدمام، المملكة العربية 

السعودية: جامعة الملك فيصل. 
        •     الاقتباس من الشبكة العنكبوتية (الإنترنت(:  

              - الاقتباس من كتاب: 
ــي  ــرِّف  الرقمـ ــي. المعـ ــم العالـ ــات التعليـ ــي مؤسسـ ــم الأداء فـ ــيتقييـ ــم العالـ ــات التعليـ ــي مؤسسـ ــم الأداء فـ ــي، م.ف. )2010م(. تقييـ ــي، م.ر. و المدنـ المزروعــــــــــــ
)DOI:10.xxxx/xxxx-xxxxxxxx-x(، أو برتوكـــول نقـــل النصـــوص التشـــعبي )...http://www(، أو الرقـــم المعيـــاري 

الدولـــي للكتاب  
                - الاقتباس من مقالة في دورية: 

المدني، م.ف. )2014(. مفهوم الحــوار في تقريب وجهات النظر. المجلة البريطانية لتكنولوجيا التعليمالمجلة البريطانية لتكنولوجيا التعليم، 11)6(، 
 )http://أو برتوكول نقل النصوص التشعبي )DOI:10.xxxx/xxxx-xxxxxxxx-x( 225-260. المعرِّف الرقمي
 )ISSN: 1467 - أو الرقم المعياري التسلسلي الدولي للمجلة ،onlinelibrary.wiley.com/journal/10.1111(

 .8535(
يلتزم الباحث بترجمة )أو رومنة( أسماء المصادر والمراجع العربية إلى اللغة الإنجليزية في قائمة المصادر والمراجع. 

وعلى سبيل المثال: 
الجبر، سليمان. )1991م(. تقويم طرق تدريس الجغرافيا ومدى اختلافها باختلاف خبرات المدرسين وجنسياتهم 
وتخصصاتهم في المرحلة المتوسطة بالمملكة العربية السعودية. مجلة جامعة الملك سعودمجلة جامعة الملك سعود-- العلوم التربوية العلوم التربوية، 3)1(، 

 .170-143
Al-Gabr, S. )1991(. The Evaluation of Geography Instruction and the Variety of its Teaching 
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