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Abstract 

 

Cavitation is mostly unwanted in applications due to its unpredictable and distorting effect on fluid flow. 

On the other hand, its modelling is expensive in terms of time and computational power in general. 

Regarding this a tendency for using an open source software such as OpenFOAM is emerging as a 

promising tool for both predicting and analyzing cavity formation. In this study, validation and 

verification of an OpenFOAM solver is investigated for cavitation in microchannels.  Experiments are 

carried out as well for comparison with computational results. During the experiments the cavity 

formation was efficiently captured by observing the fluorescent particle flow. Overall, computational and 

experimental results are compared to investigate the capability of OpenFoam for the chosen conditions. 

 

Keywords: Cavitation, Computational Fluid Dynamics, Microchannels, Open Source,  

 

1. Introduction 

 

Cavitation, as a chaotic phenomenon and is generally 

defined as the phase change of the fluid flow by 

nucleation, growth, and collapse of a vapor bubble in 

regions where pressure drop is rapid and high [1]. Its 

damaging effects are undesired in most of the 

applications that include high speed fluid flow such as 

nozzles [2], hydraulic machinery [3] and diesel 

engines [4]. 

 

On the other hand, cavity formation within a 

microchannel can have several applications in particle 

and cell manipulation due to the vortex formation 

around them. Some studies in literature focused on 

forming microvortices within microfluidic channels by 

utilizing a cavity-like channel geometry for such 

applications [5-9]. For instance, Kamalakshakurup 
showed the controlled formation of microvortices to 

trap microparticles [5], Shen et al. studied the 

circulating particles in microvortices [6], Kim et al. 

utilized the formation of vortices for rapid mixing of 

reagents in production of hybrid nanoparticles [7], Shen 

et al. showed trapping of particles by using 

microcavities within a microchannel [8, 9]. Formation 

of cavity by controlling flow can also be useful for these  

 

 

studies which would eliminate the need for complex 

geometries.   

 

Cavitating flow in microchannels has been investigated 

by researchers; some of this work was experimental [10, 

11]; while most of them were focused on the numerical 

modelling of this phenomenon [12-14]. Rooze et al, 

studied pressure gradients in 100 × 100 µm2 channels 

with cavitation by using computational fluid dynamics 

software [12]; Egerer et al. performed large-eddy 

simulations for studying cavity formation in a throttle 

geometry where turbulence behavior is analyzed and 

compared with experimental work [13], and Ghorbani et 

al. studied cavitating nozzle flow in microchannels with 

high Reynolds numbers by numerical methods [14], 

Osterman et al. investigated the effect of channel aspect 

ratio on the formation of cavities by both numerically 

and experimentally where they used COMSOL 

Multiphysics software [15]. 

 

However, modeling of cavitation is expensive in terms 

of both computational power and time. To minimize this 

cost, usage of an Open-Source software is emerging [16, 

18]. OpenFOAM, is becoming one of the most preferred 

tools due to its compatibility with C++ language and 

user-friendly structure [19].  

 

mailto:*yeganerdem@bilkent.edu.tr
https://orcid.org/0000-0001-9820-7592
https://orcid.org/0000-0002-0929-4995
https://orcid.org/0000-0001-9852-2293
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Different than the studies in literature, this work uses 

the OpenFOAM solver interPhaseChangeFOAM to 

examine cavity formation and verification in 

microchannels. Its findings can also be extended for 

applications in microchannels as well as in industry 

where a quick and low-cost analysis is required.  
 

2. Materials and Methods 

2.1 Computational Model 
 

For solving the cavitating flow, the geometry shown in 

Figure 1 is used which is a modification of the former 

geometries studied in the literature [20-21]. Solution 

domain is given in Figure 1 with its dimensions. 

Microchannels with this geometry are fabricated for 

obtaining experimental results used for comparison. 
 

 
 

Figure 1. Geometry used for experimental and 

computational studies. 
 

Mesh is generated with using OpenFOAM’s blockMesh 

and refineMesh utilities. Since the solution of the wall is 

only of interest in throttle section, first layer thickness is 

calculated, and cells are generated regarding the 

minimum thickness; then refinement levels are used for 

solving the model. There are around 360e3 cells at the 

final mesh. Generated mesh is shown in Figure 2. 

 

Figure 2. Mesh generated for computational solution. 

 

Among the OpenFoam’s several different solvers 

interPhaseChangeFoam is chosen for this case with 

using total pressure as inlet, static pressure as outlet and 

no slip as wall boundary conditions. 

 

2.2 Experimental Set-Up and Fabrication 

 

Experimental set-up used for observing the cavitation 

phenomena includes a pressure pump to maintain a 

constant fluid flow and a high-speed camera for 

capturing the images of flow. The schematic of the set-

up is shown in Figure 3. 

 
 

Figure 3. Schematic of the experimental set-up. 

 

Microfluidic devices were fabricated with a 

conventional soft-lithography technique where initially 

a master mold is made in clean room by using negative 

photoresist SU-8 and later pouring 

polydimethylsiloxane (PDMS) into this mold and finally 

curing to obtain the channel geometry. At the last step, 

these channels are bonded to a glass slide for 

encapsulation. Figure 4 shows the fabricated PDMS 

channel under the optical microscope.   
 

3. Results and Discussion 
 

During the experiments, high speed camera was used to 

capture the fluid flow at a rate of 8-16 frames per 

second. Flow was maintained by supplying an input 

pressure at the channel entrance with a pressure pump 

where the value was variated from 1 bar to 6.5 bars. It is 

seen that for lower input pressure values, flow does not 

encounter any phase change, therefore cavity does not 

form. Representation of these flows are given in Figure 

4 for 3 bars. It is seen that these flows have a regular 

steady state flow behavior. 
 

 
 

Figure 4. Steady flow with 3 bars input pressure 

without cavity formation. 



 

              Celal Bayar University Journal of Science  
              Volume 17, Issue 3, 2021, p 223-227 

              Doi: 10.18466/cbayarfbe.828275                                                                                             E. Y. Erdem 

 

225 
 

As the input pressure is increased however, flow 

characteristics change. For example, for higher pressure 

values (4-5 bars), bubbles begin to occur and fade away. 

The moment at which a bubble occurs is captured and 

marked in Figure 5. 

 

 
 

Figure 5. Vapor bubble occurrence at 4 bars. 

 

For 5-6 bars at the inlet, number of bubbles double. 

Same behavior is also observed in computational 

results. Figure 6a shows the experimental results while 

Figure 6b shows the CFD results for multiple cavity 

formation. 

 

 
(a) 

 
(b) 

 

Figure 6. Comparison of simulation and experimental 

results. (a) Cavity formation observed during an 

experiment, (b) cavity formation observed in 

computational work. 

 

For the higher velocities, formation of bubbles increases 

since pressure drops to lower values however since the 

flow is highly chaotic bubbles occur and disappear 

suddenly. Same pattern is also observed in the 

simulation results. An image obtained during an 

experiment with high velocity is given in Figure 7.  

From both experimental and the simulation visuals, it is 

seen that the flow forms a symmetrical elliptic pattern, 

which shows that the model is solving the flow field 

correctly and the given boundary conditions are 

satisfying the experimental conditions. 

 

 
 

Figure 7. Low-density zones observed in experiment 

and simulation. 

 

Cavitation behavior is also investigated using 

fluorescent latex beads, which are yellow-green 

carboxylate-modified polystyrene; this clarified the 

formation of cavity and enabled a better comparison 

with simulation results. With this way streamline is 

clearly observed unlike regular high speed camera 

visuals. This method has shown better performance in 

visualizing the experiments than any previously 

suggested methods in literature. 

 

In this manner, from Figure 8a, the region of vortex is 

clearly seen at the initial time steps and the movement 

of the vortex region is shown in Figure 8b. The cavity 

formation is observed with a darker region, where there 

is no liquid flow and therefore no fluorescent bead. 

 

4. Conclusion 

 

In this study, both simulations and experiments were 

conducted under the same boundary conditions to 

observe cavity formation in a microfluidic channel. The 

experimental set-up consisted of a pressure pump, a 

microfluidic chip and a high-speed camera.  

The visualization of flow was facilitated by using 

fluorescent particles dissolved in water; which presents 

a novel approach for capturing the low-pressure zones 

in the flow.  

 

When the experiments were compared with simulations, 

it is seen that there is a great resemblance between the 

two results. However, since cavitation is a chaotic flow, 

these similarities were only captured at the regions 

closer to the formation zone. Therefore, as a future 

work, by adding local pressure and velocity sensors, 
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numerical data for these low-pressure regions can be 

obtained in addition to the image-based comparisons 

presented in this paper.  

 

 
(a) 

 
(b) 

 

Figure 8. (a) Vortex region and (b) its movement with 

fluid flow.  
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Abstract 

 

Testing laboratories need to verify their test procedures and testing capability for reliable results. In this 

study, equivalent samples are prepared with elastomer materials. This paper has described the evaluation 

of tensile test results of elastomer material specimens tested according to ISO 37 and DIN 53504 

standards. The proficiency test conditions, test equipment and the results were evaluated according to TS 

EN ISO/IEC 17043 standard. Finally, the Z scores of the participant laboratories were presented. 

 

Keywords: Proficiency test (PT), plastic material, tensile test, ISO 37, DIN 53504, EN ISO/IEC 

17043 

 

1. Introduction 

 

General conditions for the competence of test and 

calibration laboratories TS EN ISO / IEC 17025 

standard has been defined. It includes the evaluation, 

approval and subsequent inspection of the technical 

competence of the laboratory according to the necessary 

criteria by an internationally recognized and authorized 

organization to ensure that the tests and analyzes are 

carried out with TS EN ISO / IEC 17025 accreditation 

[1]. 

 

A proficiency test is defined as one of the accreditation 

requirements. Interlaboratory comparisons and 

proficiency tests (PT) are important tools in assessing 

the technical competence of calibration and 

experimental laboratories. This issue is specified in TS 

EN ISO / IEC 17025, TS EN ISO / IEC 17043 and 

ASTM E 1301 standards [1-3] and TURKAK document 

[4]. It is a requirement of TURKAK that accredited 

laboratories or laboratories applying for accreditation 

participate in the PT program and / or inter-laboratory 

comparisons regarding the measurement sizes within the 

scope of accreditation and achieve successful results. 

 

In this study, the proficiency test was carried out in the 

field of tensile testing of elastomer materials in 

accordance with ISO 37 and DIN 53504 [5,6] standards. 

Participating laboratories have carried out the required 

experiments using their material testing machines. The  

 

measurement results were sent to the Vestel laboratory 

in the required format, and Vestel prepared the 

proficiency test report by evaluating the results from the 

laboratories. 

 

In this study, the results obtained during the proficiency 

test were discussed, in particular, an analysis was 

applied in accordance with the TS EN ISO / IEC 17043 

standard to evaluate the differences between the average 

values of test results from different laboratories. 

 

2. Technical Protocol 

 

First of all, proficiency test technical protocol was 

prepared and sent to all participating laboratories. The 

technical protocol is prepared to include the preparation 

of test samples, distribution to laboratories, timetable 

for tests, test reports and test requirements according to 

ILAC P9 and ISO/IEC Guide 43-2 [7,8]. 

 

2.1. Participants 

Three different test laboratories in Turkey participated 

in this proficiency test. The proficiency test was started 

on 15.06.2020 and completed on 29.06.2020. 

Measurements were completed in accordance with the 

planned time schedule. 

 

2.2. Samples and Test Conditions 

The sample materials are the standard raw material used 

in the washing machine gaskets obtained from rubber 

mailto:kemal.kus@vestel.com.tr
https://orcid.org/0000-0001-8189-0196
https://orcid.org/0000-0001-8189-0196
https://orcid.org/0000-0001-6848-2681
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known as EPDM-01 A in the market. The samples were 

prepared from elastomer material with the same 

chemical composition and dimensions in accordance 

with ISO 37 Type-2 and DIN 53504 S2 (Figures 1a and 

1b). The samples were cut by stamping using the 

appropriate cutting die in the standard. 5 samples were 

sent to each participant by numbering appropriately. 

After the prepared samples are transferred to the 

relevant laboratory, the laboratory has been made to test 

as soon as possible. The parameters given in ISO 37 and 

DIN 53504 standards were used for the necessary 

conditions during the proficiency tests. In the tests, the 

elongation measurements were obtained from the values 

obtained from the moving table of the machine and the 

stress values were obtained by dividing the values 

obtained from the force measuring device on the 

machine by the test sample cross-sectional area. The test 

speed was used as 500 mm/min. The grip to grip 

distance was used taken 50 mm. 

 

 

Test sample type 
Type 

1 

Type 

1A 

Type 

2 

Type 

3 

Type 

4 

Test sample 

length (1) (mm) 

25 ± 

0,5 

20 ± 

0,5* 

20 ± 

0,5 

10 ± 

0,5 

10 ± 

0,5 
*The length of the test should not exceed the length of the 

narrow part of the test piece. (Dimension of C in Table 2). 

Figure 1a. Tensile test specimen type - Type 2 (ISO 37) 

 

 
Test sample type 

Dimension (mm) 
S 1 S 2 S 3 S 3A 

length, 1 115 75 35 50 

b k 25 12,5 6 8,5 

l s 33 25 12 16 

b 6 4 2 4 

r1 25 12,5 3 10 

r2 14 8 3 7,5 

a 2± 0,2 2± 0,2 1± 0,1 2± 0,2 

L0 25 20 10 10 

Figure 1b. Tensile test specimen type - S2 (DIN 53504) 

 

 

Figure. 1c. Tensile test device photo, sample, 

extensometer and force measuring device 

 

Laboratories that have the infrastructure and that are or 

will be accredited by TURKAK participated in the 

proficiency test. In order to keep their identities 

confidential, the results are given with the lab code 

 

3. Results and Discussion 

 

After completing the tests by each laboratory, the test 

reports were sent to the Vestel laboratory. Vestel 

laboratory evaluated all test reports according to TS EN 

ISO / IEC 17043 and ISO 13528 [9].  standards. In 

given figures and tables, each laboratory is represented 

with a letter as A, B, C. The measurement results are 

prepared using documents from the laboratories 

participating in the proficiency test and the distributions 

between the values declared by the participants are 

given in the tables below. In addition, statistical data 

and results were created in accordance with the 

requirements of the TS EN ISO / IEC 17043 standard. 

Homogeneity and stability tests were carried out for the 

samples according to ISO 5725-1 ,ISO 5725-2 and ISO 

5725-4 [10,11,12] standarts. However, the details are 

not given in this study. 

 

Measurement results of participating laboratories in 

accordance with the ILAC-P10 [13] policy; calculated 

according to the following formula specified in the 

standard of TS EN ISO / IEC 17043. 
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Z score is taken as an assessment method of the 

evaluated results. The Z score is calculated according to 

below equation: 

 



Xx
z

−
=

                         (3.1) 

X  :   Reference value             

x  :  Participating in the laboratory result 
  : Standard deviation for proficiency testing 

evaluation 

 

Criteria for performance evaluation should be 

established after taking into account whether the 

performance measure involves certain features. The 

features of z scores for performance evaluation are as 

follows;  

 

| z | < 2.0 shows adequate performance and does not 

generate a warning signal.  

 

2.0 < | z | < 3.0 shows questionable performance and 

generates a warning signal, the problem should be 

investigated.  

 

| z | > 3.0 shows poor performance and corrective action 

should be implemented. 

 

The robust test method was used to determine the 

assigned value. After the proficiency test program was 

completed, the robust method was applied statistically 

to the results obtained. While applying the method, 

regardless of the value, the results were not eliminated 

and used as they were, but the assigned value was 

determined by reducing the effect of the extreme values 

with the help of the method. The following steps were 

followed during the implementation process. The p 

pieces of data (delivered results) belonging to the 

participants are listed in ascending order from smallest 

to largest as follows:   

 

𝑥1, 𝑥2, … , 𝑥𝑖 , … , 𝑥𝑝−1, 𝑥𝑝 

 

The robust mean (x*) and robust standard deviation (s*) 

premise values of these data are calculated as follows:  

 

𝑥∗ = 𝑥𝑖 median (median) of the data (i = 1,2,… p) The 

median of the values  

 

s* = 1,483 (| 𝑥𝑖 - 𝑥∗ | (i = 1,2,… p)) 

 

After these preliminary values are calculated, the robust 

mean (x*) and robust standard deviation (s*) increased 

values are calculated using the following formulas:  

 

 

 

 

 

δ = 1.5 s* is calculated and using these values,  

𝑥𝑖∗ values are calculated again for each xi (i = 1,2,… p) 

value as follows:: 
 

𝑥𝑖
∗ = {         

𝑥∗ − 𝛿, if  𝑥𝑖 <  𝑥∗ − 𝛿
𝑥∗ + 𝛿, if 𝑥𝑖 >  𝑥∗ + 𝛿

𝑥𝑖  , or
 

 

Using these new values, the new robust mean (x*) and 

robust standard deviation (s*) are calculated as follows: 

 

𝑥∗ = ∑ 𝑥𝑖
∗/𝑝                (3.2) 

𝑠∗ = 1,134√∑(𝑥𝑖
∗ − 𝑥∗)2/(𝑝 − 1)              (3.3) 

 

For deviating values, after making the necessary 

corrections according to the above evaluation process, 

new mean (x*) and standard deviation (s*) values are 

calculated. The x* and s* values are repeated until no 

correction is required. The correction process may need 

to be repeated several times. The repetition process is 

continued until the 3rd digit after the x* and s* comma 

remains constant. Thus, deviating values are corrected 

and included within the acceptance range. These last 

determined values are followed by an iterative 

calculation method until they converge, and the third 

significant figure in both values is considered to have 

converged as soon as there is no change from one 

iteration to the other. After these calculations, the last 

average value that is not corrected is accepted as the 

assigned value. 
 

Table 1. Tensile strength values participant results  

 σmax Values (MPa) 

Lab Code 1 2 3 4 5 

A 6,90 8,00 8,40 8,60 8,70 

B 8,33 8,17 8,50 8,95 9,58 

C 8,30 7,50 7,80 8,10 8,30 
 

Table 2. Performance values of participants for tensile 

strength  

σmax Values (MPa) 

Lab. Code Mean Value x* s* Z-Score 

A 8,12 
8,09

0 

0,283

9 
0,11 

B 8,71   2,18 

C 8,00   -0,32 
 

Table 3. Elongation values at break participant results  

 ƐR Values (%) 

Lab Code 1 2 3 4 5 

A 513 536 563 564 565 

B 678 630 672 704 712 

C 568 586 590 595 601 
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Table 4. Performance values of participants for 

elongation at break  

ƐR Values (%) 

Lab. 

Code 

Mean 

Value 
x* s* Z-Score 

A 548,2 592,7 52,039 -0,86 

B 679,2   1,66 

C 588,0   -0,09 

 

Table 5. 100% modulus values participant results  

 σ100  Values (MPa) 

Lab Code 1 2 3 4 5 

A 2,00 2,00 2,10 2,10 2,10 

B 1,81 1,76 1,79 1,86 1,88 

C 2,30 2,10 2,10 2,20 2,20 

 

Table 6. Performance values of participants for 100% 

modulus  

σ100  Values (MPa) 

Lab. 

Code 

Mean 

Value 
x* s* Z-Score 

A 2,06 2,04 0,148 0,14 

B 1,82   -1,49 

C 2,20   0,95 

 

Table 7. 300% modulus values participant results  

 σ300  Values (MPa) 

Lab Code 1 2 3 4 5 

A 3,60 3,70 3,70 3,70 3,70 

B 3,19 3,07 3,12 3,18 3,23 

C 4,00 3,80 3,80 3,90 3,90 

 

Table 8. Performance values of participants for 300% 

modulus  

σ300  Values (MPa) 

Lab. 

Code 

Mean 

Value 
x* s* Z-Score 

A 3,68 3,73 0,305 -0,16 

B 3,16   -1,87 

C 3,88   0,49 

 

4. Evaluation of Performance 

 

Performance evaluation is based on the following 

performance criteria.  

 

1) | z | < 2.0 shows adequate performance and does not 

generate a warning signal. 2.0 < | z | < 3.0 shows 

questionable performance and generates a warning 

signal, the problem should be investigated. | z | > 3.0 

underperforms and generates a signal of action and 

corrective action should be implemented. The 

differences between the participants are given in the 

result section of the participants.  

 

2) In the case of Z Score warning signal and activity 

signal, possible sources of error are given below.  

 

• the test equipment has not been calibrated. 

• the test equipment is not calibrated within its 

operating range, 

• the test equipment did not carry out 

intermediate checks 

• Test technical person is not getting enough 

education  

• used a different method as a test method. 

 

3) If the Z Score value is greater than 10, it makes it 

impossible to evaluate the results and interpret the 

performance. For this reason, participant values with a 

Z-Score value greater than 10 were not included in the 

calculations. 

 

As a result of the evaluation of the Z score, the tensile 

strength (σmax) value of Lab B was found to be 

questionable as 2 < z < 3. This can often be caused by 

test equipment, test personnel, and test method 

differences. According to the results of this study, Lab 

B personnel should examine these parameters that affect 

the results in detail and determine the cause of the error. 

After the conditions that created the error are 

eliminated, Lab B should join the proficiency test again 

and get a successful result. 

 

5. Conclusion 

 

The laboratories, one of which is accredited by 

TURKAK and the other two of which will be accredited 

with existing infrastructure, participated in the 

proficiency test in order to perform the test. The 

experiments were carried out in accordance with the 

schedule. Based on the results obtained from the 

laboratories, this final report was prepared by the Vestel 

Washing Machine Incoming Quality laboratory. 

 

As a result of the evaluation of the Z score, only the 

tensile strength (σmax) value of the Lab B would be 

questionable; It has been determined that the 

proficiency test measurements of all laboratories in the 

parameters of the tensile strength (σmax), elongation at 

break (ƐR), 100% modulus and 300% modulus are as "z 

< 2 sufficient = successful" 

 

In order to verify the testing capability of the test 

laboratories, the proficiency tests are very important for 

the assessment of the tensile test measurement 

capabilities of all laboratories and they should be 

repeated periodically. 
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Table 9. Overall Z score assessment 

 |z| < 2 2 < |z| < 3 |z| ≥ 3 

Z-

Score 

Num.of 

Lab % 

Num.of 

Lab % 

Num.of 

Lab % 

σmax 3 75 1 25   

ƐR 4 100     

σ100 4 100     

σ300 4 100     
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Abstract 

In this study, S235JR (1.0037), 21NiCrMo2 (1.6523), C45 (1.0503), 42CrMo4 (1.7225) steels were 

coated with nickel, copper, silver, and tin. Then, the radiation shielding performances of the uncoated and 

coated steels were investigated. The steels were firstly designed by the coating processes via electrolytic 

plating method on behalf of Ni, Cu, Ag and Sn metals. The samples were then irradiated by radioactive 

sources for transmission of the gamma rays at photon energies in the range 81–383 keV photon energies 

to measure linear and mass attenuation coefficients (LAC-µ, MAC-µ/) of the pure and coated steels by 

Ni, Cu, Ag and Sn. Half and tenth value of layers (HVL and TVL) of investigated materials were then 

calculated at the same studied photon energies. The materials were compared with each other as well as 

with some shielding concretes in terms of mean free paths (MFP) wherever possible. The coated steels 

were found to be better shielding materials than the concretes due to lower MFP values they had, and they 

showed also better shielding than reference materials up to 35.31% relative difference in MFP. It was 

concluded that coating processes improved the shielding properties of the steels. 

Keywords: Coating, radiation shielding, steel 

1. Introduction

The steels are generally known as iron-carbon alloys, 

have different types based on iron alloys on behalf of 

mechanical, physical, and chemical properties required 

to use. They are widely utilized in various areas such as 

engineering, security systems in military, public and 

private buildings, nuclear power plants, shipbuilding, 

structural materials etc. due to their well physical and 

mechanical quantities. On the other hand, with the 

increasing use of the X- and/or gamma rays in different 

fields such as nuclear plants, medical facilities and 

laboratories, it is frequently required the new types of 

materials against the hazardous radiations. For this aim, 

we can use the concretes, glasses, heavy metals, 

different steels etc. The resistance of steels to radiation 

damage gains importance especially when their 

strength, chemical composition, resistance to corrosion, 

weldability and ductility properties are taken into 

account [1,2]. 

Some steels have been generally investigated in some 

X- and/or gamma ray energies for shielding applications

in the literature. And the studies have experimental

and/or theoretical values and can show radiation

shielding properties of the materials. They can also

explain linear attenuation coefficient (cm
-1

, µ, LAC),

mass attenuation coefficient (cm
2
.gr

-1
, µm, MAC), mean

free path (cm, MFP), half values of layer (cm, HVL),

tenth values of layer (cm, TVL), effective atomic

number (Zeff), effective electron density (Neff) and

buildup factors for steels [3-14]. Alım et al.
 
[15] have

recently determined radiation parameters of AISI-coded

stainless steels (Part 1) both experimentally and

theoretically at different photon energies. And AISI 300

austenitic stainless-steel series containing Ni have been

found superior when compared to the other materials in

the study. Gamma charged particle and fast neutron

interactions of AISI-302, 304, 321 and 430 stainless

steels have been calculated and evaluated in terms of

shielding performance
 

[16]. And authors said that
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studied steels had excellent shielding properties than 

shielding concretes. 

It is considered that materials such as 1.0037 (S235JR), 

1.6523 (21NiCrMo2), 1.0503 (C45), 1.7225 (42CrMo4) 

steels, which are frequently used in machine industry 

and structural elements in the industry, can be used in 

the production of reactor components or control 

equipment when their chemical contents are taken into 

account. But the surface quality, corrosion resistance, 

machinability and weldability of steel materials are 

important in applications or usage because they can 

affect the physical properties of the materials [17,18]. 

However, the fact that the corrosion resistance of these 

materials is not as well as stainless steels constitutes a 

disadvantage [19]. The corrosion resistance of steels can 

be increased by the coating method applied for purposes 

such as adding aesthetic properties to materials, 

increasing the lifetime of materials by increasing their 

surface hardness and providing abrasion resistance, and 

conductivity. Metal coating methods or designs that are 

commonly used for this purpose in the industry are zinc 

coating, TiN coating, silver coating, nickel coating, and 

copper coating methods [20]. These operations can 

change or improve some properties of the materials. So, 

some physical properties of the materials can be 

changed after coating, and it should be important to 

determine these possible changes in the materials for 

applications. But radiation shielding capability or 

effectiveness of materials after coating processes have 

not been taken into consideration in literature as far as is 

determined. Whereas radiation shielding capabilities of 

the materials may be changed, even improved after 

coating processes via useful designs. This is the 

motivation of the present study. In the present study, 

1.0037 (S235JR), 1.6523 (21NiCrMo2), 1.0503 (C45), 

1.7225 (42CrMo4) steels were coated with Ni, Cu, Ag 

and Sn to investigate possible developments of the 

coatings on radiation shielding properties. 

2. Materials and Methods

2.1. Sample preparation

The prepared samples were plated by the electrolytic 

plating method and chemical compositions and formulas 

of the samples were given at Table 1. In general, the 

sequential steps presented in Figure 1 were followed in 

all coating processes. In the copper plating process, the 

samples, which were first subjected to the pre-

degreasing process, were etched with acid using 30% 

HCL and 1% inhibitor after washing. The samples that 

were washed after etching were subjected to 5% 

degreasing salt, cathodic 4-8 A/dm
2
 and electrolytic 

degreasing for 3 minutes. The copper plating process 
was performed for 10 minutes using 60 °C, 2-3 Volt, 

0.5-1 A/dm
2
 plating parameters. The samples, which 

were washed again for 10 seconds after the 

neutralization process in 10% H2SO4 solution, were 

dried with hot air. 

Figure 1. Followed in all coating processes. 

The samples subjected to the polishing process in the 

silver-plating process were cleaned using hot 

mechanical lubricants. The cleaned samples were 

subjected to the oxide removal process in the solution 

containing 100 gr/l NaCN. After the oxide removal 

process, 5% degreasing salt, cathodic 4-8 A/dm
2
 and 

electrolytic degreasing for 3 minutes were applied. The 

washed samples were subjected to the neutralization 

process for 20 seconds in the solution containing 100 

gr/l potassium. The neutralized samples were pre-plated 

with silver for 2 minutes using 120 gr/l silver powder, 

0.02-0.01 A/dm
2
. The pre-silver-plated samples were 

silver plated using 180 gr/l silver powder, 4 gr/l silver 

cleaner, and 4 gr/l silver moisturizer. After silver 

plating, the samples were washed in hot water at 70 °C 

for 3 minutes.  

In the nickel-plating process, the samples were first 

subjected to the pre-degreasing process, and after 

washing, they were etched with acid using 10% H2SO4 

solution. The electrolytic degreasing process was 

applied to the samples that were washed after etching. 

The nickel-plating process was performed for 10 

minutes using 25 gr/l nickel chloride, 60 °C, 2-3 Volt, 

0.5-3 A/dm
2
 plating parameters. In the tin plating 

process, the samples were immersed in the alkaline 

caustic solution and degreased. Then, the electrolytic 

degreasing process was performed for 11 A/dm
2
 and 3 

minutes. After washing, the samples were etched with 

acid using 30% HCL and 1% inhibitor. The samples that 

were washed after etching were tin-plated in 300 gr/l tin 

concentrate, at room temperature for 4.3-10.76 A/dm
2
 

and 20 minutes. 
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Table 1. Codes, formulas and chemical compositions of the steels. 

Code DIN C N Si P S Mn Cr Ni Mo Rest 

1.0037 S235JR 0.13 0.002 - 0.023 0.027 0.80 - - - Fe 

1.6523 21NiCrMo2 0.19 - 0.04 0.015 0.025 0.74 0.56 0.65 0.23 Fe 

1.0503 C45 0.43 - 0.40 0.020 0.027 0.73 - - - Fe 

1.7225 42CrMo4 0.45 - 0.40 0.023 0.024 0.76 0.98 - 0.24 Fe 

Table 2. Some physical properties of the investigated materials.  RM: Reference Materials)(%). 

Sample 
Mass 

(gr) 

Thickness 

(cm) 

Diameter 

(cm) 

Radius 

(cm) 

Volume 

(cm
3
) 

Density 

(g/cm
3
) 

RM 

S235JR 5.30 0.210 2.000 1.000 0.660 8.034 

21NiCrMo2 4.90 0.215 1.970 0.985 0.655 7.477 

C45 4.08 0.180 2.010 1.005 0.571 7.143 

42CrMo4 4.84 0.195 2.020 1.010 0.625 7.745 

Ni  Coated 

S235JR 4.70 0.190 2.000 1.000 0.597 7.874 

21NiCrMo2 4.60 0.210 1.950 0.975 0.627 7.335 

C45 5.04 0.205 2.000 1.000 0.644 7.826 

42CrMo4 4.97 0.205 2.100 1.050 0.710 7.000 

Ag  Coated 

S235JR 4.68 0.200 2.000 1.000 0.628 7.448 

21NiCrMo2 4.36 0.195 1.955 0.978 0.585 7.448 

C45 4.78 0.200 2.000 1.000 0.628 7.608 

42CrMo4 5.28 0.220 2.020 1.010 0.705 7.489 

Cu  Coated 

S235JR 4.68 0.195 2.000 1.000 0.613 7.639 

21NiCrMo2 4.63 0.200 1.950 0.975 0.597 7.752 

C45 5.30 0.215 2.000 1.000 0.675 7.847 

42CrMo4 5.26 0.210 2.020 1.010 0.673 7.816 

Sn  Coated 

S235JR 4.91 0.195 2.000 1.000 0.613 8.015 

21NiCrMo2 4.59 0.200 1.956 0.978 0.601 7.638 

C45 5.22 0.220 2.000 1.000 0.691 7.553 

42CrMo4 5.02 0.200 2.020 1.010 0.641 7.832 
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2.2. Radiation shielding process 

After the coating processes, S235JR, 21NiCrMo2, C45, 

42CrMo4 steels were irradiated by Ba-133 (10 mCi) 

radioactive sources having 81-383 keV energies to 

measure the LACs via the Beer-Lambert law (Figure. 2) 

and equation (Eq. 2.1); 

Figure 2. The experimental arrangement for 

transmission geometry 

𝐼 = 𝐼0𝑒−𝜇𝑥, 𝜇 =
ln(𝐼0 𝐼⁄ )

𝑥
 (2.1) 

where and I  are unattenuated and attenuated 

photon intensities. MAC of any steel, which is a 

measure of the relative dominance of various 

interactions, was then determined via density

(ρ, g.cm
-3

) of the relevant material;  𝜇𝑚 =
𝜇

𝜌⁄   (cm
2
.g

-

1
). A HPGe detector of 10 mm crystal length, 16 mm 

diameter and 200 mm
2 

active area was used to detect 

gamma rays. These HPGe detectors are known to have 

high detection efficiency at high energies. It has a 

resolution of ~182 eV at 5.9 keV and its working 

voltage is -1500 V. A Tennelec 244 model amplifier 

was used and the measurement time for each sample 

was set to 1800s. Each sample has been measured at 

least three times and the results are given as the mean 

values along with standard deviation. Experimental 

geometry and a sample spectrum are given in Figures 3 

and 4. 

Half-value layer (HVL, cm) and tenth-value layer 

(TVL, cm) are the thickness of the material at which 

the intensity of radiation entering it is reduced by one 

half and one tenth, and they were determined by; 

𝐻𝑉𝐿 =
ln (2)

𝜇
=

0.693

µ
and 𝑇𝑉𝐿 =

ln (10)

𝜇
=

2.302

𝜇
   (2.2) 

Mean free path (MFP, cm), which is the average 

distance between two successive interactions, was 

calculated using the LAC (μ, cm
−1

) of the steel from the 

equation; 

𝑀𝐹𝑃 = 1
𝜇⁄    (2.3) 

Figure 3. Experimental geometry 

Figure 4. A sample spectrum for RM at studied 

energies 

3. Results and Discussion

The reference materials (RM) 1.0037 (S235JR), 1.6523 

(21NiCrMo2), 1.0503 (C45), 1.7225 (42CrMo4) steels 

were firstly coated with Ni, Cu, Ag and Sn heavy metals 

via mentioned processes. Mass (gr), thickness (cm), 

diameter (cm), radius (cm), volume (cm
3
) and density 

(g.cm
-3

) of coated materials were then determined using 

the Archimedes’ principle using distilled water as an 

immersion liquid and a digital balance of sensitivity 

10
−4

 g. Measurements were repeated five times with an 

error of < 0.1%. And the values are listed in Table 2. 

After the physical measurements, LACs of the 

investigated reference and coated steels were measured 

with standard deviation as shown in Table 3. Pure (RM) 

S235JR, 21NiCrMo2, C45, 42CrMo4 steels and its 

coated (by heavy metals) forms were listed from Ni to 

Sn coated values to discuss the results in order. In 

addition, each steel and its coated forms were tabulated 

with increasing photon energy in the left column for 

evaluations. 

Detector Sample Source 

High voltage 

power supply 

Pre. Amp. 

 Amp. 

MCA 

Pb collimator 

Detector Sample Source 

High voltage

power supply 

Pre. Amp. 

Amp. 

MCA 

Pb collimator 

I0 I 

 

t

0I
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Table 3. LACs of the pure (RM) and different coated steels 

S235JR  Std. Deviation 

Energy (keV) RM Ni Cu Ag Sn RM Ni Cu Ag Sn 

81 4.410 4.426 4.428 4.516 4.923 0.002 0.033 0.007 0.010 0.001 

160 1.383 1.551 1.542 1.638 1.697 0.049 0.025 0.011 0.008 0.016 

276 0.924 0.932 0.941 0.964 1.092 0.022 0.050 0.003 0.025 0.054 

302 0.836 0.841 0.845 0.852 0.959 0.002 0.012 0.018 0.006 0.038 

356 0.755 0.761 0.767 0.787 0.873 0.008 0.003 0.006 0.017 0.003 

383 0.747 0.752 0.759 0.777 0.853 0.045 0.053 0.007 0.005 0.021 

21NiCrMo2  Std. Deviation 

Energy (keV) RM Ni Cu Ag Sn RM Ni Cu Ag Sn 

81 4.106 4.104 4.343 4.441 4.823 0.001 0.012 0.007 0.003 0.007 

160 1.271 1.517 1.560 1.586 1.719 0.061 0.008 0.099 0.004 0.034 

276 0.817 0.911 0.933 0.938 0.998 0.026 0.021 0.015 0.005 0.003 

302 0.782 0.801 0.830 0.846 0.853 0.001 0.029 0.009 0.001 0.014 

356 0.747 0.747 0.779 0.780 0.807 0.022 0.007 0.026 0.007 0.003 

383 0.700 0.710 0.750 0.760 0.801 0.064 0.048 0.027 0.017 0.007 

C45  Std. Deviation 

Energy (keV) RM Ni Cu Ag Sn RM Ni Cu Ag Sn 

81 3.820 4.231 4.258 4.419 4.440 0.005 0.011 0.010 0.015 0.003 

160 1.235 1.491 1.515 1.535 1.557 0.017 0.004 0.044 0.024 0.051 

276 0.815 0.903 0.907 0.920 0.945 0.003 0.015 0.022 0.006 0.029 

302 0.732 0.818 0.817 0.819 0.842 0.006 0.008 0.004 0.059 0.003 

356 0.679 0.748 0.744 0.755 0.768 0.001 0.004 0.010 0.010 0.002 

383 0.669 0.738 0.736 0.745 0.758 0.027 0.069 0.105 0.023 0.015 

42CrMo4  Std. Deviation 

Energy (keV) RM Ni Cu Ag Sn RM Ni Cu Ag Sn 

81 4.162 4.163 4.672 4.701 4.926 0.017 0.016 0.000 0.003 0.008 

160 1.306 1.321 1.485 1.583 1.670 0.012 0.017 0.022 0.032 0.021 

276 0.885 0.890 0.991 0.999 1.099 0.007 0.017 0.000 0.008 0.016 

302 0.847 0.841 0.929 0.931 0.952 0.009 0.011 0.026 0.018 0.036 

356 0.757 0.757 0.825 0.830 0.890 0.005 0.007 0.014 0.006 0.001 

383 0.725 0.722 0.753 0.813 0.859 0.006 0.097 0.026 0.053 0.012 

This method was also used for the other presentations of 

the parameters both figures and tables. When Table 3 is 

analyzed, energy dependences and coating effects on 

LAC values for the studied steels can be clearly seen 

found. So, LAC is decreasing with increasing photon 

energy as known, and values of LAC increase as atomic 

number of heavy coating metals at each photon energy 

from Table 3. 

MAC values of the studied materials were then 

determined using densities of the materials from Table 2 

as 𝜇𝑚 =
𝜇

𝜌⁄  . From this equation, it is clear that

(MAC, mass attenuation coefficient) is proportional the 

 (LAC, linear attenuation coefficient) for any material 

at the same photon energy. Thus, MAC values of the  

materials have the same energy dependences and the 

atomic number of coating heavy metal as seen from 

Figure 5 (a-d). MAC is a measure of the average 

number of interactions between incident photons and 

matter or is a measurement of how strongly a matter 

absorbs or scatters at a specific energy, per unit mass. 

And this parameter is a function of photon energy. It is 

also the fundamental property utilized in computations 

of the penetration of X-and/or gamma rays for different 

types of materials such as shielding, health or the others. 

MAC values increase generally with increasing atomic 

number of coted metals from Ni to Sn in the worked 

photon energies [21,22]. In the light of this information, 

the more atomic number of coated heavy metals is 

higher, the more MAC is the higher at any specific 

photon energy from Figure 5 (a-d). It can consequently 
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be said that coating process affects positively the MAC 

values of 1.0037 (S235JR), 1.6523 (21NiCrMo2), 

1.0503 (C45), 1.7225 (42CrMo4) steels from the figure.   

HVL and TVL are the significant thicknesses of the 

materials in terms of the radiation entering to matter. 

So, these parameters of the materials were obtained by 

using Eq. 2.2 at the investigated energies. Also, Table 4 

shows HVLs and TVLs of the reference materials and 

the coated forms by heavy metals. HVL and TVL are 

inversely proportional to LAC. So, HVL and TVL 

values increase with increasing energy from 81 to 383 

keV for any materials due to relations between these 

parameters and LACs. On the other hand, values of 

HVL and TVL reduce with rising atomic number of 

coated metals to the reference materials because of 

increasing LACs from Ni to Sn at each energy. And in 

this point, relations between HVL-TVL and LACs show 

its significance again on the radiation entering or 

shielding. As a result, coating process developed the 

HVL and TVL properties of the 1.0037 (S235JR), 

1.6523 (21NiCrMo2), 1.0503 (C45), 1.7225 (42CrMo4) 

steels owing to diminishing HVL-TVL values from Ni 

to Sn coated metals at the studied energies. 

MFP is one of the most significant parameters of 

materials on behalf of radiation attenuation or radiation 

shielding capability. The lower MFP values are desired 

for radiation shielding capability for any material thanks 

to its meaning. In other words, the less MFP is, the 

better radiation shielding capability is. Thus, MFP 

values of the materials were calculated by using Eq. 2.3 

at the investigated photon energies. For this aim, values 

of LAC were utilized from Table 3, and the results were 

given in Figure 6 (a-d). MFP values are rising with 

increasing photon energy from 81 to 383 keV for RMs 

(S235JR, 21NiCrMo2, C45, 42CrMo4) and its coted 

forms as shown in the figure. This is because of fact that 

MFP is function of LAC, and LAC are reducing with 

rising photon energy (from Table 3) for the materials. 

On the other hand, the studied materials were compared 

with some standard shielding concretes (Ordinary, 

Hematite-serpentine, Ilmenite-limonite, Basalt-

magnetite, Ilmenite [23]) on behalf of MFP at possible 

energy (356 keV) as seen in Figure 7 (a-d). It is clearly 

seen from the figure, both RMs (S235JR, 21NiCrMo2, 

C45, 42CrMo4) and its coated forms (by heavy metals: 

from Ni to Sn) have lower MFP values than standard 

shielding concretes at 356 keV. Therefore, one can say 

that investigated materials display the better radiation 

shielding capability than standard shielding concretes 

due to lower MFP values. Differences (%) between 

RMs and coated forms on MFP values should be very 

important to describe improvements of materials. So, 

differences (%) were calculated by

𝑑𝑖𝑓𝑓. (%) =
𝑀𝐹𝑃𝑅𝑀−𝑀𝐹𝑃𝑐𝑜𝑎𝑡𝑒𝑑

𝑀𝐹𝑃𝑐𝑜𝑎𝑡𝑒𝑑
𝑥100 at the photon 

energies. 

Figure 5. MACs (cm
2
.g

-1
) of coated steels at 

investigated energies. 
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Table 4. HVLs and TVLs of the pure (RM) and different coated steels. 

HVL TVL 

S235JR 

Energy (keV) RM Ni Cu Ag Sn RM Ni Cu Ag Sn 

81 0.157 0.157 0.157 0.153 0.141 0.522 0.520 0.520 0.510 0.468 

160 0.501 0.450 0.447 0.423 0.409 1.664 1.493 1.485 1.406 1.357 

276 0.751 0.744 0.737 0.719 0.635 2.493 2.470 2.447 2.388 2.108 

302 0.829 0.824 0.821 0.814 0.723 2.753 2.736 2.726 2.703 2.402 

356 0.918 0.910 0.904 0.881 0.794 3.049 3.024 3.002 2.927 2.636 

383 0.928 0.922 0.913 0.892 0.812 3.082 3.062 3.033 2.963 2.699 

 21NiCrMo2 

Energy (keV) RM Ni Cu Ag Sn RM Ni Cu Ag Sn 

81 0.169 0.169 0.160 0.156 0.144 0.561 0.561 0.530 0.519 0.477 

160 0.546 0.457 0.444 0.437 0.403 1.812 1.518 1.476 1.452 1.339 

276 0.848 0.761 0.743 0.739 0.695 2.818 2.527 2.469 2.455 2.308 

302 0.887 0.865 0.835 0.820 0.813 2.946 2.875 2.774 2.723 2.701 

356 0.928 0.928 0.889 0.888 0.859 3.084 3.082 2.955 2.951 2.853 

383 0.991 0.977 0.925 0.913 0.866 3.291 3.245 3.072 3.031 2.876 

 C45 

Energy (keV) RM Ni Cu Ag Sn RM Ni Cu Ag Sn 

81 0.181 0.164 0.163 0.157 0.156 0.603 0.544 0.541 0.521 0.519 

160 0.561 0.465 0.458 0.452 0.445 1.864 1.544 1.520 1.500 1.479 

276 0.850 0.767 0.764 0.753 0.733 2.824 2.549 2.538 2.502 2.436 

302 0.946 0.848 0.848 0.847 0.823 3.144 2.816 2.818 2.813 2.734 

356 1.021 0.927 0.931 0.919 0.903 3.393 3.080 3.093 3.051 3.000 

383 1.036 0.940 0.941 0.931 0.915 3.441 3.122 3.127 3.092 3.040 

42CrMo4 

Energy (keV) RM Ni Cu Ag Sn RM Ni Cu Ag Sn 

81 0.167 0.167 0.148 0.147 0.141 0.553 0.553 0.493 0.490 0.467 

160 0.531 0.525 0.467 0.438 0.415 1.763 1.743 1.550 1.455 1.379 

276 0.783 0.779 0.699 0.694 0.631 2.603 2.586 2.323 2.305 2.095 

302 0.819 0.824 0.746 0.745 0.728 2.720 2.737 2.480 2.475 2.418 

356 0.915 0.916 0.840 0.835 0.779 3.041 3.042 2.791 2.775 2.587 

383 0.956 0.960 0.920 0.853 0.807 3.177 3.190 3.056 2.833 2.680 
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Figure 6. MFPs (cm) of coated steels at investigated 

energies 

Relative differences were generally increased from Ni 

to Sn coating forms of the materials, and maximum 

relative difference was determined to be 35.31% for Sn 

coated 1.6523 (21NiCrMo2) steel. This shows that 

coating process used has positively affected the RM 

materials on account of MFP which is very significant 

feature of radiation shielding applications. 

Figure 7. MFPs (cm) of coated steels and some 

standard shielding concretes at 356 keV photon energy 

4. Conclusion

It was aimed to improve 1.0037 (S235JR), 1.6523 

(21NiCrMo2), 1.0503 (C45), 1.7225 (42CrMo4) steels 

using coating process the materials in terms of the 

radiation shielding capability as much as possible in the 

present study. 1.0037 (S235JR), 1.6523 (21NiCrMo2), 
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1.0503 (C45), 1.7225 (42CrMo4) pure steels were 

coated by Ni, Cu, Ag and Sn heavy metals via 

electrolytic plating method to measure radiation 

attenuation properties. The pure and coated samples 

were then irradiated by radioactive sources for 

transmission of the gamma rays at 81–383 keV photon 

energies to measure linear and mass attenuation 

coefficients (LAC-µ, MAC-µ/). Mean free path 

(MFP), Half and tenth value of layers (HVL and TVL) 

of investigated materials were then calculated at the 

same studied photon energies. The coated steels were 

found to be better shielding materials than the concretes 

due to higher LACs and MACs, and lower MFP values. 

Coated steels were also better shielding than reference 

materials up to 35.31% relative difference in MFP. One 

can obviously say that coating processes improve the 

radiation shielding capability of the studied steels, and 

the materials have excellent shielding features against 

the rays according to standard concretes.  
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Abstract 

 

Waste polymers are widely used in asphalt modification, especially, in order to reduce their detrimental 

effect on the environment. This study discusses the usability of waste expanded polystyrene (EPS) foam 

in asphalt modification. In this respect, the EPS foam, which produces waste in both production and use 

stages, was mixed with bitumen by weight at the ratios of 2%, 4%, 6%, and 8%, and dry modification 

method was employed. The penetration, ductility, softening point, flash point, and specific gravity values 

of virgin bitumen were compared with waste EPS foam modified bitumen. The comparison was made by 

both graphical and statistical methods. A strong correlation between the physical properties of modified 

asphalt and the ratio of EPS foam was observed. A drop was observed in penetration and ductility values. 

Besides, it was found by statistical analyses that 2% of the increase in the additive ratio is not sufficient to 

make a significant difference in the physical properties of bitumen, therefore, the increase should be at 

least 4%. Overall, it is concluded that EPS foam additive can be used in bitumen modification for hot 

regions where low penetration is required. 

 

Keywords: Asphalt Binder, Bitumen Modification, EPS, Polystyrene Foam, Statistical Evaluation. 

 

1. Introduction 

 

Hot bituminous mixtures (HBMs) are the most common 

type of material using in pavement constructions. HBMs 

are preferred due to their service life performance, 

stability, durability, water-resistance, and comfort 

criteria. Recently increased traffic volume and axle 

loads have created a great necessity to improve these 

criteria [1]. 

 

It is a well-known fact that the rheological behavior of 

bitumen is significantly heat-related and low thermal 

susceptibility is vital for the bitumen. Bitumen at low 

temperatures is brittle due to its high stiffness which 

makes it vulnerable to thermal and fatigue cracking. On 

the other hand, bitumen at high temperatures tends to 

flow which gives rise to permanent deformations under 

traffic loads such as rutting [2]. Accordingly, polymers 

modification in bitumen enhances its performance at 

high, low, and intermediate temperatures. They can 

reduce thermal and fatigue cracking at low temperatures  

 

in the asphalt mixture. Also, they can increase the 

resistance to permanent deformation at high 

temperatures [2–4]. 

 

Today, with the development of the petroleum industry, 

synthetic polymers such as polypropylene (PP), 

polyethylene (PE), and polystyrene (PS) have become 

indispensable parts of our lives. This brought about the 

environmental waste problem. PS foam represents 70% 

of the total plastic waste in the oceans due to its low 

recycling rate. Approximately 3 million tons of PS 

waste are threatening the environment due to their 

chemical stability [5–8]. Although this threat is tried to 

be eliminated through landfills and incineration, landfill 

brings an extra cost, and incineration results in toxic gas 

emissions, which is detrimental to the environment [5]. 

Polymeric materials are also considered a good bitumen 

modifier because of their chemical structure composed 

of mostly carbon elements [7]. Thus, many studies have 

been done on asphalt modification with polymeric 

materials such as PP [9], PE [10], and PS [8,11–14]. For 

mailto:*mertatakan@gazi.edu.tr
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instance, Vila-Cortavitarte et al. (2018) has performed a 

life cycle assessment on waste PS modified bitumen and 

they suggest that using modified bitumen might reduce 

its environmental impact significantly because it 

provides longer performance life [14]. In another study, 

bitumen has been modified with PS and trans-

polyoctenamer in the presence of a cross-linking agent 

[12]. They have reported that modified bitumen has 

provided good storage stability, improved in elastic 

recovery, and showed better overall performance 

compared to virgin asphalt. 

 

The expanded polystyrene (commonly referred to as 

EPS) has great impact strength, acoustic and heat 

isolation properties. Also, its lightness is another 

advantage. Therefore, EPS is generally used in the 

package and packaging sector as well as in the building 

industry as heat or acoustic isolation material [15,16]. 

EPS comprises small PS beads that are obtained from 

styrene by the polymerization process. Once 

polymerization is completed, EPS is infused with a 

blowing agent (e.g., pentane and hexane). After that, 

small volumes of gas are entrapped between polystyrene 

beads, and expansion is achieved [17]. EPS contains 

more than 95% of air which makes it difficult to 

accumulate as waste. Besides, its recycling process is 

complicated and costly due to its high volume [3]. Thus, 

using EPS in asphalt modification can contribute to 

handling this environmental pollutant. Also, EPS starts 

to soften at a temperature above 100 °C [18]. That is 

why it can stay durable at service temperatures of 

asphalt pavements. 

 

Nciri et al. (2020) have studied the chemical 

background of asphalt modification with waste EPS, 

and they have suggested that waste EPS can be used as 

a bitumen modifier [16]. However, the limitation of 

their study is not to address the physical properties of 

the asphalt. On the other hand, some studies have been 

done relating to the effect of EPS modification on the 

physical and rheological properties of asphalt binder 

[3,19,20]. They have suggested that waste EPS 

modification enhances asphalt’s physical performance. 

For instance, Mahida et al. (2021) have studied waste 

EPS modified asphalt with mechanical analysis (e.g., 

penetration, softening point, viscosity), rheological 

tests, electron microscopy, infrared stereoscopy, and 

Marshall stability [3]. They have demonstrated 

incorporation of waste PS in bitumen modification at 

different percentages significantly improves the 

properties as compared to virgin bitumen. They have 

got satisfactory results in rutting and fatigue parameters 

in dynamic shear rheometer (DSR). Besides, they have 

reported an increase in stiffness of the bitumen with 

waste PS according to penetration and softening point 

results. The raise in the stiffness is also supported by 

other studies [19–21]. Although several studies have 

been carried out on EPS modification of asphalt binder, 

no single study exists that uses statistical evaluation 

methods.  

 

This study investigates the effect of waste EPS foam on 

the physical properties of the asphalt binder. In line with 

this purpose, 50/70 penetration grade of asphalt cement 

was modified with waste EPS at the ratio of 2%; 4%; 

6%, and 8%. The penetration, ductility, softening point, 

flash point, and specific gravity tests were performed 

according to related standards. The reason to choose 

these tests was to evaluate stiffness, temperature 

susceptibility, and safety of the modified bitumen. 

Obtained results are interpreted and evaluated with 

statistical methods differently from other studies. 

 

2. Materials and Methods 

 

In this study, 50/70 penetration grade bitumen, which 

was supplied from İzmit Tüpraş refinery, was used, and 

the properties of the bitumen are given in Table 1.  

 

EPS was used in the study. Generally, their density 

varies from 0.028-0.045 g/cm³. In this study EPS, 

whose density is 0.032 g/cm³, was used. Typical 

properties of the PS are given in Table 2.  The dry 

method, which is one of the modified bitumen 

preparation methods, was used in the study. In this 

method, virgin bitumen and waste EPS foam were 

mixed in a steel bowl before melting the EPS (Figure 1). 

 

Table 1. Properties of the bitumen [22]. 

Parameters 

Value 

from the 

Supplier 

Laboratory 

Tests 

Results 

Penetration (0.1 mm) 50/70 66.3 

Softening Point (°C) 46-54 50.4 

Flash Point (°C) 230 (Min) 314 

Solubility (%) 99 (Min) - 

Softening point rise (°C) 9 (Max) - 

Resistance to hardening (a) at 163 °C 

- Loss on heating (%) 

- Penetration after heating (%) 

- Softening point after heating (° C) 

 

 0.5 (Max) 

50 (Min) 

48 (Min) 

- 

 

Table 2. Typical properties of PS [3]. 

Property  Value 

IUPAC name Poly(1-phenylethene) 

Common name Thermocol 

CAS number 9003-53-6 

Abbreviations PS 

Chemical formula (C8H8)n 

Density 0.96–1.04 g/cm3 

Melting point ~ 240 °C 

 

The waste EPS was added into the bowl, which contains 

150°C hot bitumen, at certain percentages of bitumen 

weight ( 2%, 4%, 6%, and 8%). These ratios were 

selected based on previous studies where additive ratios 

are below 10% [16,19–21]. Then, EPS and the bitumen  
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mixed homogeneously. Next, the mixture was added to 

the oven whose temperature was adjusted to 150° C. 

The mixture was kept in the oven for 2 hours in order to 

provide EPS to melt, and thus obtain a homogeneous 

mixture. Once EPS was softened and mixed with 

bitumen, entrapped air in the EPS was disappeared. In 

other words, EPS became normal PS. After that, the 

homogeneous mixture was taken into test equipment 

within the standards following; penetration (ASTM D5-

D5M-13), ductility (AASHTO T 51-09), softening point 

(AASHTO T 53), flash point (ASTM D 92-18), and 

specific gravity. Some stages of the experimental 

process are demonstrated in Figure 2. 

 

 

Figure 1. The process of mixing EPS foam into the 

bitumen. 

 

 

Figure 2. Experimental process a) Softening Point b) 

Flash Point c) Ductility d) Penetration. 

 

3. Results and Discussion 

 

The changes in physical properties of EPS modified 

bitumen were evaluated and interpreted compared to the 

50/70 penetration virgin bitumen. The findings are 

given in Table 3. The data presented here are the means 

of the values obtained as a result of three experiments 

for penetration, ductility, and softening point, 

respectively. Standard deviations of the results are 

illustrated in Figure 3 as error bars. Table data were 

interpreted by graphing for each physical property and 

using statistical methods. 

 

Table 3. Modified Bitumen Physical Properties 

(Modified Bitumen Physical Properties). 

Physical 

Properties 

Polystyrene rate (%) 

Standard 0% 2% 4% 6% 8% 

Penetration 

(x 0.1 mm) 

ASTM D5-

D5M-13 
66.3 62.7 61.3 57.7 49.7 

Ductility 

(cm) 

ASHTO T 

51-09 
122 114 109 102 83 

Softening 

point (°C) 

ASHTO T 

53 
50.4 49.8 49.5 49.3 49.1 

Flash Point 

(°C) 

ASTM D 

92-18 
314 320 342 354 360 

Specific 

gravity 

(g/cm3) 

ASTM-D 

70-03 
1.030 1.036 1.050 1.058 1.065 

Penetration 

Index (PI) 

Pfeiffer and 

Van 

Doormaal 

(1936) [23] 

-0.41 -0.71 -0.84 -1.04 -1.44 

 

3.1 Penetration 

 

When the penetration data are examined in Table 3, the 

modified bitumen penetration values decreased as the 

EPS percentage increased. The amount of this change is 

given in Figure 3a graphicly. When each polystyrene 

additive percentage increased by 2%, it was observed 

that pure bitumen penetration decreased by 5.53%, 

7.53%, 13.53%, and 25.13%, respectively. 

 

In order to determine the statistical significance of this 

decrease, the correlation value between the polystyrene 

percentage and the penetration value was calculated, 

and a strong negative value of -0.958 was obtained. The 

p-value of the correlation value is 0.01 (Table 4). It is 

concluded that the correlation coefficient is significant 

for the case where the meaning level is 0.05 [24]. From 

these results, it is interpreted that as the percentage of 

polystyrene additive increases, the penetration value 

decreases.  

 

It is clear that this decrease in the penetration values of 

bitumen will lead to an increase in viscosity. According 

to reference [25], this increase makes workability 

difficult, in other words, compaction of the asphalt 

mixture becomes more difficult. But the decrease in 

penetration provides higher resistance against 

deformations such as rutting as stated in reference [26]. 

Besides, it is thought that the penetration value can be 

adjusted by using polystyrene additive in hot climates 

where low penetration is required. When it comes to the 

rheology, rheological properties of the modified 

bitumen were not completely evaluated in this study. 
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However, this issue is addressed by Mahida (2021) [3]. 

They have stated that PS modified bitumen showed 

better rutting performance and its elastic properties 

largely increased.  

 
Table 4. Correlation Analysis Results 

First 

Variable 

Second 

Variable 

Correlation 

Coefficient 

p-Value 

Penetration (x 

0.1 mm) 

EPS Ratio 

(%) 

-0.958 0.010* 

Ductility (cm) -0.963 0.009* 

Softening 

point (°C) 

-0.967 0.007* 

Flash Point 

(°C) 

0.979 0.004* 

Specific 

gravity 

(g/cm3) 

0.992 0.001* 

*Meaningful at 0.05 significance level 

 

3.2 Ductility 

 

When ductility values are examined in Table 3, the 

ductility values of modified bitumen decreased as the 

additive ratio increased. The amount of this change is 

shown in Figure 3c graphicly. In each 2% increase of 

polystyrene additive, it was observed a decrease of 

6.56%, 10.66%, 16.40%, and 31.97% in ductility of 

pure bitumen, respectively. 

 

In order to determine the statistical significance of this 

decrease, the correlation value between polystyrene 

percentage and ductility value was calculated, and a 

strong negative correlation value of -0.963 was 

obtained. The p-value of the correlation value found is 

0.009 (Table 4). It is concluded that the correlation 

coefficient is significant for the case where the meaning 

level is 0.05. From these results, it is interpreted that the 

ductility value decreases with polystyrene additives.  

 

The ductility test is commonly accepted as a 

controversial test because of its empirical nature, low 

reproducibility, and the unclear relationship between the 

measured results and basic material characteristics [27]. 

However, field data support that there is a good 

correlation between asphalt ductility and pavement 

cracking. Cracks are more likely to occur as ductility 

decrease [28,29]. Therefore, the decrease in ductility 

may not be interpreted as good especially in cold 

regions. Nonetheless, ductility values of the modified 

bitumen are met with the specification limits except for 

the value for 8% additive. That is why it might be used 

for hot regions up to 6% for a similar reason with 

penetration values.  

 

 

 

Figure 3. Change of the physical properties a) Penetration b) Flash Point c) Ductility d) Penetration e) Softening Point 
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3.3 Softening Point 

 

When the softening point values are examined in Table 

3, the softening point values of modified bitumen 

decreased as the EPS ratio increased. The amount of this 

change is shown in Figure 3e graphicly. Each 2% 

increase of polystyrene additive caused a decrease of 

1.19%, 1.88%, 2.18%, and 2.57%, respectively, in the 

softening point of the pure bitumen.  

 

In order to determine the statistical significance of this 

decrease, the correlation value between polystyrene 

percentage and softening point value was calculated, 

and a strong negative value of -0.967 was obtained. The 

p-value of the correlation value found is 0.007 (Table 

4). It is concluded that the correlation coefficient is 

significant for the case where the meaning level is 0.05. 

From these results, it is interpreted that the softening 

point value decreases as the percentage of polystyrene 

additive increases.  

 

The softening point test measures the temperature value 

where bitumen reaches a certain softness. Bitumen has 

an approximately penetration value of 800 or absolute 

viscosity of 13 000 poises when it is at its softening 

point [30]. Therefore, softening point test reveals the 

relationship between viscosity and temperature of the 

bitumen. In other words, the viscosity of the bitumen 

depends on the difference between its temperature and 

softening point. The slight decrease in the softening 

point of modified bitumen may affect badly its 

performance especially in hot regions due to low 

viscosity. However, this decrease is slight and remains 

in the limitation of base bitumen. Therefore, the 

modified bitumen can be used, because it can contribute 

to reclaim waste EPS and reduce bitumen consumption. 

 

Furthermore, the softening point can be used along with 

penetration to calculate the temperature susceptibility of 

the bitumen. For this purpose, Penetration Index (PI) 

was defined by Pfeiffer and Van Doormaal (1936) [23]. 

By assuming bitumen has a penetration of 800 at 

softening point, PI values were calculated for each PS 

ratio (Table 3). These calculation steps are well 

explained in reference [30]. There was a constant 

decrease in PI values which means a rise in temperature 

susceptibility. However, this decrease remained within 

the limits of normal bitumen. Because bitumen with PI 

values between -2 and 2 can be referred to as normal 

bitumen [30,31].  

 

3.4 Flash Point 

 

The change of flash point values with the EPS ratio is 

given in Table 3. It illustrates that flash point values of 

modified bitumen increased, as the additive ratio 

increased. The amount of change, according to the EPS 

ratio, is graphicly demonstrated in Figure 3b. Each 2% 

increase in the EPS ratio gives rise to an ascend in flash 

point by 1.91%, 8.91%, 12.73%, and 14.64%, 

respectively.  

 

In order to determine the statistical significance of this 

increase, the correlation value between the polystyrene 

percentage and flash point value was calculated, and a 

strong positive correlation value of 0.979 was obtained. 

The p-value of the correlation value found is 0.004 

(Table 4). It is concluded that the correlation coefficient 

is significant for the case where the meaning level is 

0.05. 

 

From these results, it is interpreted that the flash point 

value increases as the percentage of polystyrene 

additive increases. When the results are evaluated in the 

light of literature, the determination of the flash point of 

petroleum products or flammable materials is a crucial 

parameter that should be determined in terms of safety 

and environmental damage [32]. In this respect, 

polystyrene-modified bitumen shows good behavior. 

This situation also increases the safety range by meeting 

the requirements for the transportation of bitumen and 

HBM. 

 

3.5  Specific Gravity 

 

When the specific gravity values of bitumen are 

examined in Table 3, the specific gravity of modified 

bitumen increases as the additive ratio increases. The 

amount of change of the specific gravity according to 

the additive ratio is given in Figure 3d. Each 2% 

increase in the EPS ratio is caused to a rise in the 

bitumen specific gravity value by 0.58%, 1.94%, 2.71%, 

and 3.39%, respectively.  

 

In order to determine the statistical significance of this 

increase, the correlation value between polystyrene 

percentage and specific gravity value was calculated, 

and a strong positive correlation value of 0.992 was 

obtained. The p-value of the correlation value is 0.001 

(Table 4). It is concluded that the correlation coefficient 

is significant for the case where the meaning level is 

0.05. From these results, it is interpreted that the 

specific gravity value increases as the percentage of 

polystyrene additive increases.  

 

The specific gravity value of the asphalt binder is 

essential to determine the volumetric specifications of 

the asphalt mix. Because while preparing asphalt-mix, 

mixing ratios are often expressed as percent by weight. 

In another aspect, the specific gravity value is 

particularly important for the determination of the 

critical characteristic of the asphalt mixture, such as 

bitumen film thickness [33]. In this respect, it is 

concluded that polystyrene-modified bitumen is within 

the specification limits and denser than pure bitumen. 

This can contribute to bitumen stability positively, as 

well as to increase durability. 
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3.6 Inferential Statistics 

 

Another point that needs to be addressed with this 

experimental study is the significance of the differences 

between the values in different amounts of polystyrene 

for each variable (penetration ductility, etc.). With these 

tests, it is possible to obtain information about how 

much the amount of penetration should be increased to 

make a significant difference according to the relevant 

parameter.  

 

For this purpose, the significance of changes in the 

penetration, ductility, and softening point values 

obtained by three different experiments according to 

different polystyrene ratios were evaluated by Kruskal-

Wallis Test and the p-values obtained as 0.011, 0.031, 

and 0.022, respectively. Penetration, ductility, and 

softening point values are interpreted separately for 

different polystyrene values where all of these values 

are less than 0.05 meaning level. Post hoc tests were 

also performed for different polystyrene values to 

determine the ratios between these differences. 

 

Table 5. Results of Kruskal-Wallis Test 

Group 

Variables  

Dependent 

Variables 

Kruskal-Wallis 

Test 

 p-values 

Leven’s 

Test  

p-values 

EPS Ratio 

(5 Groups) 

Penetration 0.011* 0.743** 

Ductility 0.031* 0.810** 

Softening Point 0.022* 0.547** 

* Meaningful at 0.05 significance level 

** Not meaningful at 0.05 significance level (Homogeneous 

variances) 

 

There are several Post Hoc tests in the literature. These 

are divided into two main groups according to whether 

the variances of the variables to be compared are equal 

or not. For this purpose, homogeneity of variances was 

tested by Levene’s test, and p-values were obtained as 

0.743, 0.810, and 0.547 according to the variables of 

penetration, ductility, and softening point, respectively 

(Table 5). When the meaning level is above 0.05, it is 

interpreted that they have the same variance according 

to different polystyrene values for each variable. In this 

case, the Post Hoc test should be selected from the tests 

that run under the assumption that the variances are 

equal. For this reason, the Scheffe test, which provides 

this feature, was applied for binary comparisons (Table 

6). 

 

In the paired comparisons for the penetration variable, 

the penetration value was statistically insignificant only 

when the polystyrene ratio was between 2% and 4% (p-

value = 0.726). In other words, the use of polystyrene at 

the ratio of 2% or 4% does not cause a statistically 

significant difference in the penetration value. In all 

other possible binary comparisons, penetration values 

for different polystyrene ratios were found to be 

different (Table 6). 

 

Table 6. Scheffe Post Hoc test results of penetration, 

ductility, and softening point 

EPS 

Ratio 

(%) 

p-Value  

for Penetration 

p-Value  

for Ductility 

p-Value  

for 

Softening 

Point 

0 

2 0.036* 0.716 0.048* 

4 0.005* 0.302 0.002* 

6 0.000* 0.056 0.001* 

8 0.000* 0.001* 0.000* 

2 

4 0.726 0.928 0.290 

6 0.005* 0.371 0.114 

8 0.000* 0.004* 0.020* 

4 
6 0.036* 0.800 0.996 

8 0.000* 0.012* 0.458 

6 8 0.000* 0.073 0.809 

*Meaningful at 0.05 significance level 

 

The ratio of polystyrene in binary comparisons for the 

ductility variable is shown in Table 6. The 

corresponding p-values are given in the table. 

According to the results obtained, the difference in 

ductility values was statistically insignificant when the 

additive ratio is 2% or 4%. It was concluded that the 

additive ratio should be at least 6% in order to affect the 

ductility of the virgin asphalt. Furthermore, according to 

the results, the polystyrene ratio should change at least 

4% (e.g., from 4% to 8%) in order to have a significant 

change in ductility value. 

 

Binary comparisons of the EPS ratio for the softening 

point are listed in Table 6. The corresponding p-values 

are given in the table. The table demonstrates that the 

softening point values where the polystyrene ratio is 0% 

are different from other polystyrene ratios. Therefore, 

the addition of EPS causes a meaningful change in the 

softening point. However, if the polystyrene rate is 2% 

or more, the polystyrene rate must be changed at least 

4% to create a meaningful change in the softening point. 

 

4. Conclusions 

 

Waste utilization is an issue that should be considered in 

almost all activities of developed and developing 

countries. That is why, both in the world and in Turkey, 

many non-governmental and governmental 

organizations continue their activities by looking for 

new utilization fields of wastes. In this respect, using 

waste EPS in asphalt modification was studied, and this 

paper not only aims to solve an engineering problem but 

also employs an environmentalist approach. The 

following conclusions can be drawn from this study: 

 

• EPS modification of AC 50/70 penetration grade 

bitumen with the additive ratio of 2%, 4%, and 6% 

remain within the limit values of ASTM D5-D5M-

13 standard, but 8% additive ratio exceeded the 

limits of the standard. 

• Ductility of the pure bitumen decreased with EPS 

additive, which is considered a negative result 



 

              Celal Bayar University Journal of Science  
              Volume 17, Issue 3, 2021, p 245-252 

              Doi: 10.18466/cbayarfbe.885696                                                                                                M. Atakan 

 

251 

usually. But it may give rise to a decrease in 

thermal sensitivity, which is a good point in hot 

climates. 

• The EPS additive does not significantly affect 

the softening point. 

• Flash point of the pure bitumen raised with 

EPS additive, which may improve storing, 

transport, and environmental sensitivity in 

terms of safety. 

• It has been observed that the addition of EPS 

increases the specific gravity of the bitumen, 

which may affect the service life positively.  

• There is a strong correlation between the 

physical properties of asphalt cement and EPS 

ratios. It is a known fact that physical 

properties are affected by each other. This 

reality is especially strong between ductility 

and softening point.  

• It is found that a 2% increase in the EPS ratio 

had no significant effect on the physical 

properties of the asphalt. Thus, considering 

inferential statistical analysis, an optimum 

increase ratio should be determined as 4% 

instead of 2% in further optimizing research. 

• If the bitumen is modified with a 4% EPS ratio, 

1.25 m3 waste EPS can be reclaimed for every 

ton of bitumen usage. In other words, an 

average truckload waste EPS can be recycled 

with 16 tons of bitumen. 

 

The study makes a baseline level discussion of using 

EPS to modification of asphalt. Further research may be 

done in order to improve its results, such as the aging or 

fatigue behavior of EPS modified asphalt. One of the 

limitations of this study is the number of specimens. 

That is why further research can be done with more 

specimens in order to drop the error in statistical 

analyses. In this way, the results could approximate 

practical applications. Besides, more broadly, research 

is needed to determine morphological characteristics of 

modified bitumen. 
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Abstract 

 

Internet of things and Drones are two new promising innovative technologies that are inevitable in the 

internet era. These technologies provide modern solutions for many fields. One of these fields is 

agriculture. Agriculture plays a pivot role for humankind because more than half of the World’s 

population depends on agriculture. In this study internet of things, technology is applied to a drone that is 

capable of doing agricultural works like spraying, carrying, and real-time monitoring. An onboard android 

device that is mounted on the drone is used to manage the drone over the internet by a graphical user 

interface software designed within the study. The farmer communicates with onboard android device over 

the internet by remote desktop application to manage drone and get data. The drone will help farmers by 

getting live data from the farm and do necessary works remotely. This study aims to enable farmers to do 

remote farming. Agricultural activities have declined in recent years with the increase in migration from 

the village to the city. Thus, farmers will be able to make remote farming. 

 

Keywords: IoT, Precise Farming, Remote Farming, Smart Farming, UAV 

 

1. Introduction 
 

The future of the smart World will be based on the 

Internet of Things (IoT). IoT is a vision about everyday 

systems and devices being connected to the internet[1]. 

This facilitates tracking, monitoring, data collection, 

analysis, and control. Another technology that is 

popular today is unmanned aerial vehicles (UAV) or 

drones. Drones are unmanned flying aircraft. The fact 

that drones have some advantages over other aircraft has 

brought drones forward. Drone’s improved mobility 

enabled them to be used in every field. Today, drones 

are used in the military, construction, security, energy, 

agriculture, entertainment, etc. After referring to the IoT 

and drones that are up to date in the technology, it is 

necessary to conduct studies on the usability of these 

two technological products to facilitate and help human 

life. In other words in which sectors these two products 

can be used should be studied. To begin with, it is 

useful to take a look at the sectors that people are 

dealing with the most. According to the international 

labor organization, the largest share of the world 

population (29.6 percent) is engaged in agriculture, 

forestry, hunting, and fishing. In other words, it can be 

said that the number of agricultural workers is higher 

than in other sectors.  

 

Figure 1. World’s employment populations[2]. 

 

Figure 1 shows that agriculture has the biggest share. 

For this reason, the agriculture sector was chosen for the 

application. 
 

After selecting the sector, it is necessary to identify 

existing problems in the relevant sector. The problem is 

mailto:*cemil.altin@bozok.edu.tr
https://orcid.org/0000-0001-8892-2795
https://orcid.org/0000-0003-3922-934X
https://orcid.org/0000-0001-7323-4068
https://orcid.org/0000-0002-4732-9490
https://orcid.org/0000-0003-2219-2317


 

              Celal Bayar University Journal of Science  
              Volume 17, Issue 3, 2021, p 253-260 

              Doi: 10.18466/cbayarfbe.781368                                                                                                    C. Altın 

 

254 

that agriculture decreases significantly as 

industrialization increases. As seen in the international 

labor organization report in Figure 1, the rate of those 

employed in agriculture has decreased continuously in 

the period between 2010-2013 (-0.75) and 2014-2019 (-

0.63). The human population is increasing day by day 

and thus the need for food increases [3]. Food is a must 

for the human being to survive.  
 

In recent studies, it is predicted that the world 

population and food demand will increase rapidly until 

2050 [4,5,6]. Studies support each other that food 

production should increase significantly by 2050. 

Therefore, it is important to maintain and increase 

agricultural production. By using the technology in 

agriculture, it can easily find a solution to the increasing 

food demand. 

 

Almost all drones are managed by short-range remote 

controllers. Due to the short-range problem, drones can 

only be controlled when they are within view. However, 

remote farming cannot be done with visual line of sight 

(VLOS) drones. For remote farming, beyond visual line 

of sight (BVLOS) drones are needed. Thus, the drone 

can be controlled even from a very long distance. 

BVLOS drones are usually drones that can be controlled 

via the internet. Currently, both agricultural drones and 

internet-controlled drones are available commercially. 

The term agricultural drone is a very comprehensive 

term. Because there are drones used in a wide variety of 

agricultural work. Agricultural drones in the literature 

search; it has been used in jobs such as seed sowing [7], 

pest detection[8], data acquisition[9], irrigation 

management[10], plant health monitoring[11,12,13], 

yield estimation[14], soil analysis[15] and 

spraying[16,17,18]. Although there are many spraying 

drones in the literature, IOT-based spraying drones have 

not been encountered. Existing drones are either 

spraying drones that can be managed by short-range 

remote controllers, or IOT based drones especially used 

for crop monitoring or data acquisition. For this reason, 

an IOT based spraying drone was designed to be used in 

spraying jobs in this study.  

 

Multirotor drones are the most suitable unmanned aerial 

vehicle structure for spraying due to their ability to hang 

in the air, move slowly and push the drug towards the 

plant with the help of propellers. For this reason, a 

multirotor drone was used in the study. 

 

In this paper, a product that is pioneered the use of 

technology in agriculture and which is important and 

necessary in the field of agriculture was developed. The 

main objective of this study is the design of a spraying 

drone that allows the use of technology in agriculture 

with affordable price and superior features. Since the 

designed drone has direct IoT technology, it provides 

superiority to drones managed over the internet via 

remote control. Its high carrying capacity of 20 liters is 

higher than the carrying capacity of many drones. 

2. Materials and Methods 

2.1. Chassis Design  

 

Spraying drones are large-sized drones that can lift a 

heavy load because they carry several liters of liquid 

and spraying system components. In this study, a drone 

that can handle approximately 20lt of liquid was 

designed. Therefore, the chassis must be strong, 

durable, and light. Aluminum was used in chassis 

construction because it is durable, cheap, light, and 

easily available. Drones are multi-rotor unmanned aerial 

vehicles. Generally, drones with 4, 6, or 8 rotors are 

available. The number of rotors changes according to 

the weight of the load to be lifted or according to the 

motor-propeller pair used. It has been calculated that a 6 

rotor drone can handle the designed structure when 

using a predetermined motor-propeller pair according to 

price and performance. The designed body consists of 

only 6 aluminum rods. 6 aluminum rods are uniquely 

assembled to create a large area in the middle where 

parts of the drone and spray system can be placed. 

 

 

Figure 2. CAD drawing of the unique chassis. 

 

The drone chassis shown in Figure 2 is of a unique 

structure and is very simple, robust, and reliable. By 

changing the connection points of the 6 rods to each 

other, the size of the area in the center can be adjusted 

easily. The rods are fixed to each other so that the 20lt 

liquid drum can be easily mounted in the center of the 

drone. The distance between two opposing rotors is 

110cm. The drone dimensions are shown in Figure 2. 

 

2.2. Wiring Diagram and Controller 

 

The drone has 6 rotors (hexacopter structure) and its 

electrical connection diagram is given in Figure 3. As 

seen in Figure 3, brushless motors are used in the drone. 

Electronic speed controllers (ESC) are used to control 

brushless motors, and the PWM signal required for 

ESCs is sent by the microprocessor through the flight 

software. 
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Figure 3. Electrical wiring diagram of the drone. 

 

Flight software is not commercial software, it is original 

software developed by our team. Therefore, in case of 

any additions or changes, it can be easily overcome. 

Thus, a flexible working environment is provided. 

Thanks to the electrical power distributor, the necessary 

electrical power is given to the ESCs and motors. For 

spraying, a motor and a relay for turning the motor on 

and off were used. Commands from the IoT system are 

transmitted to the drone control system via an infrared 

receiver. In addition to being able to control the drone 

over the internet, it can also be controlled with a short-

range remote control. For this, a 2.4 GHz 

radiofrequency (RF) receiver is integrated into the 

system.  

 

The wiring diagram has been introduced, and now 

information about drone control and controller design 

will be given. 

 

Drones are vehicles that move in x, y, and z axes. 

Control is based on controlling the angle the drone 

chassis has to do with the axes. As in Figure 4, it is 

thought that the center of the drone is placed in the 

origin, the front-rear direction of the drone is placed in 

the x-axis direction, the right-left direction of the drone 

is placed in the y axis direction. The angle between the 

front-rear direction of the drone and the x-axis is called 

pitch angle, the angle between the right-left direction of 

the drone and y-axis is called roll angle and the angle of 

the drone center with the origin in the z-axis is called 

the yaw angle. 

 

 

Figure 4. Yaw, pitch, roll angles, and motor rotation 

directions. 

Yaw, pitch, and roll angles are controlled by rotating the 

drone rotors at different speeds. For example, if the 

motors on the left are rotated faster than the motors on 

the right, the drone moves to the right by making a roll 

angle in the + direction. Likewise, if the motors in the 

front are rotated faster than the rear ones, the drone 

makes a pitch attitude in the – direction and moves 

back. Or if the clockwise rotating motors are rotated 

faster than the counter-clockwise rotating motors, the 

drone would turn in the – yaw direction and turn 

counterclockwise. 

 

 

Figure 5. Control system flow chart. 

 

Figure 5 shows the control system flow diagram. PID 

controller is used as the controller. The PID controller 

tries to eliminate the error by comparing the reference 

input values with the current values of the system. PID 

works in the same way on the drone. After the reference 

yaw, pitch, and roll angles are sent by the user, PID 

works to eliminate the error by comparing reference 

angles with the current angles of the drone measured by 

the inertial measurement system (IMU). PID controller 

performs these operations mathematically with the 

following equation. 

                     𝑢(𝑡) = 𝐾𝑝𝑒 + 𝐾𝑖 ∫ 𝑒𝑑𝑡

𝑡

0

+ 𝐾𝑑

𝑑

𝑑𝑡
𝑒        (𝟐. 𝟏) 

PID stands for proportional, integral, and derivative. 

Here, the error (e) is multiplied by the Kp coefficient 

and approached to the reference. The error is eliminated 

over time by taking the integral of the error and 

multiplying it by the Ki coefficient. The sudden changes 

of the error are absorbed by taking the derivative of the 

error and multiplying it by the Kd coefficient. Many 

systems can be controlled with the PID controller. 

However, the Kp, Ki, and Kd coefficients are different 

for each different system. It is important to adjust these 

coefficients correctly, because the more accurate the 

adjustment is, the better the design of the controller. 

There are many different combinations of Kp, Ki, and 

Kd values for flight. However, one of them is the most 

ideal one. Adjusting means finding the most ideal 

coefficients, or those closest to it. Although these 

parameters are calculated by methods such as the 

Ziegler-Nichols method, it is more effective to adjust by 

experimenting in practice. While adjusting by 

experimenting, random values are determined first, then 

the coefficients are increased or decreased according to 

system response. While adjusting, it should be noted 

that Kp is responsible for the system speed, Ki for error 

elimination, and Kd for eliminating fluctuations in the 
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system response. It is very difficult to adjust these 

coefficients experimentally in some systems, especially 

in non-stationary moving systems. Drones are one of 

these systems because of their three-dimensional 

movement. Because the coefficients should be in the 

range of coefficients required for a successful flight. If 

coefficients are chosen outside of this range, the drone 

will crash and be damaged so it will damage the 

environment and living things. Thus, drone production 

will be very costly and dangerous. To avoid such 

disadvantages, an adjustment should be made on a test 

platform. On the test platform, the drone is free as if 

flying in the air, but it cannot change position. In other 

words, it performs yaw, pitch, and roll movements, but 

the changing position is prevented. Within the scope of 

the study, a unique test platform has been developed as 

shown in figure 6. 

 

 

Figure 6. Drone test platform. 

 

The test platform is designed in such a way that the 

drone can make its yaw, pitch, and roll movements 

without changing its position. To do this, the drone is 

attached to the flexible joint from the center. The 

flexible joint used is the car joint rod shaft. Thanks to 

the test platform, the controller parameters can be 

adjusted easily and the drone has been made to fly 

without damaging anything. 

 

The last thing to mention is the IMU. With IMU, the 

instantaneous yaw, pitch, and roll angles of the drone 

are fed back to the controller as shown in Figure 5. The 

controller controls the drone from this information that 

comes with feedback. The IMU includes a gyroscope 

and an accelerometer to calculate the angles. The 

accelerometer measures linear accelerations, while the 

gyroscope measures angular acceleration. The data of 

the two sensors are combined with sensor fusion 

algorithms to obtain the drone’s yaw, pitch, and roll 

angles. Many sensor fusion algorithms are available. 

Some of those; Kalman Filter, first-order 

complementary filter, second-order complementary 

filter, and yaw compensated complementary filter [19]. 

Although these sensor fusion algorithms do the same 

job, they differ in speed and immunity to noise. In the 

tests performed, it was observed that the most 

successful one of these algorithms for the designed 

drone is the yaw compensated complementary filter. 

Mathematically, how angles are obtained by combining 

raw sensor data is presented with the following 

equations. The calculations in the following equations 

are made for roll angle only, calculations for other 

angles are similar. 

 

Gyro rate to gyro angle integration; 

  𝑟𝑜𝑙𝑙𝑖𝑛𝑡𝑒𝑔𝑟𝑎𝑡𝑖𝑜𝑛 = 𝑟𝑜𝑙𝑙𝑎𝑛𝑔𝑙𝑒 + 𝑟𝑜𝑙𝑙𝑔𝑦𝑟𝑜𝑟𝑎𝑤
∗ 𝑑𝑡     (𝟐. 𝟐) 

Yaw rate integration to roll angle; 

  ∫ 𝑟𝑜𝑙𝑙𝑖𝑛𝑡𝑒𝑔𝑟𝑎𝑡𝑖𝑜𝑛 + 𝑟𝑜𝑙𝑙𝑎𝑛𝑔𝑙𝑒 ∗
𝜋

180
∗ 𝑦𝑎𝑤𝑔𝑦𝑟𝑜𝑟𝑎𝑤

∗ 𝑑𝑡                                                  (𝟐. 𝟑) 

Error correction with roll accelerometer data 

         𝑟𝑜𝑙𝑙𝑒𝑟𝑟𝑜𝑟 = 𝑟𝑜𝑙𝑙𝑎𝑐𝑐𝑒𝑙 − 𝑟𝑜𝑙𝑙𝑖𝑛𝑡𝑒𝑔𝑟𝑎𝑡𝑖𝑜𝑛             (𝟐. 𝟒) 

  𝑟𝑜𝑙𝑙𝑎𝑛𝑔𝑙𝑒 = 𝑟𝑜𝑙𝑙𝑖𝑛𝑡𝑒𝑔𝑟𝑎𝑡𝑖𝑜𝑛 + 𝑡𝑖𝑚𝑒𝑐𝑜𝑛𝑠

∗ 𝑟𝑜𝑙𝑙𝑒𝑟𝑟𝑜𝑟                                        (𝟐. 𝟓) 

 

Here the time constant is chosen between 0 and 1. 

 

2.3. IoT System 

 

One of the most important devices of the IoT revolution 

is smartphones that have become a part of our lives. For 

this reason in this study, IoT application was carried out 

using an onboard smartphone. The implemented system 

is presented in Figure 7 and is unique. 

 

 

Figure 7. The implemented IoT system. 

 

As seen in Figure 7, there is a smartphone on the drone. 

When the user wants to control the drone, he/she 

accesses the smartphone on the drone via another 

smartphone, tablet computer, or PC that can connect to 

the internet. This inter-device access is realized with the 

remote desktop application. Thanks to remote desktop 

access, it is possible to use the phone on the drone and 

send commands to the drone using it. It is not possible 

to do this directly. It is also necessary to establish a 

connection between the phone on the drone and the 

microprocessor containing the drone flight software. 

This connection can be made by wi-fi or Bluetooth. For 

this, it is necessary to attach a wi-fi or Bluetooth module 

to the microprocessor. It is possible to see many studies 

or applications in the literature that make connections in 

this way. This causes extra costs and can lead to 

negativity due to disconnection problems. In this case, 

the unmanned aerial vehicle will travel freely or even 

crash. A unique system has been proposed to overcome 

these problems. Wi-fi or Bluetooth is not used in the 

proposed system. Therefore, there is no problem of 

connection or disconnection. The proposed system is the 

same as the communication between television and 

remote control. This communication is infrared (IR) 
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communication. The receiver is always ready to receive 

data from the transmitter. As soon as data is sent from 

the transmitter, the receiver starts to receive the data, 

and communication is established. This system is very 

useful, reliable, cheap, and simple. Its cost is also very 

low because it consists of one IR receiver LED and two 

IR transmitter LEDs. In this system, the encoded audio 

file played from the smartphone is converted to infrared 

waves. In other words, the smartphone gains infrared 

remote controller features like a TV remote controller. 

One IR receiver is attached to the microprocessor on the 

drone. Two IR transmitter LEDs are used in the circuit 

that converts the audio data from the smartphone’s 

headphone output to IR signal, as in Figure 8.  

 

 

Figure 8. The circuit that converts encoded sound 

waves to IR waves. 
 

The circuit that converts the sound to the IR signal is 

simple and it has two types. The first circuit is the 

circuit given in figure 8.b and is the same as the circuit 

given in figure 8.a. This circuit is for the sound card 

electrically powerful. It can be used by plugging it 

directly into the headphone jack. The second circuit is 

given in figure 8.c. The difference between this circuit 

and the other circuit is that it is used with a mini audio 

amplifier. It is necessary to apply external 5V DC to this 

circuit. From the moment the circuit is attached to the 

smartphone, it is possible to manage the device that 

works with an IR remote controller. Figure 8.d shows 

the circuit connected to the headphone output of the 

smartphone. In other words, the smartphone has become 

a remote control that manages many electronic devices 

such as televisions, air conditioners, and stereos. All 

that needs to be done is to convert the different IR 

signals emitted by the original remote controller keys 

into an audio file. Because the designed circuit is a 

circuit that converts audio signals into IR signals. How 

this conversion process is done can be learned in detail 

from this reference[20]. 

 

2.4. Smartphone User Interface Application Design 

 

A useful user interface design has been developed 

within the framework of the study. The application is an 

android based application. The android platform was 

chosen because it is widely used, easy to develop, and 

cheap. The application is installed on the android 

smartphone on the drone. This application sends 

encoded audio to the device that converts the audio to 

IR. It is also an application that easily accesses the 

hardware such as the camera and GPS of the android 

phone it is installed on. The user uses this application by 

accessing the smartphone on the drone with a remote 

desktop connection from a computer, tablet, or other 

smartphones. Many remote desktop applications are 

available. TeamViewer application was used in the 

experiments. It can be downloaded for free on the 

Android market. Thanks to the remote desktop software, 

another paired device can be accessed and managed. In 

this study, the drone is also managed with the user 

interface developed by accessing the smartphone on the 

drone via the remote desktop application wherever you 

are in the world. 

 

 

Figure 9. Android-based user interface application. 

 

Figure 9 shows the screenshot of the designed user 

interface. To mention briefly; the Camera_1 button 

opens the rear camera of the smartphone on the drone, 

this camera shows the earth while the drone is air. The 

Camera_2 button opens the front camera of the phone, 

this camera shows the sky when the drone is in the air. 

The camera view is instantly seen in the upper left half 

of the user interface. The camera view is closed with the 

Close button. In the upper right half of the user 

interface, the Google Maps application instantly shows 

the position of the drone on the map, the coordinate 

information is also shown just below. For this, it is 

necessary to have a GPS sensor in the onboard android 

phone. With the control buttons on the lower half of the 

user interface, the drone is moved in the directions 

written on the buttons. These buttons are assigned 

differently coded sound waves. Pressing the button 
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plays a short sound from the phone’s music player. The 

played sound is converted into IR waves with the device 

connected to the headphone output and a command is 

sent to the drone. Since the response of the command 

generated by each key is pre-coded into the drone flight 

software, the drone knows which button is pressed and 

acts accordingly. 

 

2.5. Spraying system 

 

The spraying system consists of one yellow-colored 20 

lt water container mounted under the drone (shown in 

Figure 6), one small water motor in the container, and 

six sprinklers. The durable water container, which has a 

large surface area, is also used as a stand.  

 

While designing the spraying drone, elements with a 

high price/performance ratio were preferred. The most 

important of these elements are electric motors. As a 

result of the market research, 380 kV motors with a 

power of 2665 W, operating with 22.4 V, which have a 

higher price-performance ratio than their competitors, 

were preferred. The thrust of these electric motors 

determined the other elements of the aircraft and the 

load it could handle. The thrust force of the selected 

electric motor and propeller pairs was calculated with 

the following formula.  

 

𝑇 = [(ƞ𝑥𝑃)2𝑥2𝜋𝑥𝑟2𝜌]1/3           (𝟐. 𝟔) 

Here; 

ƞ: propeller efficiency (between 0.7-0.9), preferred:0.8 

𝑃: electric motor power (Watt), preferred:2665 Watt  

𝑟: radius of propellers (m), preferred:0.203 m 

𝜌: air density (1.22 kg/𝑚3) 

Calculated thrust is =112.2 N, 

1 N=0.101972 kgf 

Then thrust is = 11.421 kgf for one electric motor. 

The UAV has 6 motors, so total thrust generated by all 

motors is 6x11.421=68.526 kg. 

 
This means that the preferred electric motors and 

propellers can handle a total load of 68,526 kg. 

However, for a successful flight, electric motors need to 

provide 1.5-2 times the thrust of the total weight of the 

aircraft. According to this calculation, the total weight 

of the aircraft should be at most 68.526/2=34.263 kg. 

Since the curb weight of the aircraft is 16,161 kg, it can 

carry 34.263-16.161=18.102 kg = 18.102 lt (water) 

cargo. Of course, this is the case when the factor of 

safety 2 is selected. If the safety factor is chosen 

between 1.5 and 2, there will be a carrying capacity of 

around 20 liters, so a 20lt tank has been selected.  
For loads up to 20 lt, the desired amount of pesticide 

can be placed in the container and spraying can be done 

without making any changes. It is not suitable for loads 

more than 20 liters due to the maximum carrying limit 

of the aircraft. 

 

Since the spraying process is not done autonomously, 

the success of the spraying depends on the user 

experience and the characteristics of the pesticide. The 

pesticide will be sprayed by the user at the optimum 

level. 

 

2.6. Cost of the System 

The cost of the total system is given in Table 1. 

 

Table 1. Cost of the system. 

 Product Qty Unit($) Total ($) 

1 20lt Container 1 4,1 4,1 

2 
Aluminium sigma rod 

35x35 6mt 65 65 

3 Connection parts 1 12 12 

4 
22.2V Li-Po Battery 

12000mAh 25C-6s  2 282 564 

5 Atmel microprocessor 1 30 30 

6 9 Axis IMU 1 37 37 

7 380KV Brushless Motor 6 62,89 377,34 

8 200A ESC 6 36,11 216,66 

9 3-blade Propeller 16x10 6 18,98 113,88 

10 IR transmitter LEDs 2 0,25 0,5 

11 IR receiver 1 0,5 0,5 

12 
PAM8403 mini Audio 

amplifier 1 1 1 

13 
2.4 GHz Remote 

Controller 1 59,5 59,5 

14 Water pump 1 10 10 

15 Li-po charger 1 58 58 

16 Old android smartphone 1 --- --- 

TOTAL 1549,48$ 

 

3. Results and Discussion 

 

As a result, a drone with different features than existing 

drones in the literature was designed and successfully 

flown.  

 

Figure 10. An image from the test flight. 

 



 

              Celal Bayar University Journal of Science  
              Volume 17, Issue 3, 2021, p 253-260 

              Doi: 10.18466/cbayarfbe.781368                                                                                                    C. Altın 

 

259 

Especially the chassis design and IOT system are 

different and unique from existing drones. The center of 

the chassis is designed to expand and contract easily 

according to the water container to be mounted. Thus, 

for a heavy lift drone, there is easily place for all the 

elements. Using an onboard android system for the IoT 

system and controlling it with a remote desktop 

application has provided a lot of flexibility and 

convenience. The most important of these facilities is 

that the applications available in the android market and 

used for agricultural purposes are easily and instantly 

installed and the plant or field is analyzed and 

intervened quickly. In addition, a user with an android 

phone can have an IoT system at no extra cost. Thanks 

to the recommended plug-and-use audio-infrared 

converter, the user will be able to control drones from 

anywhere in the world. Thanks to the android 

smartphone, the user will not spend money on 

expensive equipment such as a camera, GPS, modem. In 

the IoT system, the communication between the internet 

provider device and the microprocessor responsible for 

flight is unique in that it eliminates connection problems 

and communication problems. Thanks to the developed 

original flight software and test platform, all-purpose 

development and updates can be made.  

 

3.1. Comparison With Other Agricultural UAVs 

 

Compared to other prominent agricultural drone 

manufacturers, the prototype sprayer drone reveals that 

it is the most economical UAV in its class with a 20-

liter payload and IOT technology. 

 

 Manufacturer IOT Capacity Price ($) 

1 
Our UAV Directly with 

UAV 

20 l 1549.48$ 

2 
DJI Agras T20 Via Remote 

controller 

20 l 16511.9$ 

3 
Xaircraft P20 Via Pilot Phone 10 l 21500$ 

4 
RPA Pelicano Via Remote 

controller 

16 l No information 

5 
SHIYANLI Via Remote 

controller 

20 l 19054$ 

6 
IHA TR 5 Via Remote 

controller 

20l 21186$ 

 

Comparison made in terms of IoT, tank capacity and 

price. Except for these drones, drones with lower 

specifications are not included in the comparison. 

Fixed-wing unmanned aerial vehicles and helicopters 

are also not included in the comparison. The compared 

drones consist of drones that dominate the market with 

similar features to the drone we have designed. Our 

drone is an affordable drone compared to other drones. 

As can be seen, all drones can be connected to the 

internet and controlled via their remote controllers. In 

other words, there is an intermediary remote controller 

between the internet and the drone. Although these 

drones are controlled over the internet, they cannot go 

out of the remote controller range. In other words, this 

system works when the remote controller is close to the 

drone. But in our design, the drone is directly connected 

to the internet and there is no need for an intermediary 

remote controller. It doesn't matter if the remote 

controller is near or far. In addition to the price 

advantage, the advantage of direct internet connection 

makes our drone superior. 

 

4. Conclusion 

 

In a conclusion, a product has been designed to lead the 

fusion of technology and agriculture in recent years, 

when agriculture 4.0 has been spoken in the world with 

industry 4.0. An innovation that makes agriculture easy 

and attractive beyond traditional farming methods has 

been introduced. Thanks to this innovative technology, 

time and labor are saved. Spraying in agriculture is one 

of the most important and difficult jobs. The spraying 

process, which is done by diluting with tons of water 

with traditional spraying methods, has been ended and it 

has been possible to spray without wasting water. Thus, 

waste of water is prevented. In the traditional method, 

due to the difficulty of spraying, the whole field was 

sprayed, but thanks to the proposed product, regional 

spraying was provided instead of the whole. Thus, the 

environment was protected and expenses were reduced 

by preventing excessive use of the drug. The proposed 

system allows comfortable spraying, especially in 

difficult, rugged, and hilly terrain. Due to the ease of 

spraying, there is an increase in yield. In addition to 

these, the difficulty of going to the field for spraying 

and other works has been eliminated, and it has become 

possible to obtain information about the field and 

spraying without leaving the house. Since the product 

makes it easier to do agricultural work remotely via the 

internet, agriculture is continued even if there are 

migrations to big cities. 

 

Novelty of this study is the design of a spraying drone 

that allows the use of technology in agriculture with 

affordable price and superior features. Since the 

designed drone has direct IoT technology, it provides 

superiority to drones managed over the internet via 

remote control. Its high carrying capacity of 20 liters is 

higher than the carrying capacity of many drones. 

Another original aspect is that it offers sustainable and 

budget-friendly solutions for precision agriculture. 

Sending commands to the drone with remote desktop 

connection through the android interface developed by 

us by converting the audio signal into infrared signals is 

unique. 
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Abstract 

 

Nowadays, three-dimensional (3D) printers have come to an important place in many sectors with the 

development of technology. 3D Printers that provide layered manufacturing have different raw materials 

requirements to be able to work the substance called filament is one of the raw materials of 3D printers. 

The most preferred raw material for a 3D printer is filament compared to other raw materials. The layered 

manufacturing device may take wrong printing or undesired printing for any reason. It is important to be 

able to recycle the product resulting from these printings. The aim of this work is to make the filament re-

usable for layered manufacturing. The importance of this study is to create the desired diameter filament 

and make it usable in the industrial field. With a structure consisting of crushers, extrusion, water and air 

cooling units, pulling, rotary, wrapper and automatic control units, a system including mechanical, 

electronic and software processes was designed. With this designed system, an average of 1.75 mm 

diameter filament to be used in 3D printers was successfully obtained in the wrapper unit and filaments of 

desired dimensions were obtained within the scope of the study. 

 

Keywords: Filament, waste recycling, layered manufacturing, 3D printer, prototype 

 

1. Introduction 

 

Fused Deposition Modeling technique (FDM) is 

one of the solid-based rapid prototyping systems. In 

this system, there are all forms in solid state. The 

solid state in the system can be in the form of 

filaments, rolls, sheets and granules [1]. The use of 

some filaments is more preferred in 3D printers. 

Polylactic acid (PLA) is a lactic acid-based polymer 

composed of renewable resources that have a 

greater impact area than petroleum-based plastics 

[2]. Acrylonitrile butadiene-styrene (ABS) material 

is one of the polymers used in rapid prototyping 

technology, which is widely preferred in FDM that 

was developed by Stratasys Inc. [3-4]. The gain in 

pre-selection of ABS and PLA filaments emerged 

after exchanging ideas with 3D printer suppliers 

[5]. In the FDM printer, the feedstock containing 

filament is contained in the wrapper and connected 

to the extrusion nozzle. 
 

 

The nozzle has a heater block that melts a 

thermoplastic polymer. The parameters to be 

arranged in the printer 1software are flow and 

temperature. These parameters should be arranged 

according to the desired printing [6]. 

Studies on the temperature range of ABS and PLA 

filaments to be heated and determining the filling 

parameters to be arranged during the re-printing of 

the filament successfully obtained within the scope 

of this study play an important role in terms of 

prediction. The inferences for the determination and 

use of ABS and PLA filaments in the prototype 

designed and manufactured waste recycling system 

within the scope of the study were determined by 

researching academic sources [7-14]. Some of the 

information during the printing of the filaments 

manufactured as a result of the study were obtained 

by analyzing the article [15]. Waste materials 
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generated during 3D printing such as filament ends, 

scraps and backers importance to the environmental 

side of FDM. 

 

Generating recycled filaments to actualize waste 

management is very important for sustainability 

[16]. Commercial printing filaments are generally 

polymers such as PLA or ABS while composites 

are used to create objects by way of conductive, 

dielectric, and magnetic materials. 3D prints that 

are printed using plastics are advantageous [17]. 

These advantages are especially precious for 

research apparatus and specialist equipment where 

new designs need to be tested in biomedical 

applications such as 3D printed aortic valves [18]. 

Many companies around the world develop and 

improve their extruders with variations during 

printing. The decreasing in the cost of both material 

extrusion printers and plastic extruders was the 

starting point for recycling polymer waste and parts 

such as scrap support. In addition, significant 

economic profits are provided with the filament 

produced from polymer pellets. The concept of 

recycling enriched by layered manufacturing has 

increased its interest from 2008 to the present and 

has become a reason for the preference for many 

countries. Typically, non-recyclable polymers such 

as ABS and PLA were also obtainable in a 

recyclable format [19]. 3D printers, which play an 

active role in layered manufacturing technology, 

cause damage due to go for prints waste caused by 

the inability to present the desired product to the 

user and the drying of the filament on the printer 

(i.e. the raw material of the printer), which has not 

been properly protected. As a result of the damage, 

the idea of recycling the filament has emerged and 

this has been the main problem of this study. In the 

literature studies, a commercial PLA filament has 

an average tensile strength of 60 MPa; it is expected 

that the tensile strength of any piece to be produced 

in the same cross-sections from the pure PLA 

filament is also close to that value [20]. In literature 

has many different studies of PLA. For example, 

this study investigated the effects of FDM (Fused 

Deposition Modeling) process parameters on 

mechanical properties (tensile strength, elongation, 

and impact strength) of 3D (three dimensional) 

printed PA12 (Polyamide12) samples using 

Taguchi method. In the experimental design (L8), 

four different layer thickness (0.1, 0.15, 0.2, 0.25 

mm), extruder temperature (250 and 260°C), filling 

structure (Rectilinear and Full Honeycomb), and 

occupancy rate (25 and 50%) were determined [21]. 

The aim of our study is to recycle the wrong prints 

created by 3D printers during printing, the unused 

parts of the support pieces in the main print, as well 

as the waste filament that was not completed due to 

any defect. Subsequently, it is melted at desired 

temperatures (PLA: 200 ℃, ABS: 225ֲ ℃) after 

passing through the crusher unit and cooled by 

cooling units at the end of the extrusion unit. After 

adjusting the tension of the line with the pulling and 

rotary units, it is made ready for the 3D printer by 

virtue of the wrapper unit. 

 

2. Material and Methods 

2.1 Crusher Unit 

 

Firstly, the filaments to be recycled were specified 

within the scope of this study. The filaments 

specified by using the crusher unit consisting of 2 

stages were made to suitable sizes for the extruder 

entrance. A double-stage and screen crusher design 

was commenced. In the current layout, the blade 

thickness is 5 mm in the rough breaking (1st Stage). 

section. The blade thickness is 3 mm in the fine 

breaking (2nd Stage) section. Each stage is driven 

by a separate DC gearmotor. 

 

Table 1. Materials Used in Crusher Unit 

Quan

tity 

Product 

name 

Description 

2 Gear M1.5 | DP= 42 | DE=45 | Z=28 

| d=30 | D=12 

2 Gear M1 | DP= 22 | DE=24 | Z=22 | 

d=18 | D=8 

2 Coupler 8x8 Aluminum Shaft Coupling 

2 Motor 12v 15 Rpm L Dc Gearmotor 

10 Bearing 16x8x5 radial bearing 

4 Square 

shaft 

8x8mm   215mm Square shaft 

4 Sigma 

Profile 

20x20 266mm Sigma profile 

2 Sigma 

Profile 

20x20 300mm Sigma profile 

1 Sigma 

Profile 

20x20 280mm Sigma profile 

4 Sigma 

Profile 

20x20 148mm Sigma profile 

2 Sigma 

Profile 

20x20 190mm Sigma profile 

2 Sigma 

Profile 

20x20 104mm Sigma profile 

2 Shaft 5x148mm Shaft 

2 Motor 

Driver 

Dc Motor Driver 

200 Bolt YSB M5x10 

100 Bolt YSB M5x15 

200 Nut M5/20 Sigma Profile knurled 

channel nut 

150 Corner 

joint 

20x20 Sigma Profile Corner 

Joint 

1 Laser Cut Laser cutting for crusher 
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Roller bearings are used to provide movement at 

each stage and gears with a 1: 1 ratio to transfer the 

movement. The materials used in the crusher unit 

are shown in Table 1.  
 

The crusher unit is shown in Figure 1. 

 
 

Figure 1. Crusher Unit 

 

2.2. Extrusion Unit 
 

The extrusion unit is essentially designed as 7 

pieces. These are reducer motor, input feed silo, 

extrusion shaft, extrusion shaft sleeve, nozzle, 

heater cartridge and thermocouple. Extrusion shaft 

and sleeve on the system are determined according 

to ABS plastic material. The number of spirals on 

the extrusion shaft, the distance between the spirals 

and the helix angle are determined according to the 

type of material to be melted. Subsequently, the 

power of the heater cartridges was determined and a 

sleeve design proper for the shaft was made [22]. 

 

As a result of the tests and evaluations made, it was 

seen that ABS plastic was melted in the desired 

properties. The choice of dc gearmotor was 

determined after calculating the power required for 

pushing the molten, semi-melted and solid plastic. 

The entire extrusion unit is shown in Figure 2. 

 

 

Figure 2. Extrusion Unit 

 

 

 

 

 

 

2.3. Cooler Units 

 

The cooling section on the system consists of two 

parts. These are water-cooling unit and air-cooling 

unit.  

2.3.1. Water-Cooling Unit 

 

In the water-cooling unit, the hot filament coming 

out of the extrusion unit is passed directly through 

the water and cooled. The water in the overflow 

chamber and the water in the main chamber were 

circulated with the help of the water pump on the 

unit. The water was ventilated and the heat on it 

was removed. The water-cooling unit is shown in 

Figure 3. 

 

 

Figure 3. Water-Cooling Unit 

 

2.3.2. Air-Cooling Unit 

 

An air-cooling unit is designed to dry the wet 

filament coming out of the water-cooling unit and 

to remove the remaining heat. The air-cooling unit 

is shown in Figure 4. The materials concerning to 

the cooling units are given in Table 2. 

 

Table 2. Materials of Refrigerating Units  

Material Type Quantity / Description 

Ø5x100mm shaft 2 

626zz roller 6 

3d printer prints Refrigeration unit 

auxiliary materials 

Ø5x60mm shaft 1 
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Figure 4. Air Cooling Unit 

 

2.4. Pulling Unit 

 

A suitable diameter of filament is formed by 

calibrating the speed of the line with the pulling 

unit. Silicone wheels are used in the unit due to pull 

the filament more effectively. The suitable torque is 

provided for the maximum and minimum speeds of 

the line with the DC gearmotor used on the system. 

The length of the filament produced on the line is 

determined with the encoder on the system [23]. 

The materials used in the pulling unit are given in 

Table 3. 

 

Table 3. Materials of Pulling Unit  

Material Type Quantity / Description 

 DC gearmotor 12V-30 revolution per 

minute 

Silicon wheels 51x30mm 2 pieces 

6x100 mm shaft 2 pieces 

6x60 mm shaft 2 pieces 

Tow spring 2 pieces 

Encoder Omron encoder 

Sheet metal cutting 

production 

Auxiliary parts 

3d printer parts Pulling unit auxiliary 

materials 

6x8 Coupler 2 pieces 

6x6 Coupler 2 pieces 

626zz Roller 6 pieces 

 

Pulling unit is as shown in Figure 5. 

 

Figure 5. Pulling Unit  
 

2.5. Wrapper Unit 
 

The wrapper unit consists of two parts. These are 

divided into rotary and pulley winding. It is aimed 

to reel up the filament properly in the rotary part.  

For this reason, it operates automatically at a speed 

that can be arranged linearly on the screen. A 

conical plug-in system is designed that can be 

easily demounted and mounted to the wrapper part. 

However, the pulley can be easily mounted with its 

full or empty state. With the DC gearmotor in the 

wrapper part, speed arranged and torque control can 

be done in empty or loaded state. The image of the 

wrapper unit is given in Figure 6. 

 

 

Figure 6. Wrapper Unit

 

3. Results and Discussion 

 

The following results are obtained, if the innovative 

aspects and determinations of the filament recycling 

system designed and manufactured are analyzed. 

 

• By virtue of the designed filament 

recycling system, the inert filaments formed in  

 

cases such as calibration, power cut, filament 

depletion, and extruder clogging up have been 

enabled to produce the desired filaments with 

contributing to nature. 
 

• Waste support pieces were recycled. 

• Recycling of inert filaments was 

recovered. 
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• With the prospective studies, it is foreseen 

some materials such as plastic cups, plastic 

bottles etc. that can be crushed in the crusher 

unit and recovered. 

• It is thought that bronze, fiber, wood, carbon 

fiber, elastic reinforced fibers can be obtained 

from waste filaments in consequence of 

prospective ideas. 

• The designed wrapper unit had performed the 

wrapper synchronously with the other units 

and there was no speed problem. 

 

During the testing and start-up stage of the filament 

recycling system, prototype manufacturing and 

assembly were completed and the production tests 

of ABS material were carried out between 5-9 

revolution per minute and at 200-235 degrees 

Celsius.  A filament with an average diameter of 

1.75 mm was obtained that suitable for FDM 

printers. It gave the best result among the previous 

studies, with an output of 11.3 Volts from the ABS 

filament extruder motor at 200 degrees at 5 rpm. As 

the number of revolutions increases, the tension of 

the filament at the exit of the extruder increases and 

the balance between the other units gradually 

disappears. In order to prevent this, the filament is 

moved in the right-left direction in the traversing 

unit, so that it has a diameter of approximately 1.75 

mm before it comes to the wrapper unit. 

 

4. Conclusion 

 

Successfully completed filament recycling system, 

prototype design and manufacturing enabled the 

desired filament to be obtained on a product basis. 

Some of the 3D printers using FDM technology 

require a filament diameter of 1.75 mm. In this 

study, 1.75 mm filament diameter was realized with 

2% tolerance and made suitable for material 

production. ABS type filament gave more 

successful results than PLA type filament. Robust, 

highly resistant and flexible materials can be 

produced with ABS filament with a melting 

temperature of 220 degrees. In this way, the 

filament to be used for the 3D printer can be 

recycled with high efficiency and an important 

contribution is made to us and the relevant units 

economically. In case of urgent raw material need 

arising from additive production technology, the 

recycling system will be easily put into use. It has 

provided great convenience in terms of time for the 

production process, especially when material 

supply is needed. The entire filament recycling 

system is shown in Figure 7. 

 

 

Figure 7. Experimental Setup Equipment. 

 

Crusher unit is first equipment in this study. Its 

mission is crushing waste filaments and transport to 

extruder unit. The second equipment is extruder 

unit that heating the filament until 225 degrees and 

set the revolution per minute. When the filament is 

heated it has been ready for cooling. The third one 

is cooling units that cooling the heated filaments on 

air and water. Cooling step is necessary for 

hardness because the filaments must be high 

steaminess. The fourth one is pulling unit which set 

the tension on the filaments. This tension is 

important for system. Because filaments diameter is 

set by this equipment. The fifth one is wrapper unit 

which wrap the filaments. Filaments is ready for 

print on 3D printers in this section. 
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Abstract 

 

In this study, it is aimed to draw attention to the new materials and recycling produced by the melt-casting 

process of chips in industry. For this purpose, the aluminum 5000 material with 90 HB hardness was 

turned. The chips obtained by turning were melted in melting furnace and molded as a cylinder mold. The 

hardness value of the material Recycled Al 5000 obtained by casting method was measured as 95 HB. 

Materials were examined by surface microscopy. Experimental design, analysis of surface roughness 

values of Al 5000 and Recycled Al 5000 material, regression equations, coefficients of determination, 

optimum point, cutting parameters interaction graphs were carried out with response surface methodology 

(RSM). It was concluded that the surface roughness values decreased in the Recycled Al 5000 material. In 

order to determine this reduction, the surfaces of the chips and materials were examined. Optimum 

parameter levels for Ra were found as cutting speed 222 m/min, feed rate 0,14 mm/rev, depth of cut 1,77 

mm. Feed rate was the most effective parameter for surface roughness in both materials. In prediction 

experiments, it was observed that the RSM model yielded 90% reliability. 

 

Keywords: turning, chips, recycling, casting, RSM. 

 

1. Introduction 

 

Nowadays, the consumption of available resources 

increases rapidly due to the increasing population. With 

the rapid depletion of the resources used, the important 

institutions in the world about how to use the resources 

efficiently need to do various studies. While meeting 

our current needs, we should not endanger the potential 

of future generations to meet their needs [1]. The main 

subject of our study is to provide recycling of waste 

aluminum chips. We support the conservation of both 

our natural resources and our resources. 

 

Waste shavings or materials resulting from machining 

can be collected and recycled through scrap work. Metal 

materials take a long time to disappear in nature. 

Aluminum is lost in nature in about one hundred years. 

Energy and material savings are ensured by recycling. 

 

The casting processes of different materials, which are 

important in industrial production, constitute the basis 

of many studies. Metalworking and shaping with the 

discovery of metals in human history has been practiced  

 

almost simultaneously. In this sense, the foundry and 

casting technique has continued its development 

throughout the ages, and it continues to be popular in 

today's information age [2, 3]. 

 

Aluminum is one of the most common metals used in 

many sectors (automotive, construction, aerospace, 

electric-electronics, etc.) due to its advantages (such as 

lightness, process ability, oxidation resistance and 

electrical conductivity). Recycling of scrap or waste 

materials for aluminum production saves approximately 

90% energy from ore to aluminum production. This 

shows how important recycling of aluminum is. 

Aluminum is produced from primary aluminum and 

scrap as secondary aluminum [4-6]. 

 

Nowadays, it is aimed to obtain high quality products 

with low manpower in a short time [7]. For this purpose, 

the use of CNC machine has become widespread in 

order to be able to produce flexible and mass 

production. A wide variety of metal removal methods 

are available in the manufacturing industry. Turning is 

an important chip removal method because it is faster 

mailto:harunakkus@windowslive.com
https://orcid.org/0000-0002-9033-309X
https://orcid.org/0000-0003-4859-9609
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than other operations and gives better results in surface 

quality [8]. There are several factors that influence the 

surface roughness in turning. The most important of 

these are the cutting speed, feed and chips depth known 

as cutting parameters [9-11]. Generally, the desired 

cutting parameters are determined according to the 

experience or according to the catalogs determined by 

the cutting tool manufacturers [12]. However, in order 

to obtain a better result in surface roughness, 

optimization of cutting parameters and surface 

roughness should be modeled [13]. Developing 

technology and increasing product diversity force 

manufacturers to produce more quality and faster. 

Therefore, cutting tool technology is constantly 

evolving. Recently, the improvement of cutting tools 

has not only increased the removed chip ratio but also 

reduced processing costs and processing time as well as 

increasing the quality of the desired surface [14]. In 

order to obtain a smooth surface, many experimental 

and statistical studies were performed on the 

optimization of the cutting parameters. In order to find 

the optimum value by decreasing the number of 

experiments, Taguchi method was used in studies and 

unnecessary experiments were avoided [15]. Bensouilah 

et al. Used surface roughness and shear force analysis in 

the hard turning process with and without coating using 

Taguchi method. In the experiments, the surface 

roughness was better at the coated ceramic ends and the 

cutting force was lower at the uncoated ceramic ends 

[16]. In his work, Noordin and his colleagues subjected 

AISI 1040 steel material to a lathe operation with a 

coated insert and investigated the effect of cutting 

parameters on surface roughness. At the end of their 

studies, they found that the most important parameter 

affecting the surface roughness was the progress [17]. In 

addition, in the literature, optimization with the 

response surface methodology (RSM) is widely used to 

determine optimum cutting parameters [18-20]. 

 

The main purpose of this study is to investigate the 

machinability of the new material obtained by the melt-

casting method of the chip pieces produced by the 

machining in the enterprises or workshops. The surface 

roughness of the material obtained as a result of the 

process and the internal structure of the material were 

investigated. In this way, it was aimed to create 

awareness in the department students and to cooperate 

with the industry in accordance with the data we 

obtained. 

 

2. Materials and Methods 

 

In this study, aluminum 5000 work piece used in 

heating and cooling equipment, roof coverings, writing 

signs, panels, traffic lights, architectural applications, 

chemical industry, parts requiring coating. 

 

First, aluminum 5000 cylindrical material is machined 

on the lathe. The chips formed during turning are 

deposited and pressed into the box placed on the lathe to 

keep them away from any contaminants such as oil and 

dirt. The pressed chips are melted in the crucible in our 

own melting furnace and poured into a cylindrical 

hollow material. Charcoal was used to heat the melting 

furnace. Slag formed during melting were removed. 

During melting, the average temperature reached 730 
oC. After casting, the material was cooled to room 

temperature. Before the material was used, it was 

processed on the lathe to smooth the surface and the 

residues were removed. In Figure 1, flow chart is given. 

The parameters and definitions related to the experiment 

are given in Table 1. In the experiments, a cylindrical 

piece with dimensions of Ø50x175 mm was used. 

Process length was selected as 60 mm. 

 

Pressed chip Melting crucible Melted chips 

   

Temperature Casting 

  
 

Figure 1. Flow chart. 

 

Table 1. Experimental parameters. 

 

Processing Conditions Definitions 

Workpiece Aluminum 5000 

Workpiece hardness (Al 5000) 90 HB 

Workpiece hardness (Al 5000, Recycled from chips) 95 HB 

Workpiece dimensions Ø50x175 mm 

Process length 60 mm 

Lathe ACE Micromatic Designers LT-20C 
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Cutting speed (m/min) 222-308-394 

Feed rate (mm/rev) 0,14-0,21-0,28 

Depth of cut (mm) 0,33-1,77-3,21 

Cutting media Dry 

Cutter tips Lamina Technologies VBMT 160404 NN 

LT10&LT100 

Tools holder TIMAXIP SVHBR 2525 M16 

Measured value Average surface roughness (Ra) 

Roughness measuring instrument Mitutoyo Surftest SJ-210 

Temperature measuring instrument Infrared Thermometer DT 8016H 

Hardness measuring instrument BMS Digirock RSR 

Metallographic grinding and polishing machine Metkon FORCIPOL 2V Grinder-Polisher 

Microscope Leica DMC 2900 

Used programs Design Expert, Microsoft Excell 

 

Experimental design Design Experiment 11 program 

with a Box Behnken approach was created with 15 

experimental lists. Experimental design and obtained 

test results are given in Table 2. 

 

3. Experimental Results 

 

Table 2 shows the experimental results and the graph of 

the test results in Figure 2. When the results of the 

experiment are examined, it is seen that the surface 

roughness values of the Recycled Al 5000 material 

decreased. It is determined that this decrease is caused 

by material hardness, internal structure of material and 

chip form. 

 

Table 2. Experimental design and experimental results. 

 

No 
V 

(m/min) 

f 

(mm/rev) 

a 

(mm) 

Al 5000 

Ra (µm) 

Recycled Al 

5000 Ra (µm) 

1 308 0,21 1,77 3,535 1,741 

2 308 0,28 3,21 5,444 3,991 

3 308 0,28 0,33 5,899 4,486 

4 394 0,28 1,77 5,742 5,382 

5 222 0,14 1,77 2,159 1,479 

6 222 0,21 0,33 3,077 1,989 

7 222 0,28 1,77 5,288 4,250 

8 222 0,21 3,21 3,365 3,096 

9 308 0,14 0,33 2,342 2,010 

10 394 0,14 1,77 2,220 1,946 

11 308 0,21 1,77 3,718 3,205 

12 308 0,21 1,77 3,341 3,054 

13 394 0,21 0,33 3,516 3,269 

14 308 0,14 3,21 2,329 1,983 

15 394 0,21 3,21 4,599 3,419 

 

 
 

Figure 2. The roughness comparison of Al 5000 and 

Recycled Al 5000 material. 

 

Figure 3 shows the chips of Al 5000 materials and the 

Recycled Al 5000. When the chips are examined, the 

chips in the Recycled Al 5000 material are not coiled in 

any way because of the short structure. As the Al 5000 

material is being processed, the chips are not fragile, so 

the roughness values are increased. In other words, 

during the turning process of the Al 5000 material, the 

chips entrained in the part caused scratches on the 

surface. This situation increased the surface roughness 

of scratches. 

 

Al 5000 chips Recycled Al 5000 chips 

  
 

Figure 3. The chips structures formed during the 

processing of Al 5000 material and Recycled Al 5000 

material. 

 



 

              Celal Bayar University Journal of Science  
              Volume 17, Issue 3, 2021, p 267-273 

              Doi: 10.18466/cbayarfbe.898972                                                                                                  H. Akkuş 

 

270 

In order to examine the differences in the chips structure 

as a result of the processing of Al 5000 material and 

Recycled Al 5000 material, the sections were taken 

from the samples and examined by Leica DMC 2900 

microscope. The surfaces of the samples were prepared 

with Metkon FORCIPOL 2V Grinder-Polisher before 

the examination. The samples were ground in liquid 

medium with 180, 800 and 1200 sandpaper. Grinding 

surfaces are polished by using special liquid with felt. 

Figure 4 shows microscope images for 20x 

magnification. When the shape is examined, the surface 

of Al 5000 material is seen as a whole, but cracks and 

gaps are seen on the surface of the Recycled Al 5000 

material. These images also explain the difference in the 

chips structures in Figure 3. 

 

 
 

Figure 4. Microscope images. 

 

4. Respond Surface Methodology (RSM) 

 

The statistical analyzes of the experimental results were 

performed by Design Expert program. For optimum 

surface roughness of linear, quadratic, qubic equations 

have been tried. The most appropriate model was 

created by the quadratic equation. According to 

coefficients calculated in Design Expert program, 

quadratic model equations are obtained. 

 
Ra_ Al 5000 =3,531+0,273*V+1,665*f+0,112875*a+0,098*V*f 

+0,198*V*a-0,1105*f*a-0,0216*V²+0,342*f²+0,129*a² 

 
Ra_ Recycled Al 5000 =2,666+0,401*V+1,336*f+0,091*a+0,166 

*V*f-0,239*V*a-0,117*f*a+0,211*V²+0,385*f²+0,064*a² 

 

R2 was obtained as 89% for Al 5000 material. R2 of the 

Recycled Al 5000 material was 97%. Table 3 and Table 

4 show the results of ANOVA. When Table 3 and Table 

4 show the equation coefficients, it is seen that the 

effective and important parameter on the roughness is 

progress. Table 3 and Table 4 also show that the model 

created for the Al 5000 material is not important and the 

model created for the Recycled Al 5000 material is 

important. 

 

Table 3. ANOVA results for Al 5000 material. 

 

Source 
Sum of 
Squares 

df 
Mean 

Square 
F-value p-value 

Model 16,71 9 1,86 4,5 0,0562 

A-v 1,28 1 1,28 3,11 0,1383 

B-f 14,29 1 14,29 34,62 0,002 

C-a 0,0675 1 0,0675 0,1636 0,7026 

AB 0,1106 1 0,1106 0,2679 0,6268 

AC 0,229 1 0,229 0,5548 0,4899 

BC 0,0548 1 0,0548 0,1327 0,7306 

A² 0,1654 1 0,1654 0,4009 0,5545 

B² 0,5499 1 0,5499 1,33 0,3005 

C² 0,0156 1 0,0156 0,0377 0,8537 

Residual 2,06 5 0,4127   

 

Table 4. ANOVA results for Recycled Al 5000 

material. 

 

Source 
Sum of 
Squares 

df 
Mean 

Square 
F-value p-value 

Model 23,62 9 2,62 19,84 0,0021 

A-v 0,5984 1 0,5984 4,52 0,0868 

B-f 22,19 1 22,19 167,71 0.0001 

C-a 0,1019 1 0,1019 0,7704 0,4203 

AB 0,0386 1 0,0386 0,2919 0,6122 

AC 0,158 1 0,158 1,19 0,3243 

BC 0,0488 1 0,0488 0,3692 0,57 

A² 0,0017 1 0,0017 0,0131 0,9133 

B² 0,4333 1 0,4333 3,28 0,1301 

C² 0,062 1 0,062 0,4686 0,5241 

Residual 0,6615 5 0,1323   

 

Figure 5 shows the graphs V-f, V-a and f-a. When 

Figure 5 is examined, it is seen that the parameter 

having the most effect on the surface roughness from 

the cutting parameters for Al 5000 and Recycled Al 

5000 material is progress. It confirms our study in the 

literature [17, 21, 22]. 
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Al 5000 material V-f Al 5000 material V-a Al 5000 material a-f 

   

Recycled Al 5000 material V-f Recycled Al 5000 material V-a Recycled Al 5000 material a-f 

   
 

Figure 5. Al 5000 material and Recycled Al 5000 material for V-f, V-a, f-a graphics. 

 

The optimum points for RSM models are determined in 

the Design Expert program. The determined optimum 

points and roughness values are given in Figure 6. 

Figure 6 shows that the cutting parameters (V = 222 

m/min - f = 0,14 mm/rev - a = 1,77 mm) are the same  

 

for Al 5000 and Recycled Al 5000 material. For the 

same cutting parameters, Ra = 2,01 µm for Al 5000 

material and Ra = 1,28 µm for Recycled Al 5000 

material. The Ra value is low for the Recycled Al 5000 

material. 

 

Optimum parameters for Al 5000 material Optimum parameters for Recycled Al 5000 material 

  

 

Figure 6. Optimum parameters for Al 5000 and Recycled Al 5000 material. 

 

The result estimation and the experiments were 

performed for the cutting parameters determined in the 

Design Expert program for the RSM models. When 

Table 5 and Table 6 are examined, the estimation  

 

models for Al 5000 material and Recycled Al 5000 

material approached approximately 90% of the 

experimental results. This has demonstrated the 

reliability of estimation models. 

 

Table 5. Estimation experiments for Al 5000 material. 

 

Test no V (m/min) f (mm/rev) a (mm) Actual Predict Absolute difference Absolute error (%) 

1 222 0,14 1,77 2,219 2,011 0,21 9,37 

2 250 0,2 1,03 3,435 3,152 0,28 8,24 

3 380 0,27 3,2 6,342 5,805 0,54 8,47 
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Table 6. Estimation experiments for Recycled Al 5000 material. 

 

Test no V (m/min) f (mm/rev) a (mm) Actual Predict Absolute difference Absolute error (%) 

1 222 0,14 1,77 1,381 1,283 0,10 7,10 

2 250 0,2 1,03 2,785 2,511 0,27 9,84 

3 380 0,27 3,2 5,012 4,591 0,42 8,40 

 

5. Conclusion 

 

In this study, aluminum 5000 material is turned. The 

chips formed during the turning process were collected 

and melted in our own design melting pot and a new 

cylindrical material was produced. Recycling of chips is 

provided. 

 

The hardness of the Al 5000 material was 90 HB and 

the hardness of the Recycled Al 5000 material was 95 

HB. The obtained surface roughness values were 

reduced in the Recycled Al 5000 material for the same 

cutting parameters. The reason for this decrease is due 

to the increased hardness of the material due to the fact 

that the chips are more fragile and do not wrap the 

surface and create scratches on the surface. 

 

Sections were examined by microscope. While the 

surface of Al 5000 material is seen as a whole, cracks 

and gaps in the surface of the Recycled Al 5000 

material is noteworthy. This explains why the chips 

structures are broken in the Recycled Al 5000 material. 

 

Optimum parameter levels for Ra were found as cutting 

speed 222 m/min, feed rate 0,14 mm/rev, depth of cut 

1,77 mm. Feed rate was the most effective parameter for 

surface roughness in both materials. 

 

RSM models for Ra values were obtained by Design 

Expert statistical program. Quadratic regression models 

were created for Ra values. ANOVA tables are given in 

the RSM results. In the RSM model, the graphs V-f, V-a 

and f-a are given. In the equations and graphs obtained, 

it is concluded that the most effective parameter is Ra. 

 

Three experimental parameters were determined to 

determine the reliability of the predicted part of the 

RSM model. In this experiment and model comparison, 

approximately 90% of the results were obtained. 

 

Different materials and different methods can be used in 

future manuscripts. We made the process of recycling 

with the charcoal smelting due to impossibility. Electric 

or natural gas melting furnaces can be used to reduce 

environmental damage. 
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Abstract 
 

It is well-known that strontium addition into molten metal as a eutectic modifier increases the elongation 

and toughness values of the cast parts by refining the eutectic phases. However, when over-modification 

occurs, porosity increases due to some unwanted physical and chemical reactions that develop within the 

structure. On the other hand, it has been seen that high cooling rates tend to reduce the porosity of the 

alloy, decrease grain size and secondary dendrite arm spacing and refine eutectic silicon phase on Al-Si 

casting alloys. Within the scope of this research, it is aimed to investigate the effects of the cooling rate of 

cast part and the addition amount of strontium on the silicon modification behavior of Al A356 

(AlSi7Mg) alloy parts using casting simulation environment. To examine the effect of strontium amount, 

150, 250, 350 and 450 parts per million of strontium additions were selected in accordance with the 

aluminum wheel production limits that given by OEM customers. After the casting session of each Al 

A356 composition with different strontium amount by using special designed 5-spoke mold on casting 

simulation, thermal analysis was done by obtained thermocouple data from casting part’s each spoke. 

Obtained thermal analysis data was interpreted with the casting simulation outputs. Within all aspects, the 

150 parts per million strontium addition on Al A356 alloy have been identified as the most useful 

simulation model in terms of casting performance. 
 

Keywords: A356 alloy, casting simulation, cooling rate, eutectic modification 

 

1. Introduction 

 

Aluminum (Al)-Silicon (Si) casting alloys as one of the 

most popular family of the cast Al alloys which have 

been used in industry for decades, especially for the 

advantages of their light weight, recyclability and high 

specific strength [1]. The most common composition of 

Al-Si casting alloy is A356 (Al7Si0.3Mg) which 

contains needle-like hard and brittle eutectic Si phase 

and ductile 𝛼-Al phase as alloy matrix. This eutectic 

phase, inside solidified commercially pure (CP) A356 

alloy, has a needle-like structure and results an 

increment on inner stress due to increased stress sharp 

edges inside microstructure. Modification is a must in 

order to refine the eutectic Si phase to obtain finer 

morphology. Unmodified Si phase inside Al-Si casting 

alloy degrades tensile strength and fatigue properties of 

cast part to eliminate this negative effect and increase 

mechanical properties such as tensile strength, 

toughness and elongation, eutectic modification and  

 

grain refinement procedures have been used for most of 

the Al cast parts. This modification can be obtained by 

either chemically, by using master alloys, and 

physically by increasing the rate of solidification by 

extracting the heat energy of alloy with mold 

adaptations and external cooling channels.  

 

Chemical modifiers are master alloys including Sr, 

sodium (Na), barium (Ba), calcium (Ca) and europium 

(Eu) elements used to obtain eutectic modification 

which avoids eutectic Si growth by the mechanism of 

impurity induced twinning (IIT) growth and twin plane 

re-entrant (TPRE) poisoning [2-4]. Besides that ability, 

Sr melt treatment increases the H concentration in the 

melt. Consequently, Iwahori et.al. investigated that Sr 

addition to the melt effects the porosity formation in Al-

7%Si alloys. Also, they proposed that there was a 

correlation between the observed oxide number and 

porosity for (Sr) modified A356 alloy [5]. Additionally, 

besides the benefits of Sr on modification, it is believed 

mailto:bdogdu@cms.com.tr
https://orcid.org/0000-0003-4110-7341
https://orcid.org/0000-0002-5646-351X
https://orcid.org/0000-0003-0589-7083
https://orcid.org/0000-0001-9017-9443
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that Sr reduces the surface tension of the molten alloy 

which may cause to porosity formation with increased 

wt. % content [6]. 

 

Grain refinement also can be acquired chemically by 

using master alloy contribution inside Al melt, such as 

titanium (Ti), niobium (Nb), beryllium (Be), boron (B) 

and lanthanum (La) based, by the mechanism of 

creating potential nucleation sites for 𝛼-Al dendrites [7]. 

It is also known that Ti-B master alloys which have 

been used as a commercial grain refiner, have a 

chronical problem such as fading and poisoning 

mechanism, which also has a negative influence on 

mechanical properties of A356 alloy. As a consequence 

of higher density of the nucleant TiB2 and TiAl3 

particles, than molten Al, settlement of nucleants 

through the crucible can be observed by the function of 

time and gravity. This mechanism is known as fading. 

On the other hand, TiB2 particle surface interface is an 

energetically favorable site for Si growth, compared to 

the Al-matrix grain boundaries. Ti-Si included 

compound coats TiAl3 surface and degrades the 

influence of the nucleant that exists in the Ti-B master 

alloy, based on Sigworth and Guzowaski’s work [8]. On 

both fading and poisoning effect, grain refinement 

efficiency decreases dramatically, which have 

deleterious consequences on strength and toughness of 

the cast part [9]. Commercially, foundries have been 

using Sr and Ti-B based master alloys for eutectic 

modification and grain refinement respectively, on the 

process of melt treatment before actual casting stage.  

Moreover, heat extraction velocity from molten metal 

can influence the temperature gradient in the mold, thus, 

solidification rate of the alloy itself, and is one of the 

most important variable which influences 

microstructure and mechanical characteristic of 

castings. At elevated solidification rates, more 𝛼-Al 

dendrites with smaller arm spacing will be formed, 

resulting in lower and more uniform distribution of 

shrinkage porosity due to enhanced mass feeding [10-

12]. In addition, high cooling rate ensures eutectic Si 

phase refining by blocking the growth of eutectic Si 

which greatly affects mechanical properties positively 

[13]. 

 

Ferdian et al. proposed that to determine the optimum 

amount of eutectic modification, the needed eutectic 

depression must be at least 7 °C which is slightly higher 

than the value previously proposed by Apelian et al. as 

5.5°C [14]. Additionally, the authors suggested that the 

only values of solidification rate higher than 0.7 °C/s 

relate to sufficient modification of A356 alloy in either 

sand or metallic molds. 

 

The innovative approach of this study is to investigate 

the effect of Sr content and cooling rate on Si 

modification with the help of casting simulation 

analysis. In order to execute detailed investigations on 

melt treatment performances, thermal analysis technique 

has been examined for determination of melt treatment 

level and quality assessment of casting. Normally, 

thermal analysis examination proceeds by extracting 

analog data from molten metal, at the time of where 

molten metal solidifies, and transforming the data into 

digital one on an analog to digital converter device. 

Instead of this standard procedure, casting simulation’s 

virtual thermocouple’s data was used in this work. By 

obtained T /t graphs, Tnucleation (Tn), Tminimum (Tm) and 

Tgrowth (Tg) temperatures can be analyzed by first 

derivate method of T/t graph itself, for eutectic 

modification which is dealt with in the current paper. 

Finally, the effects of Sr amount and cooling rate are 

summarized by comprising the whole results consisting 

of macroporosity formation, eutectic grain radius, Sr 

macrosegregation and thermal analysis data outcomes. 

 

2. Materials and Methods 

 

Firstly, a mold design was studied on Catia V5 CAD 

software, by considering the cooling rate differences on 

each spoke. The five spoke mold was designed on two 

different section volume by referencing of middle point 

of the casting part, as it seems on Figure 1. That section 

differences were designed to obtain different thermal 

gradient on the same mold. Therefore, on the thick 

section part, two air cooling nozzle holes were 

implemented to get much higher cooling rates due to 

obtain different cooling rates on edge to edge (higher 

values on thick section, lower values on thin section). 

After the design step, the CAD mold was appended on 

Magmasoft casting simulation software. 4 mm 

tetrahedral mesh was implied on whole cast and mold 

data. To examine the efficacy of Sr contribution, thanks 

to material Jmat Pro database of Magmasoft, 

thermodynamic calculations were made for 150, 250, 

350 and 450 ppm of Sr addition. Lever equation was 

used for each Sr concentration. Based on the standard 

casting parameters (700°C molten metal temperature, 

350°C mold temperature), numbers of experiments were 

designed through the whole process to correlate to 

solidification of A356 alloy by real casting 

examinations. Nevertheless, in order to observe only the 

eutectic modification performance of each casting 

version on the casting simulation, grain refiner was not 

defined on elemental composition of A356 alloy, so that 

data noise that may be occurred by thermodynamic 

calculation of Ti and B was eliminated. Detailed casting 

simulation parameters data are given in Table 1. 

Thermal regime of the mold and cooling curves of the 

middle point of each spoke were obtained by virtual 

thermocouples. By these thermocouple data, Tn, Tm and 

Tg were considered to compare the effect of cooling rate 

and Sr amount on eutectic modification performance for 

each spoke. As a final step, macroporosity formation, 

eutectic grain radius, Sr macrosegregation and thermal 

analysis data outcomes were examined based on each Sr 

addition and cooling behavior of each spoke of the cast 

part. 
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Table 1. Casting Parameters. 

 

 
Figure 1. a) Isometric view, and b) mid-section of the 

mold, where cooling channel hubs and spoke numbers 

can be seen. 

 

3. Results and Discussion 

 

In this part, the whole experimental results are analyzed 

in 5 different perspectives as Cooling Design of the 

Mold, Eutectic Grain Radius, Sr Macrosegregation, 

Shrinkage Porosity, and Thermal Analysis. 

3.1 Cooling Design of the Mold 

 

Cooling system of the mold was designed for obtaining 

various cooling rates on each spoke of the casting part. 

For purpose of obtaining different solidification rate 

from each spoke, mold thickness difference and cooling 

channel implementation were applied to the mold on 

Catia V5 CAD software. Thanks to bulk mold mass on 

thick section, it was thought that thick section will 

absorb more heat by relying on the principle of 

Q=mcΔ𝑡. Conversely, it was seen that thin section’s 

temperature was increased due to decreased mold mass 

on that area, as indicated in Figure 2. On the other hand, 

implemented external cooling channels extract the heat 

of the mold, so that, heat flow through casting part to 

mold can be forced. 

 

 
 

Figure 2. Temperature Scale of zy plane section of the 

a) T=350℃ at t=0, b) T=288.8℃ at t=final (Thick 

section with cooling channel implementation.) and c) = 

513℃ at t=final (Thin section). 

 

As it seems in Figure 3., spoke 1 has solidified primarily 

on cast part. After the solidification of spoke 1, spoke 5 

tend to become solid on t=65s. And then, thermal 

gradient difference between thick section and thin 

section of the mold was exposed, as spoke 2, 3 and 4 

has is solidified, respectively. It is seen that, while the 

solidification has been proceeding, the warmest part of 

the casting where the molten metal get poured into the 

mold and where solidification occurred lastly, has 

shrunk because of density difference between molten 

alloy and solidified alloy. The warmer the area, higher 

possibility to get shrank. However, that bulk shrinkage 

formation is acceptable on design criteria since only the 

spokes of the casting part were taken into consideration. 

 

 

 

 

Parameter Material Specification 

Cast Part 

Temperature 

Al7Si0.3Mg 

(A356) 
700°C 

Modifier 

Element 
Sr 

150,250,350 and 450 

ppm 

Mold 

Temperature 

X40CrMoV

5-1 (H13) 
350°C 

Heat Transfer 

Between Cast 

Part and Mold 

- 

1-548°C # 1000 

W/m2. K 

548-613°C # linear 

increment 

613-1000°C # 2700 

W/m2. K 

Cooling 

Channel (x2) 

Air (6 bar, 

20°C) 
1450 W/m2. K 

Heat Transfer 

Between Mold 

and Medium 

- 
𝜀 = 0.3 

ℎ = 20W/𝑚2. K 

Heat Transfer 

Between Cast 

Part and 

Medium 

- 
𝜀 = 0.8 

ℎ = 20W/m2. K 

Die Coating Dycote34 Thickness= 0.1 mm 

Molten Metal 

Inlet Mass 

Flow Rate 

Al7Si0.3Mg 

(A356) 
0.285 gr/s 
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Figure 3. Solidification Sequence of A356 Alloy on 

Magmasoft Casting Simulation at a) 65s, b) 75s, c) 95s, 

d) 115s, e) 135s, f) 175s as a result of % fraction solid. 
 

3.2 Eutectic Grain Radius 
 

On casting simulations, eutectic grain radius (EGR) 

module shows amount of the eutectic phase formation 

between dendrites. In the scope of the work of Ferdian 

et al., eutectic Si shape and size on Al-Si alloys are 

directly related with cooling rate and the amount of 

eutectic growth restrictor element, like Sr, Na [15]. 
 

In Figure 4, EGR values tend to decrease on every step 

of Sr addition on spoke 4, except of other four spoke on 

150 ppm Sr casting setup. It can be interpreted that even 

if on the spoke 4, which has lowest solidification rate, 

150 ppm Sr addition has the ability to modify eutectic 

Si.  After 250 ppm Sr addition, overall eutectic radius 

increment has been seen. On the following compositions 

of 350 and 450 ppm Sr addition, overall EGR values 

have a tendency to decrease linearly but not remarkably. 
 

3.3 Sr Macrosegregation 
 

In the consideration of a solid solution, solvent atoms 

have the possibility to tend to freeze before the solute 

atoms, which causes a composition gradient in molten 

alloy under non-equilibrium conditions [16]. The 

thermal and compositional condition responsible for this 

cellular micro and macrosegregation is named as 

constitutional undercooling. Cooling characteristic 

related segregation values are listed below. 
 

 
Figure 5. Macrosegregation value schematic in terms of 

ppm. 

 

Based on simulation data, Sr macrosegregation is highly 

caused by solidification rate. There might be some other 

reasons such as oxide film density, filling properties of 

molten metal into the mold and etc. Therefore, because 

of the linear increment on the values of 

macrosegregation of Sr in terms of ppm, it can be said 

that, theoretically the Sr addition amount on A356 alloy 

does not have any impact, as it seems in Figure 5, the 

ppm difference ratio between each spoke is different. 
 

3.4 Shrinkage Porosity 
 

According to Nampoothiri et al., the addition of Sr 

triggers the porosity formation in the interdendritic 

region of alloy which terminates the advantageous 

influence obtained by morphological transformation of 

eutectic Si [12]. Also, it is known that lack of feeding is 

a cause for macroshrinkage during solidification where 

the density of alloy has change by heat extraction from 

melt. Macroshrinkage can be avoided by rapid and 

directional solidification through the whole part. 

Interdendritic feeding is the key for the solution of 

macroporosity. As it was indicated in Figure 6, 

minimum porosity formation was obtained on 150 ppm 

Sr addition (Figure 6b). Conversely, maximum porosity 

formation was observed on 250 ppm Sr included A356 

alloy (Figure 6c) 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. EGR value representation based on Sr amount. 
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Figure 6. Total Shrinkage Porosity formation of a) CP. 

A356, b) 150 ppm Sr, c) 250 ppm Sr, d) 350 ppm Sr and 

e) 450 ppm Sr. 
 

3.5 Thermal Analysis 
 

Thermal analysis on Al-Si alloys has critical importance 

on defining the solidification path of the alloy itself. To 

specify the 𝛼 Al dendrite solidification temperature, 

eutectic Si nucleation temperature (Tn), eutectic 

minimum temperature (Tm), eutectic growth temperature 

(Tg) and the other intermetallic phases such as β-

Al5FeSi, π-Al8FeMg3Si6 and β- Mg2Si, derivative point 

analysis is necessary. Ferdian et al. suggested that 

eutectic depression (Tg - Tm) should be examined to 

observe eutectic modification [15]. The only way for 

reliable examination is derivative curve analysis.  

The thermal analysis curves were obtained from virtual 

thermocouples on Magmasoft software. For each spoke 

and Sr addition, Tn, Tm and Tg temperatures have been 

extracted from these curves. In Figure 7, T/t curve (blue  

dots) and its derivative (green dots) of spoke 5 of CP. 

A356 casting setup was indicated, as an example. 
 

 

Based on T/t graphs of all the casting simulation setups, 

it can be clearly said that Sr addition on A356 alloy has 

a direct influence on the eutectic formation 

temperatures. It decreases eutectic nucleation 

temperature up to 560 ℃ in overall, without considering 

the effect of cooling rate. Up to 450 ppm from 150 ppm 

Sr addition, just slight differences exist. On the other 

hand, cooling rate calculations have been made based 

on Equation 1. Negative slope of T/t curve between the 

point of where 𝛼 Al dendrites start to solidify and the 

eutectic nucleation spot, has been calculated. On Table 

2, it can be seen that aimed cooling rate difference 

through the spokes has obtained. By this variation, it is 

obvious that cooling rate has a strong influence on 

eutectic formation mechanism, according to simulation 

calculations. When liquid molten alloy is solidified at 

an elevated solidification rate, the actual supercooling 

of the solidified alloy is large and thus the nucleation 

rate of eutectic phase is increased. 

 

Both Tn and eutectic depression undercooling 

mechanisms are important to obtain modified eutectic Si 

in microstructure of Al-Si hypoeutectic alloys. The 

importance of undercooling of nucleation has been 

proposed in the literature. It is mentioned that the 

decreased Tn is attributed to the potential nucleation 

sites (AlP) poisoned by Sr [17-20]. Therefore, the 

decreased Tn also suggests that the required nucleation 

undercooling is increased. This also shows that the 

addition of Sr ensures the nucleation of the eutectic 

phase more difficult at high temperature. The decrease 

on the temperature of Tm indicates the present 

undercooling of the melt is increased when more of 

nucleation events occur.  

 

 

 

Figure 8. Representation of Cooling Rate change 

according to Sr addition and spoke.

Figure 7. Thermal analysis of spoke 5, (T/t curve with 

blue dots and its derivative curve with green dots) on 

CP. A356. 
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Table 2. Thermal Analysis Values of Casting Simulation.

 
 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 

 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 

 
 

 

 
 

 
 

 

 
 

 

 
 

 

 

 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 

 

 
 

 

V
er

si
o

n
 

Temperature (℃) 

Spoke Number 

5 4 3 2 1 
C

P
. 

A
3

5
6
 

Tn 574.4 575.5 576.0 577.0 574.7 

Tm 574.2 574.8 574.6 574.3 573.8 

Tg 575.1 575.4 575.1 575.0 574.9 

Cooling Rate (℃/𝑠) 1.7 

 

0.9 

 

1.0 

 

1.6 

 

2.1 

 

1
5

0
 p

p
m

 S
r
 

Tn 565.8 565.6 565.9 563.1 560.4 

Tm 560.4 565.5 562.3 560.3 557.3 

Tg 560.7 565.8 562.5 559.8 556.2 
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Figure 9. Representation of Tn change according to Sr 

addition and spoke. 

 

 

Figure 10. Representation of Tg change according to Sr 

addition and spoke. 

 

 

Figure 11. Representation of Eutectic Depression 

change according to Sr addition and spoke. 

 

Whole data was analyzed with the help of Minitab 18 

software. Figure 8-11 show the Cooling Rate, Tn, Tg and 

Eutectic Depression changes according to Sr addition 

and spoke number, respectively. In Figure 8, it was seen 

that Sr addition affected the solidification rate of each 

casting part even if mold and molten metal temperatures 

are exactly same for all versions. This effect may have 

occurred due to thermodynamic reaction calculations 

during solidification of the alloy. In Figure 9 and Figure 

10, minimum Tn and Tg were achieved, respectively, for 

250 ppm Sr contribution. For the addition amount 

higher than 250 ppm, the increment was observed for 

the Tn at Figure 9. It was proven that solidification rate 

of alloy has a significant impact on Tn and Tg. 

Moreover, it was indicated on Minitab graph that 250 

ppm Sr addition is influenced by the Eutectic 

Depression mechanism mostly which was represented in 

Figure 11. However, it was also shown that there was no 

significant change more than 250 ppm Sr addition. 

 

4. Conclusions 

 

On foundry applications, casting simulations takes 

critical role due to ability and advantages of detecting 

casting defects, solidification path of alloy and other 

major parameters before actual casting process. Thus, it 

is also possible to predict Sr addition and cooling rate’s 

association on to eutectic modification thanks to 

accessible modules of Magmasoft Software. 

As a result, it can be concluded that; 

• With correct parameters of heat transfer between 

cast part, mold and medium, composition properties 

and meshing precision, reasonable results can be 

obtained. Also, it was seen that thermal analysis 

studies can be proceeded as computer-based, 

instead of real-time casting work. 

• Theoretical Eutectic Grain Radius (EGR) 

calculations showed that Sr addition decreases the 

eutectic density between dendrites. On spoke 4, 150 

ppm Sr has proceeded very well due to color 

representation although it has lowest cooling rate. 

On wheel casting, low cooling rates can be 

observed on hub section. It is important to obtain 

eutectic modification even these kind of areas on 

casting. So that, it is reasonable that 150 ppm Sr 

can be a good choice for foundry applications on 

hypoeutectic Al-Si casting alloys.  

• Distribution of macrosegregation of Sr on each 

spoke can be seen on the related Magmasoft 

module. The effect of cooling rate on segregations 

are significantly observable. Sr amount just only 

changes the mean value of deviation.  

• Shrinkage porosity formation has dramatically 

increased on 250 ppm Sr addition. Correlation 

studies are necessary to prove that claim.  

• Thermal analysis results show that the maximum 

development has occurred on 150 ppm Sr. After 

that, undercooling on eutectic formation 

temperatures tend to increase with just a lower 

ratio. Even if the maximum improvement on 

modification has obtained by 250 ppm Sr based on 

eutectic depression data, due to maximum porosity 

level observation on that composition, theoretical 

delimitation has obtained. 150 ppm Sr addition on 

A356 alloy seems to be best solution for eutectic 

modification. 
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• According to Ferdian et al, minimum eutectic 

depression limit has obtained as 7℃, and minimum 

cooling rate has mentioned as 0.7℃/s, for optimum 

eutectic modification. It can be concluded that, 

minimum required modification can be observed 

even on spoke 4 which has lowest cooling rate 

among all spokes of casting part. Simulation data 

has given eutectic depression values more than 7℃ 

(Minimum value was obtained on spoke 4, 150 ppm 

Sr level as 9,995℃). 

• It was also exposed that cooling rate and Sr 

addition correlation can only get done by further 

real casting comparison with same setup. Actual 

microstructure and mechanical properties result 

such as eutectic Si aspect ratio and yield-tensile 

strength and elongation results are noteworthy to 

consider. 
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Abstract 
 

A new organic compound, 1-(3,5-difluorophenyl)-3-(2-nitrophenyl)urea was synthesized from 2-
nitroaniline, 3,5-difluoroaniline and triphosgene in sequential two steps with 92% yield. The product was 
crystallized by the slow evaporation using THF and ethyl acetate solvent system to obtain its single 
crystal. The pure crystals were characterized with melting point, FT-IR, 1H NMR, 13C NMR and MS. The 
structure of the compound was brought to light by X-ray single-crystal structure determination. Density 
functional theory calculations were applied by using (DFT/B3LYP) method with the 6-311G(d,p) basis set 
level. The potential energy surface (PES) scanning was performed to determine the stability of the 
molecule. Frontier molecular orbitals of the compound were calculated. AIM charge and MEP analyzes 
were performed.  
 
Keywords: Crystal structure, DFT calculations, diphenylurea, triphosgene, XRD  
 

 
1. Introduction 
 
In recent years, there has been an increasing interest in 
1,3-diphenylureas which are also known as N,Nı-
diphenylureas due to their wide range of chemical and 
biological applications [1,2]. It is known that these 
compounds show good pharmacological activities 
including anticancer [3-5], antimalarial [6,7], anti-
Alzheimer [8], antiviral [9], carbonic anhydrase I and II 
inhibitors [2], anti-tuberculosis [10] and antidepressant 
[11,12]. Regorafenib named 4-(4-(((4-chloro-3-
(trifluoromethyl)phenyl)carbamoyl}amino)-3-fluoro 
phenoxy)-N-methylpyridine-2-carboxamide which is a 
diphenylurea derivative drug shows the pharmaceutical 
properties as multikinase inhibitor of VEGFR-2, -3, c-
Kit, p38 MAP kinase etc. and uses at the treatment of 
colorectal, hepatocellular and gastrointestinal stromal 
cancers [3]. In addition, sorafenib is another effective 
kinase inhibitor drug containing diphenylurea moiety  
 

 
uses for the treatment of kidney, liver and thyroid 
cancers [5]. Also, 1,3-diphenylureas were reported 
acting like auxins and cytokinins which are important 
plant growth regulators in agrochemical applications 
[13]. 
 
The synthesis of unsymmetrical diphenylurea 
derivatives is an important issue due to their superior 
biological applications and chemical treatments 
including usage as intermediate, linker in complex 
synthesis and also protection of amino groups. Synthesis 
of target structures can be carried out with aniline 
derivatives and phosgene [14,15], triphosgene (BTC, 
bis(trichloromethyl) carbonate) [16], 1,1'-
carbonyldiimidazole (CDI) [7], S,S-dimethyl 
dithiocarbonate [17], 1,1-carbonylbis benzotriazole [18] 
or carbon monoxide/dioxide with catalysts [19,20] as 
CO sources. In addition, alternative synthesis method is 
Curtius rearrangement which begins with a different 
starti 

mailto:*tgungor@comu.edu.tr
https://orcid.org/0000-0001-5261-1856
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starting material, substituted benzoyl chlorides. The first 
step of this method is the reaction of benzoyl chloride 
derivative and sodium azide to obtain benzoyl azide 
derivative. In the second step, in situ generation of 
isocyanate occurs through the removal of nitrogen gas 
and the reaction of aniline derivative with intermediate 
isocyanate results in the target diphenylurea product 
[21]. 
 
The density functional theory (DFT) is an approach that 
determines the quantum chemical model of structures 
and is presently one of the most successful methods. 
DFT predicts many molecular properties such as 
molecular structures, vibrational frequencies, molecular 
energies, and electric properties. The fact that the 
simulation results are very close to experimental studies 
is one of the reasons why DFT is a preferred method. 
 
In this study, we synthesized a new N,Nı-diphenylurea 
derivative (compound 4) successfully using a two-step 
synthesis approach with high yield. The well-shaped 
crystals of product were obtained by using slow 
evaporation technique and characterized with melting 
point and various spectral analyses such as FT-IR, 1H 
NMR, 13C NMR, MS and X-ray single diffraction. 
Theoretical calculations were performed using the 
DFT(B3LYP) method and 6-311G(d,p) basis set to 
determine and characterize the molecular and electronic 
structure properties of the compound. NMR and IR 
values of the optimized structure were compared to the 
experimental values. The potential energy surface (PES) 
scanning was performed to determine the stability of 
molecule. Frontier molecular orbitals of the compound 
were calculated. Also, AIM charge and MEP analyzes 
were performed. 
 
2. Materials and Methods 
 
All chemicals and solvents used in the experimental 
studies were provided from commercial suppliers and 
used without further purification. Reaction tracking was 
conducted by using thin-layer chromatography with 
Merck precoated Kieselgel 60GF254 plates. Melting 
point was recorded with X-4 melting-point apparatus. 
Infrared spectra were measured with a Perkin Elmer 
Spectrum 100 FTIR spectrophotometer in the range 
4000-600 cm-1 with attenuated total reflectance (ATR) 
sampling accessory. NMR spectra were registered with 
a Jeol High-Performance Digital FT-NMR spectrometer 
(400 and 100 MHz for 1H and 13C, respectively) using 
DMSO-d6 as solvent. The molecular weight of product 
was determined with Shimadzu LC-MS/MS 8040 
Liquid Chromatograph Mass Spectrometer with an ESI 
source. The single crystal X-ray diffraction (XRD) data 
was collected at ambient temperature on an Agilent 
Supernova X-Ray Diffractometer using Molybdenum 
X-ray source and CCD detector. Literature search of 
compound was done using Reaxys database. 

2.1. Synthesis of 1-(3,5-difluorophenyl)-3-(2-
nitrophenyl)urea (compound 4) 
 
2-Nitroaniline (1, 1.0 mmol; 0.138 g) was dissolved in 2 
mL DCM. Bis(trichloromethyl)carbonate (triphosgene, 
1.0 mmol; 0.296 g) in 1 mL DCM and triethylamine 
(0.3 mL) were added slowly in an ice bath. The mixture 
was stirred at 0-5 °C for 30 min and then room 
temperature for 2 hours. Solvent was evaporated in 
vacuo to dryness and the residue (2) was dissolved in a 
mixture of THF:DCM (1:1, 6 mL). 3,5-Difluoroaniline 
(3, 1.0 mmol; 0.129 g) was added to the reaction 
medium and was stirred at reflux condition for 4 hours. 
Upon completion as shown by TLC, solvent mixture 
was evaporated in vacuo to dryness. Crude product was 
dissolved in acetone (8 mL) and distilled water (8 mL) 
was added on it. Obtained orange solid was filtered, 
washed with water (20 mL) and dried at room 
temperature. (0.27 g, 92% yield) mp 200-202 °C; IR 
(ATR) ϑ 3404, 3332, 3127, 3098, 1728, 1630, 1605, 
1502, 1477, 1415, 1335, 1269, 1168, 1140, 1113, 1087, 
1047, 1002, 975, 872, 850, 837, 746, 706, 666 cm-1; 1H 
NMR (400 MHz, DMSO‑d 6) δ 10.15 (s, 1H), 9.60 (s, 
1H), 8.18 (dd, J= 8.45 and 1.15 Hz, 1H), 8.06 (dd, J= 
8.33 and 1.45 Hz, 1H), 7.69 (td, J= 7.86 and 1.53 Hz, 
1H), 7.22 (td, J= 7.80 and 1.26 Hz, 1H), 7.14 (dd, J= 
9.87 and 2.25 Hz, 2H), 6.82 (tt, J= 9.39 and 2.31 Hz, 
1H); 13C NMR (100 MHz, DMSO‑d 6) δ 164.41 and 
164.26 (d, JC-F=15.65 Hz), 161.99 and 161.84 (d, JC-

F=15.42 Hz), 152.26, 142.64-142.36 (t, JC-F=13.96 Hz), 
138.82, 135.50, 134.63, 125.95, 123.44, 101.97 and 
101.68 (d, JC-F=29.28 Hz), 98.27-97.75 (t, JC-F=26.28 
Hz); MS (ESI): m/z (%) 294 (M+, 100), 279 (44), 163 
(36).  
 
2.2. Growth of Crystal  
 
A saturated solution of product was prepared from the 
pure solid using THF as solvent and filtered. Vapor 
diffusion technique which use volatile-less volatile 
binary solvent system for better crystallization was 
applied to get single crystals. For this purpose, ethyl 
acetate was used as outer solvent and the solution was 
kept at room temperature. The orange needle crystals 
suitable for single-crystal diffraction experiments were 
obtained after ten days. 
 
2.3. X-Ray Diffraction Analysis 
 
Suitable crystal of compound 4 was selected for data 
collection which was performed on a SuperNova 
diffractometer equipped with a graphite-monochromatic 
Mo-Kα radiation at 296 K. The H atoms of C atoms 
were located from different maps and then treated as 
riding atoms with C-H distance of 0.93 Å. Other H 
atoms were located in a difference map and refined 
freely. We used these procedures for our analysis: 
solved by direct methods; SHELXS-2013 [22]; refined 
by full-matrix least-squares methods; SHELXL-2013 
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[23]; data collection: Bruker APEX2 [24]; molecular 
graphics: MERCURY [25]; solution: WinGX [26]. 
Details of data collection and crystal structure 
determinations were given in Table 3. 
 
2.4. Theoretical Calculations 
 
The molecular modeling studies of the compound were 
performed with the DFT/B3LYP method [27,28] and 6-
311G(d,p) basis set [29] by using Gaussian 09 software 
package [30]. Aim charge analysis was done using 
AIMAII [31] suite of programs to examine 
intermolecular and intramolecular interactions. 
Molecular orbitals of the molecule were calculated and 
visualized using the Multiwfn program [32]. 
 
3. Results and Discussion 
3.1. Synthesis of Title Compound 

 
One-pot, sequential two-step synthesis was performed 
to the formation of target unsymmetrical urea derivative 
4 (Figure 1). The first step was the synthesis of 
isocyanate intermediate (2) from 2-nitroaniline (1) and 
triphosgene by using triethylamine as base at room 
temperature. Mechanistically, triphosgene reagent 
causes to the by-product formation of 2 moles phosgene 
and HCl. While the reactive intermediate phosgene 
continues to the similar reaction with 2-nitroaniline to 
form isocyanate 2, hydrochloric acid gives 
triethylammonium chloride with triethylamine base. 
Also, triethylamine helps to the removing of acidic 
hydrogens of -NH2 group on 2-nitroaniline, increasing 
the nucleophilic power and accelerating the formation 
of the isocyanate 2. The second step, a typical urea 
synthesis was carried out between intermediate 2 which 
was used directly without further purification and 3,5-
difluoroaniline at reflux conditions in DCM/THF 
solvent mixture. As a result, 1-(3,5-difluorophenyl)-3-
(2-nitrophenyl)urea (4) was obtained with high purity 
and high yield, 92% (Figure 1). Product was identified 
by melting point, FT-IR, 1H NMR, 13C NMR and LC-
MS analyses (See experimental part and supplementary 
information). It is determined that compound is air-
stable and soluble in common organic solvents such as 
acetone, ethyl alcohol, ethyl acetate, THF, DCM etc. but 
insoluble in water.  
 

 
 
 
 

3.2. Spectroscopic Analysis 
 

All spectra and data of the compound 4 were given in 
the Experimental part and Supplementary information. 
The calculated and experimental FT-IR spectrum and 
some of the compared characteristic frequencies were 
given in Figure 2 and Table 1. The compound has 84 
normal modes of vibration (Table 1 and S1). The free 
vibration frequencies of the N–H group, which does not 
contain an intramolecular or intermolecular hydrogen 
bonding are in the range of 3700 and 3550 cm-1, while 
the free vibration frequencies of the N–H group 
containing hydrogen bonding are observed in the range 
of 3200–2400 cm-1 [33]. In this study, the free vibration 
frequencies of the N-H mode of asymmetric ureas have 
been observed as 3404 and 3332 cm-1 experimentally, 
and this frequency is reported as 3179 cm-1 in the 
literature [34]. The calculated values were observed at 
3476 and 3318 cm-1 with a contribution of 100 and 98% 
of PED (Potential Energy Distribution). In the presence 
of the N-H group which contains intermolecular or 
intramolecular hydrogen bonds within the molecule, the 
stretching vibration frequency values of this group 
decreased while the bending vibration frequency values 
increase [35]. The experimental/calculated values of the 
in-plane angle bending vibration frequency of N-H 
mode were obtained as 1630/1587-1485 cm-1, while this 
value in literature is 1494 cm-1 [36]. The 
experimental/calculated values of the out-of-plane angle 
bending vibration frequency of N-H mode were 
obtained as 666/673 cm-1. 
 
Other major feature of compound was strong carbonyl 
(C=O) band at 1728 cm-1 and also this band appeared at 
1714 cm-1 as pure strain vibration with 74% 
PED additive in the theoretical spectrum. The 
experimental band at 1502 and 1335 cm-1 corresponds 
to the asymmetrical and symmetrical stretching 
vibrations of the NO2 group while N-O vibration 
frequencies (with PED additive) are calculated as 1595 
(10%) cm-1, 1541 (30%) cm-1, 1435 (24%) cm-1, 1313 
(31%) cm-1 and 1252 (22%) cm-1. Characteristic C-H 
vibration frequency values of aromatic compounds are 
observed in the range of 3100-3000 cm-1 [37], while C-
C aromatic stretching vibrations are observed in the 
range of 1600-1400 cm-1 [38].  
 

 
 
 
 

Figure 1. Two-step synthesis scheme of 1-(3,5-difluorophenyl)-3-(2-nitrophenyl) urea. 
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In our study, symmetrical C-H and C-C vibration 
frequencies were experimentally observed in the range 
of 3127, 3098 and 1605 cm-1, respectively, and agree 
with the literature values 3110-3003 and 1666-1535 cm-1 
[39].  
 
Theoretically, C-H vibration frequency values (with 
PED contribution) were observed in 3134 (99%) cm-1, 
3126 (99%) cm-1, 3106 (95%) cm-1, 3102 (100%) cm-1, 
3076 (96%) cm-1, 3066 (100%) cm-1 and 3056 (93%) 
cm-1 as pure C-H vibration while C-C mode was 
calculated as 1601 cm-1 with 45% of PED contribution. 
In-plane C-H angle bending vibration frequencies in the 
aromatic ring are experimentally observed between 
1400–1000 cm-1 [40]. In our study, this vibration 
frequency was observed experimentally as 1477, 1415 
cm-1 and calculated with the PED contributions 
theoretically as 1211 (26%) cm-1, 1195 (55%) cm-1, 
1138 (66%) cm-1 and 1128 (30%) cm-1. The stretching 
of the C-F bond was confirmed at 1113 cm-1 while this 
band appeared at 1092, 985, 953 cm-1 in the theoretical 
spectrum. Also, 1,2- and 1,3- C-H vibrations of 
di/trisubstitutedbenzene were determined as strong 
peaks at the fingerprint region (837 and 746 cm-1) of 
experimental spectra. Other calculated vibration modes 
were given in Table S1. 
 

 
 
Figure 2. Theoretical and experimental IR spectra of the title 
compound.  
 
To investigate NMR chemical shifts of the molecules, 
GIAO (Gauge-Independent Atomic Orbital) method 
[41,42] was used.  1H and 13C chemical shift values 
were calculated using the DFT/B3LYP method with 6-

311G(d,p) basis set. The geometry of compound, 
together with that of tetramethylsilane (TMS, Si(CH3)4) 
were fully optimized choosing dimethyl sulfoxide 
(DMSO) solvent. The 1H and 13C NMR chemical shifts 
were converted to the TMS scale by subtracting the 
calculated absolute chemical shielding of TMS with 
values of 32.10 ppm (1H) and 189.40 ppm (13C). All 1H 
and 13C NMR peaks of compound 4 were monitored at 
the expected regions (Figure 3 and supplementary 
information) and confirmed the target structure (Table 
2). When compound was examined spectroscopically in 
detail, signals were detected in the range of 10.15-6.82 
ppm in 1H NMR spectrum. Two characteristic broad 
singlet signals with 1H integration (10.15 and 9.60 ppm) 
confirm the presence of -NH groups of urea. The 
calculated shift values for these protons were found as 
11.31 and 6.31 ppm. Four split peaks (H2-H5) with 1H 
integration on nitroaromatic ring (Ring A) were 
observed at 8.18, 8.06, 7.69 and 7.22 ppm and 
calculated as 9.37-7.16 ppm for theoretical spectrum. 
Also, three protons of fluoro atoms containing aromatic 
ring (Ring B) were shifted in the high-field of spectrum 
when compared Ring B. While doublet of doublets peak 
at 7.14 ppm corresponded to the protons H9 and H13 
with 2H integration, the signal of H11 was appeared as 
triplets of triplet at 6.82 ppm due to splitting with two 
fluorine atoms in orto position and two hydrogen atom 
in meta position. In addition, these Ring B protons were 
calculated in the range of 8.31-6.38 ppm according to 
the DFT/6-311G(d,p) method. 
 
In the 13C NMR spectrum, the signal of carbonyl carbon 
of urea (C7) was located at 152.26 ppm and calculated 
as 153.11 ppm (Figure 3 and Table 2). Other aromatic 
carbons were observed in the region of 164.34-98.01 
ppm as expected. The highest chemical shifts 164.34 
and 161.92 ppm were belong to the fluorine-bound 
carbons C10 and C12 as doublet peaks because of the 
high deshielding effect of the electronegative fluorine 
atom. These carbons were found as 171.52, 170.83 ppm 
by theoretical calculations. However, the lowest value 
(98.01 ppm) which was splitted as a triplet peak by two 
neighbor fluorine atoms correspond to the C11 carbon 
and is calculated as 100.02 ppm. Also, triplet peak at 
142.50 ppm was belong to carbon C8 and doublet peaks 
of 101.97 and 101.68 ppm were belong to the carbons 
C9 and C13. The chemical shifts of carbons C8, C9 and 
C13 were calculated as 146.96, 102.63 and 102.59 ppm, 
respectively. Carbons C1-C6 in the Ring A were 
observed at 134.63, 125.95, 123.44, 135.50 and 138.82 
ppm as singlet peaks. It is noted that the strong peak at 
123.44 ppm correspond to overlapped two carbons 
named C3 and C5 (Figure 3). Also, Ring A carbons 
(C1-C6) were calculated in the range of 144.43-121.98 
ppm.  
 

In addition to FT-IR and NMR analyses, molecular 
weight of title compound (4) was confirmed as 293.23 
g/mol (C13H9F2N3O3) with LC-MS analysis in negative 
and positive modes (see supplementary information).  
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Table 1. Comparison of the observed and calculated vibrational spectra of title compound. 

Experimental Theoretical 
Assignment Frequency  

(cm−1) 
Frequency  
(cm−1) 

Assignment PED  
(%) 

Intensity 
(kcal/mol) 

urea N-H 3404 3476 ν NH 100 29 
3332 3318 ν NH 98 216 

aromatic C-H 
streching 

3127, 3098 3134 ν CH  99 22 
3126 ν CH  99 19 
3106 ν CH  95 4 
3102 ν CH  100 2 
3076 ν CH  96 11 
3066 ν CH  100 2 
3056 ν CH  93 7 

urea C=O 1728 1714 ν OC 74 355 

aromatic C=C 1605 1601 ν CC 45 298 
aromatic C-H 
bending 

1477, 1415 1211 ν NC 10+δ HCC 13+δ HCC 13 732 
1195 δ HCC 25+δ HCC 15+δ HCC 26 370 
1138 ν CC 12+δ HCC 15+δ HCC 40 1482 
1128 ν NC 14+ν NC 15+δ HCC 17+δ HCC 13 332 

asymmetric NO2 1502 1595 ν ON 10+ν CC 21+ν CC 10   272 
1541 ν ON 17+ν CC 14+ν ON 13+ν CC 11 151 
1435 ν ON 24+δ HNC 10+δ HCC 10 201 

symmetric NO2 1335 1313 ν ON 10+ν ON 21+ν NC 14 63 
1252 ν ON 22+ν CC 17+ ν NC 10 23 

C-F 1113 1092 ν FC 25+ν FC 21+δ HCC 40 847 
985 ν CC 13+ν CC 11+ ν FC 16+δ HCC 12 75 
953 ν FC 12 11 

ν: stretching, δ:in plane bending 

 
Table 2. Theoretical and experimental 1H and 13C chemical shifts for 1-(3,5-difluorophenyl)-3-(2-nitrophenyl)urea. 

1H NMR 13C NMR 
Assign.a Experimentalb 

(ppm) 
Calculatedc 
(ppm)  

Assign.a Experimentalb 

(ppm) 
Calculatedc 
(ppm)  

H2 8.18 9.37-7.16  
(Ring A) 

C1 134.63  140.17 
H3 7.69 C2 125.95  130.57 
H4 7.22 C3, C5 123.44d 124.22, 121.98 
H5 8.06 C4 135.50 142.75 
H9, H13 7.14 8.31-6.38  

(Ring B) 
C6 138.82  144.43 

H11 6.82 C7 152.26 153.11 
H(N2) 10.15  11.31 C8 142.50 146.96 
H(N3) 9.60 6.31 C9, C13 101.97, 101.68 102.63, 102.59 
 C10, C12 164.34e, 161.92e 171.52, 170.83 

C11 98.01 100.02 
a The assignments of atoms are according to the ORTEP numbering       b NMR solvent: DMSO-d6         c DFT/6-311G(d,p)           d Overlapped           e Average 
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Figure 3. 1H NMR (a) and 13C NMR (b) spectra of compound 4. 
 
3.3. X-ray Crystal Structure of Compound 4 

 
The molecular structure of compound 4 with the atom 
labeling was shown in Figure 4. The parameters for data 
collection and structure refinement of the compound 
were listed in Table 3. The nitro group is equivalent and 
typical of N=O double bonds [N1-O1=1.2184(19) Å 
and N1-O2=1.2277(19) Å]. The dihedral angle between 
phenyl rings is 35.62(5) °. The selected bond lengths 
and bond angles were given in Table 4. The molecules 
of 4 are connected by N-H···O hydrogen bonds (Table 
5). Atom N3 atom acts as hydrogen-bond donor, via 
atom H3A, to nitro atom O2i [(i) 1-x, -y, 1-z], forming a 
centrosymmetric R2

2(16) ring centered at (1/2, 0, 1/2). 
Compound 4 also contains two π···π interactions. The 
intermolecular π···π interactions occur between the two 
symmetry-related phenyl rings of neighboring 
molecules. The distances between the ring’s centroids 
are 3.814 Å and 3.817 Å. The combination of π···π 
interactions produces one-dimensional supramolecular 
network which is running parallel to the [010] direction 
(Figure 5).    

 
 
Figure 4. The molecular structure of 4 showing the 
atom numbering scheme. 
 

3.4. Conformational Analysis 
 

To determine stability of the molecule, 2D potential 
energy surface scanning (PES) was performed. Single 
point energies were calculated by changing θ1(C6-N2-
C14-S1) dihedral angle for -180˚/+180˚ angle range and 
10˚ steps. As a result of PES (Figure 6) analysis, 4 
conformations (Conf 1-4) corresponding to global and 
local minimum points were obtained. The molecular 
structures of these 4 conformations were optimized 
using DFT/B3LYP/6-311g (d, p) methods.  
 
Table 3. Crystal data and structure refinement parameters for 
compound 4. 

Empirical formula C13H9F2N3O3 
Formula weight 293.23 
Crystal system Monoclinic 
Space group I2/a 
a (Å) 25.8745 (16) 
b (Å) 3.8143 (3) 
c (Å) 24.7392 (19) 
β (º) 94.051 (6)° 
V (Å3) 2435.5 (3) 
Z 8 
Dc (g cm-3) 1.599 
μ (mm-1) 0.14 
θ range (º) 4.4-28.1 
Measured refls. 4365 
Independent refls. 2391 
Rint 0.015 
S 1.03 
R1/wR2 0.043/0.110 
∆ρmax/∆ρmin (eÅ-3) 0.23/-0.23 
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Table 4. Selected bond distances and angles for 
compound 4 (Å, º). 
 

N1-O1  1.2184 (19) N1-O2  1.2277 (19) 

C7-O3  1.2029 (19)   
N3-C7-N2-C6  176.09 (18) N2-C7-N3-C8  -176.24 (18) 

 
Table 5. Hydrogen bonds parameters for compound 4 
(Å, °). 
 
D-H···A D-H H···A D···A D-H···A 
N2—H2A···O2  0.88 (2) 1.95 (2) 2.6383 (18) 133 
C5—H5···O3  0.93 2.18 2.811 (2) 124 
N3—H3A···O2i  0.83 (2) 2.55 (2) 3.2824 (19) 148 
 
As seen in Table 6, conf 1 and conf 4 are the most stable 
structures. Hence, theoretical calculations were 
continued with the conf 1 structure (Figure 7). 
 

 
Figure 5. Crystal structure of 4, showing the formation 
of a chain along [010] generated by π···π interactions. 
 
 
 
 
 
 
 
Table 6. Conformation structures of the title molecule. 

Figure 6. Molecular energy profile versus the selected 
torsional degree of freedom. 
 

 
Figure 7. The X-ray (a) and optimized (b) structure 
(conf1) of the title compound. 
 

    

E= -1090.629173 
Conf1 

E= -1090.621512 
Conf2 

E= -1090.621512 
Conf3 

E= -1090.629173 
Conf4 

 
3.5. Frontier Molecular Orbitals 

 
The Density-of-States (DOS) is an important concept 
in solid state physics and describes the number of 
states that are to be occupied by the system at each 
level of energy. The s, p, d atomic orbitals forming 
the molecule and Total Density-of-States (TDOS)  

hjhjhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhjh
were shown in Figure 8a. It was observed that atomic 
orbitals consist mainly of s and p orbitals. Besides, 
atomic orbital contributions of fragments are also 
shown in Figure 8b. It is also seen that the most 
contribution to the formation of molecular orbitals 
was provided by fragment 1 and fragment 2. 
 

https://en.wikipedia.org/wiki/Solid_state_physics
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frag. 1: A ring; frag. 2: B ring; frag. 3: Cl1 and Cl 2 atoms; frag. 4: N1, N2 

and N3 atoms; frag. 5: O1, O2 and O3 atoms 
 
Figure 8. Plot TDOS, PDOS and OPDOS a) s, p and 
d orbitals b) specific fragments. 
 
The frontier molecular orbitals (HOMO and LUMO) 
are the most important molecular orbitals. HOMO is 
molecular orbital of the highest energy that is 
occupied by electrons, while LUMO is the molecular 
orbital of the lowest energy that is not occupied by 
electrons. HOMO and LUMO orbitals of a molecule 
are also known as electron donor and acceptor groups 
[43-46]. They can be used to determine 
intermolecular charge transfers. Besides, molecular 
properties such as ionization potential, electron 
affinity, chemical reactivity, kinetic stability, 
polarization, conjugation can be calculated by 
considering these orbitals [47-50].  
 
Figure 9 contains the orbital distributions of HOMO, 
HOMO-1, LUMO and LUMO+1 of the molecule. 
The highest 5 atomic contributions to these orbitals 
were calculated as LUMO + 1: C3 (16%) + C5 (14%) 
+ C2 (12%) + C6 (12%) + C7 (12%), LUMO: N1 
(26%) + O1 (21%) + O2 (19%) + C4 (10%) + C2 
(9%), HOMO: N2 (10%) + N3 (18%) + C3 (7%) + 
C11 (18%) + C5 (5%), HOMO- 1: C13 (25%) + C10 
(15%) + C9 (10%) + C12 (6%) + C3 (5%). As can be 
seen, these 5 atoms are expected to be the most active 
in a reaction or interaction in the HOMO, HOMO-1, 
LUMO and LUMO + 1 orbitals of the title 
compound. 

 
Figure 9. Molecular orbital surfaces and energy 
levels. 
 
3.6. AIM Charge and MEP Analyzes 

 
Bader's QTAIM theory has been used for details 
about the nature and strength of intra- and inter-
molecular hydrogen bonds [51]. The strength and 
interaction type of the intra- and inter-molecular 
bonds in the compound were obtained by using the 
electron density(𝜌𝜌𝐵𝐵𝐵𝐵𝐵𝐵), the Laplacian of electron 
density (∇2(𝜌𝜌𝐵𝐵𝐵𝐵𝐵𝐵)), the potential energy density 
(V(r)), the kinetic energy density (G (r)) and 
electronic energy density (H (r)) in the BCPs 
(different bond critical points). ∇2(𝜌𝜌𝐵𝐵𝐵𝐵𝐵𝐵) is negative 
in covalent bonds, while it is positive in the bonds 
formed by ionic, Van der Waals and hydrogen 
interactions. Rozas et al. [52] evaluated that 
∇2(𝜌𝜌𝐵𝐵𝐵𝐵𝐵𝐵) < 0 and HBCP < 0 for the strong hydrogen 
bonds that have covalent character, ∇2(𝜌𝜌𝐵𝐵𝐵𝐵𝐵𝐵) > 0 and 
HBCP  < 0 for the medium-strong hydrogen 
interactions that have partial covalent character, and  

 
Figure 10. Molecular graph of dimer: bond critical 
points (small green spheres), ring critical points 
(small red sphere). 
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∇2(𝜌𝜌𝐵𝐵𝐵𝐵𝐵𝐵) > 0 and HBCP > 0 for the weak hydrogen 
bonds that have electrostatic character. The molecular 
graph of the compound's dimer structure is shown in 
Figure 10. 
 
Table 7 shows the intra-molecular and inter-
molecular interactions observed in the molecule. 
Interaction energies (Eint) were calculated to 
determine the significances of these interactions. The 

relationship between Eint and potential energy density 
was given as Eint= 1/2 (VBCP) by Espinoza [53]. In 
Table 7, it was found that the interaction energy of 
the N2-H2A···O2 hydrogen bond is greater than 
other interactions (Eint= -9.37 kcal/mol). The positive 
𝝆𝝆𝑩𝑩𝑩𝑩𝑩𝑩 and HBCP values of the three interactions also 
showed that these interactions are weak hydrogen 
bonds that have electrostatic character.

 
Table 7. Topological parameters for bonds of interacting atoms. 
 
Interaction 𝝆𝝆𝑩𝑩𝑩𝑩𝑩𝑩  

(a.u.) 

𝛁𝛁𝟐𝟐𝝆𝝆𝑩𝑩𝑩𝑩𝑩𝑩 

(a.u.) 

GBCP 

 (a.u.) 

VBCP 

 (a.u.) 

HBCP 

 (a.u.) 

Eint  

(kcal/mol) 

N2-H2A…O2 +0.034478 +0.133038 +0.031571 -0.029883 +0.001688 -9.37 

 N2-H2A…O2i +0.007258 +0.028038 +0.005847 -0.004685 +0.001162 -1.47 

 N3-H3A…O2ii +0.016754 +0.056357 +0.012333 -0.010576 +0.001757 -3.32 

 H(r) = G(r) + V(r)       
 
When the molecular electrostatic potential (MEP) 
map (Figure 11) of the optimized molecule is 
examined, the regions coded with red (the most 
negative region) and blue (the most positive region) 
are clearly visible. As can be seen in Figure 11, 
negative regions in the molecule were found around 
the O1, O2, O3, F1 and F2 atoms. The most negative 
region was found around the O1 (MEP value is -
0.036 a.b.). MEP values for O2, O3, F1 and F2 atoms 
are -0.031, -0.030, -0.021 and -0.018 a.b., 
respectively. According to this result, these five 
atoms are the most suitable regions for electrophilic 
attack reaction. The positive regions in MEP map 
were localized on the hydrogen atoms. The most 
positive region for the nucleophilic attack is around 
the H3A atom and the MEP value is defined as 
+0.067 a.b. 
 

 
Figure 11. MEP surface obtained from the electron 
density of the title compound. 
 
In particular, O1 and O2 atoms to LUMO orbitals, 
N2 and N3 atoms also contribute to HOMO orbitals 
in Figure 9 and these atoms are in the most negative 
and positive region in the MEP map. These two 

situations show the congruence of molecular orbitals 
and MEP calculations. 
 
4. Conclusion 
 
In summary, the target compound, 1-(3,5-
difluorophenyl)-3-(2-nitrophenyl) urea was 
successfully synthesized in 92% yield using 2-
nitroaniline, 3,5-difluoroaniline and triphosgene as 
readily available starting materials with two-step 
synthesis method. The orange crystals of product 
were grown by the slow evaporation technique using 
THF and ethyl acetate solvent system as inner and 
outer solvent, respectively. The obtained crystals 
were identified by various characterization 
techniques such as melting point, FT-IR, 1H NMR, 
13C NMR, MS and X-ray single diffraction analysis. 
Besides, calculated IR and NMR results were given 
by comparing to experimental results. Slight 
differences were observed because the experimental 
results were obtained at the solid phase and in silico 
calculations pertain to the gaseous phase. To 
determine the stability of the molecule, 2D potential 
energy surface scanning (PES) was performed. As a 
result of PES analysis, the most stable conformations 
were obtained and compared with X-ray structure of 
compound. Frontier molecular orbitals and MEP 
analyzes of the optimized structure were calculated. 
Molecular electrostatic potential confirm the 
compound electrophile and nucleophile attack of the 
reactive centers. According to the MEP map, the 
most negative and positive regions of the molecule 
were determined. We hope the results of this study 
will help the researchers to analyze and synthesize 
new materials. 
 



 
              Celal Bayar University Journal of Science  
              Volume 17, Issue 3, 2021, p 285-295 
              Doi: 10.18466/cbayarfbe.887714                                                                                                                 T. Güngör 
 

294 

Acknowledgement 
 
T. Güngör wish to thank Dr. Mehmet AY and         
Dr. Fatma Aydın for their support. 
 
Author’s Contributions 
 
Tuğba Güngör: Designed all study, performed the 
synthesis and characterization studies, interpreted the 
results and wrote the manuscript. 
Tuncay Karakurt: Performed the theoretical studies 
and wrote the manuscript. 
Z. Sibel Şahin: Performed the X-ray and 
conformational analysis and wrote the manuscript. 
 
Ethics 
 
There are no ethical issues after the publication of 
this manuscript. 
 
Supplementary Information 
 
Supplementary data consists of all characterization 
data of the product. Crystallographic data for the 
structural analysis has been deposited with the 
Cambridge Crystallographic Data Centre, CCDC No. 
2009298. Copies of this information may be obtained 
free of charge from the Director, CCDC, 12 Union 
Road, Cambridge CB2 1EZ, UK (fax: +44-1223-
336033; e-mail: deposit@ccdc.cam.ac.uk or www: 
http://www.ccdc.cam.ac.uk). 
For Supporting Information:  
http://fbe.mcbu.edu.tr/db_images/file/T.Gungor-
supporting_information.pdf 
 
References 
 
1. Al-Masoudi, NA, Essa, AH, Alwaaly, AAS, Saeed, BA, 
Langer, P. 2017. Synthesis and conformational analysis of new 
arylated-diphenylurea derivatives related to sorafenib drug via 
Suzuki-Miyaura crosscoupling reaction. Journal of Molecular 
Structure; 1146: 522-529. 
 
2. Atahan, A, Gencer, N, Bilen, Ç, Yavuz, E, Genç, H, 
Sonmez, F, Zengin, M, Ceylan, M, Kucukislamoglu, M. 2018. 
Synthesis, biological activity and structure-activity relationship of 
novel diphenylurea derivatives containing tetrahydroquinoline as 
carbonic anhydrase I and II inhibitors. ChemistrySelect; 3: 529-
534. 
 
3. Strumberg, D, Schultheis, B. 2012. Regorafenib for 
cancer. Expert Opinion on Investigational Drugs; 21(6): 879-889. 
 
4. Ruan, BF, Lin, MX, Shao, Q, Wang, TH, Zhang, Q, 
Dong, Y, Bu, C, Xu, H, Zhou, B, Li, Q. 2018. Modification, 
biological evaluation and SAR studies of novel 1H-Pyrazol 
derivatives containing N,Nı-disubstituted urea moiety as potential 
anti-melanoma agents. Chemistry & Biodiversity; 15: 1700504, 1-
9.  
 
5. Gentile, C, Martorana, A, Lauria, A, Bonsignore, R. 
2017. Kinase inhibitors in multitargeted cancer therapy. Current 
Medicinal Chemistry; 24: 1671-1686.  
 
 

6. Bobrovs, R, Jaudzems, K, Jirgensons, A. 2019. 
Exploiting structural dynamics to design open-flap inhibitors of 
malarial aspartic proteases. Journal of Medicinal Chemistry; 62: 
8931-8950.  
 
7. Zhang, Y, Anderson, M, Weisman, JL, Lu, M, Choy, 
CJ, Boyd, VA, Price, J, Sigal, M, Clark, J, Connelly, M et al. 2010. 
Evaluation of diarylureas for activity against Plasmodium 
falciparum. ACS Medicinal Chemistry Letters; 1: 460-465.  
 
8. Huang, W, Lv, D, Yu, H, Sheng, R, Kim, SC, Wu, P,  
Luo, K,  Li, J,  Hu, Y. 2010. Dual-target-directed 1,3-diphenylurea 
derivatives: BACE 1 inhibitor and metal chelator against 
Alzheimer’s disease. Bioorganic & Medicinal Chemistry; 18: 
5610-5615.  
 
9. Tang, C, Loeliger, E, Kinde, I, Kyere, S, Mayo, K, 
Barklis, E, Sun, Y, Huang, M, Summers, MF. 2003. Antiviral 
inhibition of the HIV-1 capsid protein. Journal of Molecular 
Biology; 327: 1013-1020.  
 
10. Biswal, BK, Morisseau, C, Garen, G, Cherney, MM, 
Garen, C, Niu, C, Hammock, BD, James, MNG. 2008. The 
molecular structure of epoxide hydrolase B from Mycobacterium 
tuberculosis and its complex with a urea-based inhibitor. Journal 
of Molecular Biology; 381: 897-912.  
 
11. Sikka, P, Sahu, JK, Mishra, AK, Hashim, SR. 2015. 
Role of Aryl Urea Containing Compounds in Medicinal 
Chemistry. Medicinal Chemistry; 5(11): 479-483.  
 
12. Perveen, S, Mustafa, S,  Khan, MA,  Dar, A,  Khan, 
KM, Voelter, W. 2012. Substituted urea derivatives: a potent class 
of antidepressant agents. Medicinal Chemistry; 8: 330-336. 
 
13. Carra, A, Del Signore, MB, Sottile, F, Ricci, A, Carimi, 
F. 2012. Potential use of new diphenylurea derivatives in 
micropropagation of Capparis spinosa L. Plant Growth Regulation; 
66: 229-237. 
 
14. Bigi, F, Maggi, R, Sartori, G. 2000. Selected syntheses 
of ureas through phosgene substitutes. Green Chemistry; 2(4): 140-
148.  
 
15. Asakawa, C, Ogawa, M, Fujinaga, M, Kumata, K, Xie, 
L, Yamasaki, T, Yui, J, Fukumura, T, Zhang, M. 2012. Utilization 
of [11C] phosgene for radiosynthesis of N-(2-{3-[3,5-
bis(trifluoromethyl)]phenyl[11C]ure2;ido}ethyl)glycyrrhetinamid, 
an inhibitory agent for proteasome and kinase in tumors. 
Bioorganic & Medicinal Chemistry Letters; 22(11): 3594-3597.  
 
16. Majer, P, Randad, RS. 1994. A Safe and Efficient 
Method for Preparation of N,N'-Unsymmetrically Disubstituted 
Ureas Utilizing Triphosgene. Journal of Organic Chemistry; 59: 
1937-1938. 
 
17. Artuso, E, Degani, I, Fochi, R, Magistris, C. 2007. 
Preparation of Mono-, Di-, and Trisubstituted Ureas by 
Carbonylation of Aliphatic Amines with S,S-Dimethyl 
Dithiocarbonate. Synthesis; 22: 3497-3506.  
 
18. Katritzky, AR, Pleynet, DPM, Yang, B. 1997. A 
General Synthesis of Unsymmetrical Tetrasubstituted Ureas. 
Journal of Organic Chemistry; 62: 4155-4158.  
 
19. Sonoda, N. 1993. Selenium assisted carbonylation with 
carbon monoxide. Pure & Applied Chemistry; 65(4): 699-706.  
 
20. Shi, F, Deng, Y, SiMa, T, Peng, J, Gu, Y, Qiao, B. 
2003. Alternatives to Phosgene and Carbon Monoxide: Synthesis 
of Symmetric Urea Derivatives with Carbon Dioxide in Ionic 
Liquids. Angewandte Chemie International Edition; 42: 3257-
3260.  
 

mailto:deposit@ccdc.cam.ac.uk
http://www.ccdc.cam.ac.uk/
http://fbe.mcbu.edu.tr/db_images/file/T.Gungor-supporting_information.pdf
http://fbe.mcbu.edu.tr/db_images/file/T.Gungor-supporting_information.pdf


 
              Celal Bayar University Journal of Science  
              Volume 17, Issue 3, 2021, p 285-295 
              Doi: 10.18466/cbayarfbe.887714                                                                                                                 T. Güngör 
 

295 

21. Semenov, AV, Tarasova, IV, Khramov, VS, Semenova, 
EV, Inchina, VI, Vakaeva, SS. 2018. Glucokinase activators based 
on N-Aryl-Nı-Pyridin-2-ylurea derivatives. Pharmaceutical 
Chemistry Journal; 52(3): 209-212.  
 
22. Sheldrick, GM. 2008. A short history of SHELX. Acta 
Crystallographica Section A; A64: 112-122.  
 
23. Sheldrick, GM. 2015. Crystal structure refinement with 
SHELXL. Acta Crystallographica Section C; C71: 3-8.  
 
24. APEX2, Bruker AXS Inc. Madison Wisconsin USA 
(2013). 
 
25. Macrae, CF, Sovago, I, Cottrell, SJ, Galek, PTA, 
McCabe, P, Pidcock, E, Platings, M, Shields, GP, Stevens, JS, 
Towler, M et al. 2020. Mercury 4.0: From visualization to analysis, 
design and prediction. Journal of Applied Crystallography; 53: 
226-235.  
 
26. Farrugia, LJ. 2012. WinGX and ORTEP for Windows: 
an update. Journal of Applied Crystallography; 45: 849-854.  
 
27. Becke, AD. 1993. Density‒functional thermochemistry. 
III. The role of exact exchange. The Journal of Chemical Physics; 
98: 5648–5652.  
 
28. Lee, C, Yang, W, Parr, RG. 1988. Development of the 
Colle–Salvetti correlation–energy formula into a functional of the 
electron density. Physical Review B; 37: 785.  
 
29. Foresman, JB, Frisch, A. Exploring chemistry with 
electronic structure methods: a guide to using Gaussian, 1996. 
 
30. Frisch, M, Trucks, G, Schlegel, HB, Scuseria, G, Robb, 
M, Cheeseman, JR, Scalmani, G, Barone, V, Petersson, GA, 
Nakatsuji, H, et al. Gaussian 09, revision a. 02, Gaussian. Inc., 
Wallingford, CT, 200, 2009. 
 
31. Keith, TA, AIMAll (Version 15.09.27), T.K. Gristmill 
Software, Overland Park K.S., USA, 2016. 
 
32. Lu, T, Chen, F. 2012. Multiwfn: A multifunctional 
wavefunction analyzer. Journal of Computational Chemistry; 
33(5): 580-592.  
 
33. Çukurovalı, A, Karakurt, T. 2019. Synthesis, 
spectroscopic, X-ray diffraction and tautomeric properties of 5-
(diethylamino)-2-((2-(5-(3-methyl-3-phenylcyclobutyl)-6H-1,3,4-
thiadiazin-2-yl) hydrazono)methyl)phenol: A combined 
experimental and theoretical study. Journal of Molecular 
Structure; 1189: 328-337.  
 
34. Karakurt, T, Çukurovalı, A, Subaşı, NT, Kani, I. 2016. 
Molecular structure and computational studies on 2-((2-(4-(3-(2,5-
dimethylphenyl)-3-methylcyclobutyl)thiazol-2-yl)hydrazono) 
methyl)phenol monomer and dimer by DFT calculations. Journal 
of Molecular Structure; 1125: 433-442.  
 
35. Karakurt, T, Çukurovalı, A, Subaşı, NT, Onaran, A, 
Ece, A, Eker, S, Kani, I. 2018. Experimental and theoretical 
studies on tautomeric structures of a newly synthesized 
2,2'(hydrazine-1,2-diylidenebis(propan-1-yl-1-ylidene))diphenol. 
Chemical Physics Letters; 693: 132-145. 
 
36. Karakurt, T, Çukurovalı, A, Kani, İ. 2020. Structure of 
2-(2-(anthracen-9-ylmethylene) hydrazinyl)-4-(3-methyl-3-
phenylcyclobutyl)thiazole by combined X-Ray crystallographic 
and molecular modelling studies. Molecular Physics; 1-17.  
 
37. Varsányi, G. Assignments for Vibrational Spectra of 
Seven Hundred Benzene Derivatives, Halsted Press, 1974. 
 

38. Furic, K, Mohacek, V, Bonifacic, M, Štefanic, I. 1992. 
Raman spectroscopic study of H2O and D2O water solutions of 
glycine. Journal of Molecular Structure; 267: 39-44.  
 
39. Avcı, D, Atalay, Y, Şekerci, M, Dinçer, M. 2009. 
Molecular structure and vibrational and chemical shift assignments 
of 3-(2-hydroxyphenyl)-4-phenyl-1H-1,2,4-triazole-5-(4H)-thione 
by DFT and ab initio HF calculations. Spectrochimica acta. Part 
A, Molecular and Biomolecular Spectroscopy; 73: 212-217. 
 
40. Mohan, Organic Spectroscopy: Principles and 
Applications, Crc Press, 2004. 
 
41. Ditchfield, R. 1972. Molecular Orbital Theory of 
Magnetic Shielding and Magnetic Susceptibility. The Journal of 
Chemical Physics; 56: 5688-5691. 
 
42. Wolinski, K, Hinton, JF, Pulay, P. 1990. Efficient 
implementation of the gauge-independent atomic orbital method 
for NMR chemical shift calculations. Journal of American 
Chemical Society; 112(23): 8251-8260. 
 
43. Fukui, K. 1982. Role of frontier orbitals in chemical 
reactions. Science; 218: 747-754.  
 
44. Büyükuslu, H, Akdoğan, M, Yıldırım, G, Parlak, C. 
2010. Ab initio Hartree–Fock and density functional theory study 
on characterization of 3-(5-methylthiazol-2-yldiazenyl)-2-phenyl-
1H-indole. Spectrochimica Acta Part A: Molecular and 
Biomolecular Spectroscopy; 75: 1362-1369.  
 
45. Chaudhary, T. Chaudhary, MK. Joshi, BD. Santana, 
MSA. Ayala, AP. 2021. Spectroscopic (FT-IR, Raman) analysis 
and computational study on conformational geometry, AIM and 
biological activity of cephalexin from DFT and molecular docking 
approach. Journal of Molecular Structure; 1240: 130597. 
 
46.  Al-Otaibi, JS. Mary, YS. Armaković, S. Thomas, R. 
2020. Hybrid and bioactive cocrystals of pyrazinamide with 
hydroxybenzoic acids: detailed study of structure, spectroscopic 
characteristics, other potential applications and noncovalent 
interactions using SAPT. Journal of Molecular Structure, 1202: 
127316. 
 
47. Parr, RG, Pearson, RG. 1983.Absolute hardness: 
companion parameter to absolute electronegativity. Journal of the 
American Chemical Society; 105: 7512-7516.  
 
48. Parr, RG, Donnelly, RA, Levy, M, Palke, WE. 1978. 
Electronegativity: the density functional viewpoint. The Journal of 
Chemical Physics; 68: 3801-3807. 
 
49. Parr, RG, Szentpály, LV, Liu, S. 1999. Electrophilicity 
index. Journal of the American Chemical Society; 121: 1922-1924.  
 
50. Jeelani, A. Muthu, S. Narayana, B. 2021. Molecular 
structure determination, Bioactivity score, Spectroscopic and 
Quantum computational studies on (E)-N'-(4-Chlorobenzylidene)-
2-(napthalen-2-yloxy) acetohydrazide. Journal of Molecular 
Structure; 1241: 130558. 
 
51. Bader, RFW. 2006. Pauli Repulsions Exist Only in the 
Eye of the Beholder. Chemistry-A European Journal; 12(10): 
2896-2901.  
 
52. Rozas, I, Alkorta, I, Elguero, J. 2000. Behavior of 
Ylides Containing N, O, and C Atoms as Hydrogen Bond 
Acceptors. Journal of the American Chemical Society; 122(45): 
11154-11161.  
 
53. Espinosa, E, Molins, E, Lecomte, C. 1998. Hydrogen 
bond strengths revealed by topological analyses of experimentally 
observed electron densities.  Chemical Physics Letters; 285(3): 
170-173. 



 

              Celal Bayar University Journal of Science  
              Volume 17, Issue 3, 2021, p 297-304 

              Doi: 10.18466/cbayarfbe.825395             İ. Yıldırım 

 

297 

Celal Bayar University Journal of Science 

 

Experimental and Theoretical Investigation 

of a new β-Diketiminate Derivative 
 

İlkay Yıldırım1*  

 
1 Department of Radiotherapy, Vocational School, Biruni University, 34010 İstanbul, TURKEY 

* iyildirim@biruni.edu.tr 

* Orcid: 0000-0002-7423-5043 

 

Received: 13 November 2020 

Accepted: 2 June 2021 

DOI: 10.18466/cbayarfbe.825395 

 

 

Abstract 

 

A new β-diketiminate compound (I) was synthesized, and its structure was determined by a single-crystal 

X-ray diffraction study. The molecule crystallizes as a salt in the monoclinic system, and the crystal 

structure is stabilized by intermolecular N─H···Cl hydrogen bonds. The structural and energetic 

properties were examined using the HSEH1PBE density functional method with cc-pvdz basis set. The 

optimized structure represents well the experimental structure. In addition, the noncovalent interactions 

have been also analyzed using Hirshfeld surface analysis. Hirshfeld surface analysis shows that H···H and 

H···Cl/Cl···H interactions contribute to about 94% of the total intermolecular interactions. Frontier 

molecular orbitals (HOMO-LUMO), their energy gap and associated parameters were determined. 

 

Keywords: β-diketiminate, crystal structure, DFT, Hirshfeld surface. 

 

1. Introduction 

 

The β-diketiminate class, also known NacNac or 

[{ArNC(R)}2CH]- (where Ar = aryl and R = Me or 

another organic group), occupies a rightful place among 

other ancillary supports, which applications change 

from structural inorganic/organometallic chemistry to 

bioinorganic systems and catalysis [1-4]. The β-

diketiminate ligands are known to provide monoanionic, 

bidentate support for metal complexes and a high degree 

of steric control can be achieved depending on the 

choice of N-substituents [5]. The reactivity of these 

class of the ligands can also be improved significantly, 

by tuning the steric and electronic properties of the 

supporting β-diketiminate ligands [6,7]. 

 

Since the first such metal NacNac complexes were 

reported by McGeachin [8] and Holm [9], these ligand 

class has been often used to stabilize many elements in 

the periodic table and in unusual oxidation states [10]. A 

lot of complexes can be derived from variation of 

substituents on nitrogen atom of 1,3-diketimines by 

different hydrogen/alkyl/aryl/silyl/germanyl groups, as 

well metal ions [11-14]. Consequently, the resulting 

ligands become good σ donors and poor π acceptors like 

N-heterocyclic carbenes (NHCs), and thus have the 

potential to exhibit carbene-like chemistry. 

 

 

 

In this paper, we report the synthesis and crystal 

structure of N-[(2Z,3E)-4-(isopropylamino)pent-3-en-2-

ylidene]propan-2-aminium chloride salt (I) formed 

unexpectedly (Figure 1). 

 

2. Materials and Methods 

2.1. Synthesis 

 

Two moles of iPr2-nacnacH (1) (0.5 g) in 10 mL toluene 

were mixed with one mole of 1,2-bis(dimethylamino 

diborane dichloride (2) (0.248 g) in 5 mL toluene for 2 

hours, and stand for two days. The precipitated colorless 

crystal (I) was filtered and washed cold ether. (Yield: % 

48). 

 

2.2. XRD Analysis 

 

XRD data of I were collected at room temperature using 

a Mo Kα radiation with STOE IPDS II diffractometer. 

During the process the -scan method was applied. X-

AREA [15] and X-RED32 [15] were used to perform 

for data collection and cell refinement and for data 

reduction, respectively. Direct methods were used to 

solve the structure with SIR2019 [16]. Refinement of 

the structure was processed with SHELXL-2018 [17] on 

F2 by means of the full matrix least-squares 

calculations. All of the H atoms bonded to C atoms 

were first located in Fourier difference maps then trade 

mailto:iyildirim@biruni.edu.tr
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as riding atoms, fixing the bond lengths at 0.93 Å for 

aromatic CH, 0.98 Å for methine CH and 0.96 Å for 

CH3 atoms. Also, the H atoms bonded to N atoms were 

located from the Fourier-difference map but refined 

freely. All the details of the process are given in Table 

1. The OLEX2 [18] was used to generate the molecular 

graphics. 

The supplementary crystallographic data for the 

compound reported here is deposited at CCDC 2024442 

and can be provided free of charge upon request to 

CCDC, 12 Union Road, Cambridge CB2 1EZ, UK [Fax: 

+44 1223 336 033, e-mail: deposit@ccdc.cam.ac.uk, 

https://www.ccdc.cam.ac.uk/structures/]. 

 
 

Figure 1. Chemical formula of I. 

 

 

2.3. Computational Procedure 

 

Theoretical calculations were carried out with the aid 

of GaussView 5 [19] molecular visualization 

software and Gaussian 09 program package [20]. The 

structural and other electronic properties of I were 

obtained using the HSEH1PBE density functional 

method [21-23] with cc-pvdz basis set [24]. The 

optimized geometry was confirmed to be real minima 

by frequency calculation (no imaginary frequencies). 

 
3. Results and Discussion 

 

To obtain dicationic bicyclic diborane derivative (3), 

1,2-bis(dimethylamino)diborane dichloride (2) [25] 

was reacted with two equivalents iPr2-nacnacH (1) 

[26] in toluene at room temperature. Unfortunately, 

desired product (3) could not be produced from the 

reaction. Presumably, compound 3 is very unstable so 

it immediately decomposes in the reaction media. By 

the diboran compound acts as reducing agent, imine 

group is converted to iminium cation salt through 

secondary amine group. Compound I is a 

decomposition product that is crystallized in a 

reaction mixture at room temperature. The compound 

I is stable in air atmosphere. Reaction was monitored 

by IR spectrum during the formation of compound I. 

In the spectrum, β-Diketimine (1) showed the bands 

at 3333 and 1648 cm-1 attributed to enamine and 

imine groups, respectively. Upon formation of 

iminium cation salt, the monitored bands at 3501 cm-

1 and at 2085, 1593 cm-1 on the spectrum were 

attributed to secondary amine and iminium salt, 

respectively (Figure 2). 

 

 
 

Figure 2. IR spectrum of I. 

 

 

 

https://www.ccdc.cam.ac.uk/structures/
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Table 1. Crystal data and structure refinement parameters for I. 

 

CCDC depository 2024442 

Color/shape Colorless/prism 

Chemical formula C11H23N2⁺·Cl⁻ 

Formula weight 218.76 

Temperature (K) 296(2) 

Wavelength (Å) 0.71073 Mo Kα 

Crystal system Monoclinic 

Space group P21/c (No. 14) 

Unit cell parameters  

a, b, c (Å) 11.6986(10), 11.9408(9), 19.8065(18) 

α, β, γ (°) 90, 101.002(7), 90 

Volume (Å3) 2715.9(4) 

Z 8 

Dcalc. (g/cm3) 1.070 

μ (mm−1) 0.253 

Absorption correction Integration 

Tmin., Tmax. 0.8941, 0.9846 

F000 960 

Crystal size (mm3) 0.56 × 0.31 × 0.05 

Diffractometer STOE IPDS II 

Measurement method ω scan 

Index ranges −13 ≤ h ≤ 13, −14 ≤ k ≤ 13, −23 ≤ l ≤ 23 

θ range for data collection (°) 1.773 ≤ θ ≤ 25.048 

Reflections collected 20101 

Independent/observed reflections 4797/1949 

Rint. 0.1543 

Refinement method Full-matrix least-squares on F2 

Data/restraints/parameters 4797/0/281 

Goodness-of-fit on F2 0.802 

Final R indices [I > 2σ(I)] R1 = 0.0544, wR2 = 0.0715 

R indices (all data) R1 = 0.1646, wR2 = 0.0928 

Δρmax., Δρmin. (e/Å3) 0.16, −0.16 

 

 
 

Figure 3. The molecular structure of one (A) of the two independent molecules present in the crystals of I. Dotted 

lines show the intermolecular H-bonding. 
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3.1. Experimental and Theoretical Structure 

 

The solid-state structure of I has been unambiguously 

determined by single-crystal X-ray diffraction 

analysis (XRD), and its structural plot is presented in 

Figure 3, whilst some of the experimental and 

theoretical parameters are quoted in Table 2. 

Colorless crystals of I crystallize as a salt in the 

monoclinic system P21/c with two 

crystallographically independent molecules, A and B, 

in the asymmetric unit. In the following discussion, 

parameters related to the second molecule (B) are 

given in square brackets. 

 

The compound is composed of an N-[(2Z,3E)-4-

(isopropylamino)pent-3-en-2-ylidene]propan-2-

aminium cation and one chloride anion. There are no 

chemically significant differences between the two 

cationic molecules in the asymmetric unit. The 

central C1─C2 and C1─C7 bond distances of 

1.384(4) and 1.390(4) Å [1.389(4) and 1.380(4) Å], 

respectively, are almost equal to each other, and show 

an intermediate character between single (1.54 Å) 

and double bonds (1.34 Å) [27], indicating dispersion 

of positive charge over C2─C1─C7 atoms. These 

bonds were calculated at 1.432 and 1.380 Å, 

respectively. Although the N1─C4 and N2─C9 bond 

distances of 1.463(4) and 1.468(4) Å [1.469(4) and 

1.463(4) Å], respectively, conform to a C─N single 

bond (1.48 Å), the N1─C2 and N2─C7 bond 

distances of 1.318(4) and 1.328(4) Å [1.327(4) and 

1.332(4) Å], respectively, are shorter than a C─N 

single bond but longer than a C═N double bond (1.28 

Å). These bonds were theoretically determined at 

1.457, 1.455, 1.306 and 1.353 Å, respectively. So, 

this data suggests an extended electron delocalization 

over the N1─C2 and N2─C7 bonds since the C2─C3 

and C7─C8 bond distances of 1.512(5) and 1.504(4) 

Å [1.498(4) and 1.495(4) Å] correspond to a C─C 

single bond, which were computed at 1.502 and 

1.503 Å, respectively. 

 

The molecular structure of I contains no 

intramolecular interactions. In the crystal structure, 

the cation is linked to the chloride anions by means of 

N─H···Cl hydrogen bonds, so forming C2
1(8) [28] 

chains along the c axis (Figure 4). Details of these 

interactions are given in Table 3. 

 

 

Table 2. Selected geometric parameters for I. 

 

Parameters X-ray  DFT 

 Molecule A Molecule B   

Bond lengths (Å)     
N1─C2 1.318(4) 1.327(4)  1.306 

N1─C4 1.463(4) 1.469(4)  1.457 

N2─C7 1.328(4) 1.332(4)  1.353 

N2─C9 1.468(4) 1.463(4)  1.455 

C1─C2 1.384(4) 1.389(4)  1.432 

C1─C7 1.390(4) 1.380(4)  1.380 

C2─C3 1.512(5) 1.498(4)  1.502 

C7─C8 1.504(4) 

 

1.495(4)  1.503 

Bond angles (°)     

C2─N1─C4 127.0(3) 126.6(3)  129.02 

C7─N2─C9 126.8(3) 126.5(3)  127.25 

N1─C2─C1 121.7(4) 122.0(3)  121.56 

N1─C2─C3 114.1(3) 113.3(3)  114.03 

N2─C7─C1 119.9(3) 120.5(3)  121.24 

N2─C7─C8 114.8(3) 113.7(3)  113.10 

C2─C1─C7 130.4(3) 129.6(3)  128.84 

C1─C2─C3 124.3(3) 124.7(3)  124.39 

C1─C7─C8 125.2(3) 125.8(3)  125.66 

Torsion angles (°)     

C3─C2─N1─C4 −179.2(3) −175.4(3)  179.13 

C8─C7─N2─C9 −177.1(3) 177.3(3)  179.74 

N1─C2─C1─C7 −172.4(3) 179.3(3)  −173.18 

N2─C7─C1─C2 −177.9(4) 175.7(3)  −175.10 

C2─C1─C7─C8 2.5(6) −4.3(6)  4.32 

C7─C1─C2─C3 8.9(6) −0.9(6)  8.37 
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Figure 4. Part of the crystal structure of I, showing the formation of 𝐶2
1(8) chains along [001] built from N─H···Cl 

hydrogen bonds. For clarity, only H atoms involved in hydrogen bonding have been included. 

 

Table 3. Hydrogen bonding geometry for I. 

 

D─H···A D─H (Å) H···A (Å) D···A (Å) D─H···A (°) 

N2A─H2A1···Cl1Ai 0.95(3) 2.32(3) 3.261(3) 171(3) 
N2B─H2B1···Cl1Bii 0.91(3) 2.32(4) 3.216(3) 170(3) 

N1B─H1B1···Cl1B 0.98(4) 2.27(4) 3.240(3) 168(3) 

N1A─H1A1···Cl1A 0.93(4) 2.32(4) 3.222(3) 163(3) 

Symmetry codes: (i) x, −y+3/2, z−1/2; (ii) x, −y+1/2, z−1/2. 

 

3.2. Hirshfeld Surface (HS) Analysis 

 

HS analysis is very useful to picturize and examine 

important intra- or intermolecular interactions within 

the crystal structure. 

 

The distance external to the surface de measures the 

distance between a surface to the neighboring nucleus 

while the distance internal to the surface di measures 

the distance between a surface to nearest atom in the 

molecule itself. The two-dimensional (2D) fingerprint 

plots based on HS analysis can provide the 

contributions of each specific contact pairs to HS 

[29]. The 2D fingerprint plots for I were generated by 

Crystal Explorer 17.5 program [30] and shown in 

Figure 5. 

 

The fingerprint plots show that the main 

intermolecular interactions in I are H···H and 

H···Cl/Cl···H. The highest contribution to the total 

Hirshfeld surface occurs due to H···H close contacts 

with 73.2%. The proportion of H···Cl/Cl···H 

interactions comprises 20.2% of the surface. These 

intermolecular contacts correspond to about 94% of 

all noncovalent interactions. Missing percentages are 

H···C/C···H 4.9% and H···N/N···H 1.7% contacts. 

 

3.3. Energetics and Stability 

 

One way to get an idea on how compound interacts 

with other species is to analyze the highest occupied 

molecular orbital (HOMO) and the lowest 

unoccupied molecular orbital (LUMO) which are 

frontier molecular orbitals. In many reactions, 

electrons located in HOMO are donated first while a 

compound accepts electrons to its LUMO. Thus, one 

can easily measure chemical hardness, reactivity and 

many more parameters from the energy gap (ΔE) 

between HOMO and LUMO [31]. The global 

chemical reactivity descriptors (GCRD) such as the 

absolute electronegativity [χ = (I+A)/2], the chemical 

potential [μ = −(I+A)/2], the absolute hardness [η = 

(I−A)/2], softness (S = 1/2η) and electrophilicity 

index (ω = μ2/2η) were calculated by taking the 

energies of HOMO as ionization potential (I = 

−EHOMO) and LUMO as electron affinity (A = 

−ELUMO) according to Koopmans Theorem [32].  
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Figure 5. The 2D fingerprint plots with decomposition of dominant types of the intermolecular contacts of I. 

 

 

 
 

Figure 6. Frontier molecular orbital surfaces of 

compound I. 

 

The contour plot of HOMO and LUMO orbitals of I 

is shown in Figure 6 while the GCRDs values are 

collected in Table 4. The calculated EHOMO, ELUMO 

and ΔE energies are 4.92, 1.85 and 3.07 eV, 

respectively. If the molecule is hard, the larger ΔE 

corresponds to the more hardness molecule. In this 

case, the compound has higher kinetic stability and 

thus, lower chemical reactivity. The molecules are 

kinetically stable with the hardness and chemical 

potential values of 1.54 and −3.39 eV, respectively. 

The other parameters such as softness (0.33 eV−1), 

electronegativity (3.39 eV), and electrophilic index 

(3.73 eV) also suggest that the compound holds 

stability and chemical strength. 

 

Table 4. Calculated energy values of I. 

 

EHOMO (eV) −4.92 

ELUMO (eV) −1.85 

Energy gap (ΔE) (eV)   3.07 

Electronegativity (χ) (eV)   3.39 

Chemical potential (μ) (eV) −3.39 

Chemical hardness (η) (eV)   1.54 

Chemical softness (S) (eV−1)   0.33 

Electrophilicity index (ω) (eV)   3.73 

 

4. Conclusion 

 

In summary, compound I is investigated by using 

XRD and computational methods. Theoretical 

geometric parameters are in good agreement with the 

experimental findings. XRD results indicate that the 

compound crystallizes as a salt. The intermolecular 

N─H···Cl interactions are responsible for the 

stabilization of the crystal structure. In an effort to 

investigate the intermolecular interactions, HS 



 

              Celal Bayar University Journal of Science  
              Volume 17, Issue 3, 2021, p 297-304 

              Doi: 10.18466/cbayarfbe.825395             İ. Yıldırım 

 

303 

analysis was also carried out. The contributions of 

total HS were analyzed by plotting the fingerprint 

plots. The highest contribution of total HS was found 

as H···H: 73.2% and H···Cl/Cl···H: 20.2%. The 

calculated descriptors related to chemical reactivity 

showed a high energy gap between HOMO and 

LUMO which concluded that the compound has high 

kinetic stability and shows low intramolecular charge 

transfer and low chemical reactivity. 
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Abstract 

 

The aim of this study is to investigate the effects of Modified Batho and Equivalent Tissue-Air Ratio 

(ETAR) correction-based algorithms on dose distributions in the inhomogeneous media and left-sided 

breast and lung cancer. Distribution profiles at lateral depth and percentage depth dose (PDD) values were 

obtained for soft tissue, bone and air rectilinear virtual phantoms in the Eclipse treatment planning system 

(TPS). In addition, intensity modulated radiotherapy (IMRT) treatment planning technique was applied to 

20 patients with left-sided breast and lung cancer diagnosis on computed tomography (CT) sections. The 

maximum dose, mean dose, D95, Monitor Unit (MU) and segment numbers in planning target volume (PTV) 

were calculated. Although the effect of correction-based algorithms on (PDD) values and dose distribution 

profiles in lateral depth were calculated below 1% in soft tissue virtual phantom, dose profiles were obtained 

as approximately 20% in bone and air media. No statistical differences were observed in dosimetric 

parameters except for PTVmean and D95 values due to the differences in correction-based algorithms in 

left-sided breast IMRT treatment planning (p>0.05). However,  significant statistical differences were 

obtained in the values of lung IMRT treatment plans (p<0.05). It was concluded that correction-based 

algorithms in the different inhomogeneous mediums have a significant effect on the dose values calculated 

in TPS. 

 

Keywords: Radiotherapy, inhomogeneous medium, correction methods, dose calculation, pencil beam 

convolution. 

 

1. Introduction 

 

Human anatomy is heterogeneous and has tissue and air 

spaces with different physical density values. These 

tissues and organs have different electron density, atomic 

number, and mass density. Ionizing X-ray passing 

through the patient can pass through air spaces, lungs, 

bones and soft tissues [1]. These different 

inhomogeneous structures cause changes in the transport 

of photons and electrons and the absorption of the dose. 

To determine more accurately absorbed dose in irradiated 

tissues, precise dose calculations are required in 

inhomogeneous structures [2]. Dose distributions 

obtained in heterogeneous medium without water 

equivalent change depending on the energy of radiation 

and the physical properties of the medium [3].  

 

Percentage depth dose (PDD)  and isodose curves used in 

dosimetric procedures in radiotherapy are obtained from 

water or water equivalent homogeneous medium. 

Various methods and algorithms are developed and used 

in treatment planning systems (TPS) to precisely 

calculate and correct these changes due to physical 

parameters in dose distribution [4]. The dose distribution 

that occurs in the patient's body during radiotherapy 

treatment is determined by dose calculation algorithms in 

TPS. Correct dose calculation of algorithms is a very 

important factor for success in radiotherapy [5]. 

 

Correction-based dose calculation algorithms used in 

TPS make dose calculations by interpolating and 

extrapolating the depth-dose curves measured in the 

water phantom and dose profiles taken at various depths. 

mailto:serhat.aras@sbu.edu.tr
https://orcid.org/0000-0002-4825-5921
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Dose distributions are calculated with standard 

measurements and correction factors [6]. Correction-

based algorithms are stated that are not suitable for 

stereotactic treatments with small treatment fields. In 

regions with tissue heterogeneity, they may cause 

inaccurate dose calculations in the target volume and 

surrounding healthy tissues [7]. In addition, the dose 

distributions calculated in the radiotherapy treatment 

plans are based on the correction of the measurements 

previously obtained in the water phantom. Many 

correction factors are applied to accurately calculate the 

patient dose [8]. Power Law (Batho) method, tissue-air 

ratio method (TAR), equivalent tissue-air ratio (ETAR) 

method are the main inhomogeneity correction methods. 

These methods are based on measurement data and 

precise dose calculation principles [9, 10]. The Pencil 

Beam Convolution (PBC) algorithm used in calculating 

photon dose distributions in TPS calculates by 

convolution of kernels defined as the stored dose around 

the primary photon pencil beam. It considers 

inhomogeneous structures using a correction factor such 

as the Modified Batho, ETAR method [11]. In this study, 

dose distributions for different inhomogeneous media 

and tissues were obtained in Eclipse TPS, where the PBC 

dose calculation algorithm was used. Using these 

correction-based algorithms, the calculation and 

comparison of dose values were performed in different 

treatment fields [12]. 

 

The purpose of this study is to dosimetrically compare 

the effects of different correction-based algorithms on 

dose distributions in lung ve breast inhomogeneous 

tissues using PBC dose calculation algorithm and to 

determine which method would be more appropriate to 

use in TPSs. 

2. Materials and Methods 

 

In this study, dose values for soft tissue, bone and air 

media s on the rectilinear phantom in Eclipse TPS were 

primarily examined before obtaining different dosimetric 

parameters in breast and lung treatment planning. In TPS, 

different correction-based algorithms were used in soft 

tissue and inhomogeneous medium, including Modified 

Batho, Equivalent Tissue-Air Ratio (ETAR) and "none" 

when the inhomogeneity correction method was not used, 

and dose calculations were achieved. Before comparing 

the effects of correction-based algorithms on dose 

distributions for the PBC dose calculation method in 

TPS, dose distribution profiles obtained in the 

inhomogeneous medium were obtained in virtual 

phantoms and dose calculations were performed. In 

V8.9.08 version (Varian, USA) Eclipse TPS, under 2 

homogeneous 25x2x25cm3 cubic phantoms, 

25x9x25cm3 soft tissue, bone and air materials were 

defined separately for Hounsfield Unit (HU) values and 

three rectilinear virtual phantoms were created (Figure 

1). 

 

 

 
 

Figure 1. Rectilinear virtual phantom consisting of 25x9x25cm3 soft tissue, bone and air materials under 2 

homogeneous 25x2x25cm3 cubic phantoms. 
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Rectilinear virtual phantoms were created by defining the 

Hounsfield Unit (HU) and density (g/cm3) values in 

Table 1, and their effects due to the difference in density  

compared to water in the medium in high and low-density 

medium transitions were shown. 

 

Table 1. Hounsfield Unit and medium densities of 

homogeneous and inhomogeneous virtual phantoms. 

 

While creating the set-up phase, phantoms on bone, lung, 

air, and soft tissue-like material formed the build-up 

region and were placed to maintain an electronic-

equilibrium condition. Other phantoms 10cm thick were 

placed due to backscattering. All calculations were made 

on heterogeneous virtual phantoms with 18MV photon 

energy, Gantry: 0° irradiation angle, 20x20cm2 beam 

field size, 2Gy dose and skin source distance (SSD)  

86.5cm. In inhomogeneous media where PBC dose 

calculation algorithm is used, Modified Batho, 

Equivalent Tissue-Air Ratio (ETAR) and “none” 

situations; percentage depth dose (%) and dose 

distribution profiles at lateral depth were calculated and 

compared in three separate phantoms. 

 

To examine the effect of different inhomogeneity 

correction methods on the dose distribution in the plans 

calculated with PBC, Modified Batho plans were copied 

without any changes, and the plans were obtained by 

calculating them separately with the ETAR and “none” 

inhomogeneity correction-method. In order to reveal the 

effects of correction-based algorithms on dose 

distributions in different tissues, dose simulation was 

performed using intensity modulated radiotherapy 

(IMRT) treatment technique in 20 patients with left-sided 

breast (50Gy/25fr) and lung (66Gy/33fr) cancers. The 

maximum dose, mean dose, D95, Monitor Unit (MU) and 

segment numbers in planning target volume (PTV) were 

calculated and compared. Later, IMRT based Modified 

Batho plans were copied without any changes, and the 

plans were obtained by calculating them separately using 

the ETAR and “none” inhomogeneity correction method. 

 

3. Statistical Analysis  

 

Analysis of the data was obtained using the SPSS 25 

package program. Differences between dose calculation 

algorithms in terms of mean ± SD measurement values 

were performed using the independent sample t-test. 

Differences were considered significant when the p value 

was <0.05. 

 

4. Results and Discussion  

 

In Figure 2-4, dose distributions at lateral depth and PDD 

profiles depending on the depth were calculated 

separately in soft tissue, air and bone media using 

different dose correction-based algorithms in the 

rectilinear virtual phantom. In dose calculations 

performed on soft tissue phantom, the effect of 

correction-based algorithms on dose distributions were 

calculated below 1% in PDD values depending on the 

depth and dose distribution profiles at lateral depth. 

However, dosimetric differences due to correction-based 

algorithms were obtained about 20% in PDD values and 

dose distribution profiles at lateral depth in dose 

calculations using air and bone media. 

 

 
Figure 2. Dose distributions at lateral depth and dose distribution profiles depending on the depth obtained in soft 

tissue by using different dose correction based algorithms in rectilinear virtual phantom. 

 

Medium 
Hounsfield 

Unit (HU) 

Density  

(g/cm3) 

Ratio by 

Water 

Soft Tissue  

(Water 

equivalent) 

0 1.000 1.0 

Air 1000- 0.0012 1/800 

Lung 740- 0.2-0.3 1/5 

Bone 600+ 1.6 1.6X 
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Figure 3. Dose distributions at lateral depth and dose distribution profiles depending on the depth obtained in air 

medium by using different dose correction based algorithms in rectilinear virtual phantom. 

 

 

Figure 4. Dose distributions at lateral depth and dose distribution profiles depending on the depth obtained in bone 

medium by using different dose correction based algorithms in rectilinear virtual phantom. 

 

In dose simulations based on correction-based algorithms performed on computed tomography sections of 20 patients 

with left-sided breast and lung cancer, dosimetric differences of <2% in breast IMRT treatment technique were 

obtained in the maximum dose, mean dose, D95 in PTV, MU and segment numbers, while lung IMRT treatment 

technique was calculated an average of 1-10%  dose differences in these dosimetric parameters. Although no 

statistically dose differences were observed in dosimetric parameters (except PTVmean and D95 values) due to the 

differences of correction-based algorithms in left-sided breast IMRT treatment planning (p>0.05) (Table 2), significant 

statistical differences were obtained in the values of lung IMRT treatment plans (p<0.05) (Table 3). 

Organ doses in external radiotherapy are calculated with the dose calculation algorithms in TPS and it is assumed that 

they are close to the actual dose distribution between the measurement data loaded into the system and the calculated 

dose. Different correction-based algorithms are used to obtain the closest dose calculations to reality in patient dose 

procedures using computed tomography in TPS [13].  

 

The fact that the dose calculated in TPS's is slightly different from the dose administered to the patient is directly 

related to the capabilities of dose calculation algorithms in inhomogeneous structures. 

 

 

 

Table 2. Left-sided breast treatment plan values obtained for different correction-based algorithms 
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Left sided 

breast 

(50Gy/25fr) 

PTV 

Max 

mean±SD 

PTV 

Mean 

mean±SD 

PTV  

D95 

mean±SD 

Total  

MU 

mean±SD 

Segment    

Number 

mean±SD 

Modified 

Batho 
109±1.8 5107±14.7 4885±12.4 580±12.8 113±5.4 

ETAR 109±2.8 5048±18.3 4789±19.8   574±10.7 113±3.9 

None 108.8±2.3 5078±11.1 4827±23.4 583±11.5 112±6.5 

p Value 

 
 M.B. vs.             

Etar 

         M.B. vs. 

                    None 

          Etar vs.  

          None 

PTVmax   >0.05                  >0.05           >0.05 

PTVmean   0.012*                  0.007*           0.002* 

PTV D95   0.023*                  0.002*           0.005* 

MU   >0.05                  >0.05           >0.05 

Segment 

Number 
  >0.05                  >0.05           >0.05 

∗Statistically significant values (p<0.05), MU: Monitor Unit, PTV: Planning target volume, D95: 

Dose covering 95% of the volume, M.B: Modified Batho, SD: Standard deviation 

 

 

 

Table 3. Lung treatment plan values obtained for different correction-based algorithms 

 

Lung 

(66Gy/33fr) 

PTV 

Max 

mean±SD 

PTV 

Mean 

mean±SD 

PTV  

D95 

mean±SD 

Total  

MU 

mean±SD 

Segment    

Number 

mean±SD 

Modified 

Batho 
106±2.3 6357±22.6 6094±15.4 564±13.2   94±7.8 

ETAR 108±2.1 6380±18.7 6116±32.2 591±19.8   104±6.5 

None 116.5±2.8 6441±15.8 6011±54.7 659±20.7   102±6.9 

p Value 

 
 M.B. vs.             

Etar 

        M.B. vs. 

                    None 

           Etar vs.  

          None 

PTVmax   >0.05                  0.041*           0.018* 

PTVmean   >0.05                  0.017*           0.007* 

PTV D95   >0.05                  0.004*           0.013* 

MU   >0.05                  0.022*           0.004* 

Segment 

Number 
  >0.05                  >0.05           >0.05 

∗Statistically significant values (p<0.05), MU: Monitor Unit, PTV: Planning target volüme, D95: 

Dose covering 95% of the volume, M.B: Modified Batho, SD: Standard deviation 



 Celal Bayar University Journal of Science  

 Volume 17, Issue 3, 2021, p 305-311 
 Doi: 10.18466/cbayarfbe.841547                                                                                                     S. Aras 

 

310 

Different correction-based algorithms have advantages 

and disadvantages against each other due to the different 

dose values obtained in low and high-density 

heterogeneous mediums such as soft tissue, lung, air and 

bone [14]. Correction-based algorithms are mainly based 

on measured data obtained from the cubic water 

phantom. The total dose at any point is usually obtained 

by summing up its primary and scatter components 

calculated separately [15]. The accuracy of correction-

based algorithms is limited, especially for 3-D 

heterogeneity corrections in lung and tissue-cross 

sections where electronic-equilibrium cannot be fully 

achieved [16]. Actual dose values in different tissues are 

found by taking into account some correction factors 

such as tissue inhomogeneity. Dose calculation 

algorithms calculate dose by interpolating between depth 

doses measured in the water phantom and use dose 

profiles taken at various depths [17]. In TPS-based dose 

calculation algorithms, it is important to correctly 

determine the electronic equilibrium perpendicular and 

parallel to the beam direction to calculate the total 

absorbed dose correctly. Vertical electronic-equilibrium 

is especially important in treatment planning for cases 

where tissue heterogeneity is intense such as lung and 

breast. In these treatment fields, vertical electronic-

equilibrium cannot be calculated effectively due to the 

fact that TPS algorithms have many heterogeneous in 

area close to the skin. Therefore, the calculated dose in 

the skin area is slightly different from the measured dose 

[18]. The PBC dose calculation algorithm calculates the 

absorbed dose faster because it does not effectively 

account for the horizontal electronic equilibrium and 

scattered electrons. Although vertical electronic 

equilibrium has been determined, dose calculation 

accuracy is especially more limited than other dose 

calculation algorithms in the heterogeneous medium 

[19]. 

 

In this study, no significant dose difference was 

calculated between the PDD profiles depending on the 

depth and the dose distribution profiles at the lateral 

depth in the dose calculations of soft tissue virtual 

phantoms using different correction-based algorithms. 

However, we showed that there are significant dosimetric 

differences in both the depth-dependent PDD distribution 

profiles and the lateral depth dose distribution profiles in 

dose calculations using air and bone virtual phantoms.  

Inhomogeneity correction is required to accurately 

calculate dose distributions in radiotherapy applications 

where heterogeneity is dominant, such as lung, breast, 

head&neck and esophageal cancer. 

 

M. Bragg et al did not observe a significant difference in 

prostate and head and neck in the study in which they 

compared the effect of Anisotropic Analytical Algorithm 

(AAA) and PBC algorithms on dose distribution in lung, 

prostate and head and neck cancers, but reported 

significant dose differences in lung cancers [20]. Knöös 

et al acquired plans with conformal or conventional 

techniques and compared the results of AAA 

convolution/superposition algorithms and PBC 

inhomogeneity correction algorithms in patients with 

lung, prostate, head-neck and breast cancer. While no 

significant difference was reported in the prostate and 

head and neck regions, a significant difference was 

reported in the lung and breast plans in the neighborhood 

of low-density inhomogeneous tissue. In addition, these 

two algorithms were compared with Monte Carlo and it 

was noted that convolution/superposition algorithms 

were more compatible with Monte Carlo. They 

emphasized that the use of IMRT technique may cause 

new problems [21]. It is desirable that the homogeneous 

distribution of the dose in the PTV and the dosimetric 

parameter values should be close to each other for 

different correction-based algorithms in radiotherapy 

planning. 

 

Although only statistical differences were observed in 

mean and D95 values in PTV between Modified Batho, 

ETAR and "none" correction-based algorithms for IMRT 

plans with 20 left-sided breast cancer diagnoses in this 

study, significant statistical differences were obtained in 

all other dosimetric parameters except segment numbers 

in lung IMRT plans. In addition, we think that the 

Modified Batho correction-based algorithm can give 

more accurate results in dose calculations of 

inhomogeneous structures and in dose distribution 

profiles depending on depth and lateral depth.  

Considering the literature studies [22, 23], it was 

observed that different correction-based algorithms using 

the PBC dose calculation algorithm were especially 

insufficient in media where the heterogeneity of the 

tissue such as lung and bone is dominant and much more 

complex IMRT treatment planning technique. 

 

We think that it should be compared dosimetrically with 

dose calculation algorithms such as Monte Carlo, AAA 

and Acuros, as well as PBC dose calculation algorithm to 

obtained much more precise and accurate patient dose 

calculations. In addition, it was concluded that the most 

ideal patient dose treatment plan can be achieved by 

using appropriate correction-based algorithms according 

to the treatment plan. 

 

5. Conclusion 

 

It was concluded that the Modified Batho correction-

based algorithm can give more accurate and precise 

results in dose calculations of such structures in 

anatomical regions where inhomogeneity is dominant 

such as head-neck and lung cancer, where the PBC dose 

calculation algorithm is used. 
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Abstract 

 

Fixed point theory is one of the most important theories and has been studied extensively by researchers 

in many disciplines. One of these studies is its application to integral equations. In this work, we have 

shown that the iteration method given in [30] converges to the solution of the more general Volterra 

integral equation in two variables by using Bielecki’s norm. Also, a data dependence result for the 

solution of this integral equation has been proven. 
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Mathematics Subject Classification: 47H06; 47H10, 54H25. 

 

1. Introduction 

 

Various problems in nature can be expressed in 

nonlinear equations. Reaching the solution of nonlinear 

equations is significant for many disciplines. There are 

many methods to obtain this solution in mathematics. 

One of them is the fixed-point theory. One of the study 

areas of nonlinear analysis is integral equations and one 

way to show the existence and uniqueness of the 

solutions of integral equations is iteration methods in 

fixed point theory.  Iteration methods have become an 

intriguing method for solving nonlinear equations. In 

this context, a large literature has emerged with the 

definition of new iteration methods (see [1-5]). Fixed 

point iteration methods have been studied by many 

researchers to solve integral equations (see [8-29]). The 

basic approach in this method is to construct iteration 

methods by including the integral equations in an 

operator classification under certain conditions and to 

determine the appropriate conditions for the sequence 

obtained from this iteration to converge to the fixed 

point of the operator, in other words, to the solution of 

the integral equation. In this regard, Lungu and Rus [6] 

have proved that defined Volterra-Fredholm integral 

equation (1.1) under the conditions given below (c1-c6) 

has only unique solution. 

 

In more general form, Volterra-Fredholm integral 

equation [6] in two variables can be seen as  

 

 

 

𝑔(𝑥, 𝑦) = 𝑓 (𝑥, 𝑦, (ℎ(𝑔))(𝑥, 𝑦))) +

∫ ∫ 𝐾(𝑥, 𝑦, 𝑠, 𝑡, 𝑔(𝑠, 𝑡))𝑑𝑠𝑑𝑡
𝑦

0

𝑥

0
  𝑥, 𝑦 ∈ ℝ+.              (1.1) 

 

Let (𝐸, ‖∙‖) be a Banach space. Let 𝐾 ∈ 𝐶(ℝ4+ ×
𝐸, 𝐸) be class of continuous functions. Bielecki’s norm 

[7] on 𝑋𝜏 defined as  

 

‖𝑔‖𝜏 = sup
𝑥,𝑦∈ℝ+

(‖𝑔(𝑥, 𝑦)‖)𝑒−𝜏(𝑥+𝑦)                   (1.2) 

 

such that  

 

𝑋𝜏 = {𝑔𝜖𝐶(ℝ
2
+, 𝐸)|∃𝑀(𝑔) > 0: |𝑔(𝑥, 𝑦)| ≤

𝑒−𝜏(𝑥+𝑦) ≤ 𝑀(𝑔)}.                                                    (1.3) 

for  𝜏 > 0. 
 

It is clear that (𝑋𝜏 , ‖∙‖𝜏) is a Banach space. 

 

Teorem 1.1 Let us assume that the following conditions 

are satisfied:  

 

(c1) 𝑓 ∈ 𝐶(ℝ2+ × 𝐸, 𝐸), 𝐾 ∈ 𝐶(ℝ
4
+ × 𝐸, 𝐸),  

 

(c2) ∀𝑥, 𝑦 ∈ ℝ+, ∀𝑢, 𝑣 ∈ 𝑋𝜏, ℎ: 𝑋𝜏 → 𝑋𝜏 such that   

∃𝐿ℎ > 0: ‖(ℎ(𝑢))(𝑥, 𝑦)) − (ℎ(𝑣))(𝑥, 𝑦))‖

≤ 𝐿ℎ‖𝑢 − 𝑣‖𝜏𝑒
𝜏(𝑥+𝑦), 

(c3) ∀𝑥, 𝑦 ∈ ℝ+, ∀𝑤1, 𝑤2 ∈ 𝐸;  

 

∃𝐿𝑓 > 0: ‖𝑓(𝑥, 𝑦, 𝑤1) − 𝑓(𝑥, 𝑦, 𝑤2)‖ ≤ 𝐿𝑓‖𝑤1 − 𝑤2‖, 

file:///D:/A.FBE/Dergi/Yazım%20Dil%20Kontrol/Samet%20MALDAR/mmaldar@aksaray.edu.tr
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(c4) ∀𝑥, 𝑦, 𝑠, 𝑡 ∈ ℝ+, ∀𝑤1, 𝑤2 ∈ 𝐸; 

∃𝐿𝐾(𝑥, 𝑦, 𝑠, 𝑡) > 0: ‖𝐾(𝑥, 𝑦, 𝑠, 𝑡, 𝑤1) − 𝐾(𝑥, 𝑦, 𝑠, 𝑡, 𝑤2)‖
≤ 𝐿𝐾(𝑥, 𝑦, 𝑠, 𝑡)‖𝑤1 − 𝑤2‖, 

(c5) ∀𝑥, 𝑦 ∈ ℝ+, 

𝐿𝐾 ∈ 𝐶(ℝ
4
+, ℝ+) and  ∫ ∫ 𝐿𝐾(𝑥, 𝑦, 𝑠, 𝑡)𝑒

𝜏(𝑠+𝑡)𝑑𝑠𝑑𝑡 ≤
𝑦

0

𝑥

0

𝐿𝑒𝜏(𝑥+𝑦), 
(c6) 𝐿ℎ𝐿𝑓 + 𝐿 < 1. 

 

Then (1.1) has a unique solution [6]. 
 

The following iteration method has defined in [30]. 
 

{
 

 
𝑥0 ∈ 𝑋,

𝑥𝑛+1 = 𝑇 (
(1−𝛼𝑛)

𝑘
𝑇𝑥𝑛 + (1 −

(1−𝛼𝑛)

𝑘
) 𝑇𝑦𝑛)

𝑦𝑛 = 𝑇 (
(1−𝛽𝑛)

𝑘
𝑥𝑛 + (1 −

(1−𝛽𝑛)

𝑘
)𝑇𝑥𝑛)

          (1.4) 

 

where {𝛼𝑛}𝑛=1
∞  and  {𝛽𝑛}𝑛=1

∞ are real sequences in [0,1],  
𝑘, 𝑛 ∈ ℕ and 𝑇 is any self-operator. The iteration 

method (1.4) can be demonstrated as follows: 

 

{
 
 

 
 

𝑥0 ∈ 𝑋,
𝑥𝑛+1 = 𝑇𝑢𝑛

𝑢𝑛 =
(1−𝛼𝑛)

𝑘
𝑇𝑥𝑛 + (1 −

(1−𝛼𝑛)

𝑘
) 𝑇𝑦𝑛

𝑦𝑛 = 𝑇𝑣𝑛

𝑣𝑛 =
(1−𝛽𝑛)

𝑘
𝑥𝑛 + (1 −

(1−𝛽𝑛)

𝑘
) 𝑇𝑥𝑛 .

                    (1.5) 

 

Definition 1.2 Let 𝑋 be a Banach space and 𝐶 be a 

nonempty, closed, convex subset of 𝑋. Let 𝑆, 𝑇: 𝐶 → 𝐶 

be two mappings. We say that the 𝑆 is an approximate 

mapping pair of 𝑇 if for all 𝑥 ∈ 𝐶 and for a fixed 𝜖 ≥ 0, 
we have ‖𝑇𝑥 − S𝑥‖ ≤ 𝜖 [31].   
 

Lemma 1.3 Let {𝜎𝑛}𝑛=0
∞  be nonnegative real sequence. 

Assume that there exists 𝑛0 ∈ ℕ, such that for all the 

𝑛 ≥ 𝑛0 one has the inequality 
 

𝜎𝑛+1 ≤ (1 − 𝜆𝑛)𝜎𝑛 + 𝜆𝑛𝑚𝑛  
 

where  𝜆𝑛 ∈ (0,1) for all 𝑛 ∈ ℕ, ∑ 𝜆𝑛 = ∞,∞
𝑛=0  and 

𝑚𝑛 ≥ 0. Then the following inequality holds:  
 

0 ≤ lim
𝑛→∞

𝑠𝑢𝑝 𝜎𝑛≤ lim
𝑛→∞

𝑠𝑢𝑝𝑚𝑛  [31]. 

 

Consider the equation (1.1), we have  

𝑇: 𝑋𝜏  → 𝑋𝜏  defined by  
 

T(𝑥𝑛(𝑥, 𝑦)) = 𝑓 (𝑥, 𝑦, (ℎ(𝑥𝑛))(𝑥, 𝑦))) 

+∫ ∫ 𝐾(𝑥, 𝑦, 𝑠, 𝑡, 𝑥𝑛(𝑠, 𝑡))𝑑𝑠𝑑𝑡
𝑦

0

𝑥

0
  𝑥, 𝑦 ∈ ℝ+.        (1.6) 

 

In this work, we have shown that the iteration method 

(1.5) converges to the solution of Volterra-Fredholm 

integral equation given by (1.1) in Banach space 𝑋 for 

the initial point 𝑥0 ∈ 𝑋. Also, we have obtained the data 

dependence result for the solution of equation (1.1) 

under conditions in Theorem 1.1. 

2. Main Results  

 

Teorem 2.1 Let {𝛼𝑛}𝑛=1
∞  and {𝛽𝑛}𝑛=1

∞  are real 

sequences in [0,1]. Then under the assumptions of 

Theorem 1.1, the equation (1.1) has a unique solution, 

say 𝑥𝑝, and the iteration method (1.5) is convergent 

strongly to 𝑥𝑝. 

 

Proof Let {𝑥𝑛}𝑛=1
∞  be an iterative sequence generated by 

iteration method (1.5) as follows: 

 

T(𝑥𝑛(𝑥, 𝑦)) = 𝑓 (𝑥, 𝑦, (ℎ(𝑥𝑛))(𝑥, 𝑦))) +

∫ ∫ 𝐾(𝑥, 𝑦, 𝑠, 𝑡, 𝑥𝑛(𝑠, 𝑡))𝑑𝑠𝑑𝑡
𝑦

0

𝑥

0
  𝑥, 𝑦 ∈ ℝ+             (2.1) 

 

where 𝑇: 𝑋𝜏  → 𝑋𝜏.   
We will show that 𝑥𝑛 → 𝑥𝑝 as 𝑛 → ∞. From (1.1), 

iteration method (1.5), and the assumptions (c1)-(c6) of 

Theorem 1.1, we obtain 

 

‖𝑥𝑛+1 − 𝑥𝑝‖𝜏 = ‖𝑇𝑢𝑛 − 𝑇𝑥𝑝‖𝜏 =

𝑠𝑢𝑝𝑥,𝑦𝜖ℝ+(‖𝑇𝑢𝑛(𝑥, 𝑦) − 𝑇𝑥𝑝(𝑥, 𝑦)‖𝑒
−𝜏(𝑥+𝑦))        (2.2) 

 

and 

‖𝑇𝑢𝑛(𝑥, 𝑦) − 𝑇𝑥𝑝(𝑥, 𝑦)‖ =

‖

‖

𝑓 (𝑥, 𝑦, (ℎ(𝑢𝑛))(𝑥, 𝑦)))

+∫ ∫ 𝐾(𝑥, 𝑦, 𝑠, 𝑡, 𝑢𝑛(𝑠, 𝑡))𝑑𝑠𝑑𝑡
𝑦

0

𝑥

0

−𝑓 (𝑥, 𝑦, ℎ (𝑥𝑝(𝑥, 𝑦)))

−∫ ∫ 𝐾 (𝑥, 𝑦, 𝑠, 𝑡, 𝑥𝑝(𝑠, 𝑡)) 𝑑𝑠𝑑𝑡
𝑦

0

𝑥

0

‖

‖

                 

≤ ‖𝑓(𝑥, 𝑦, (ℎ(𝑢𝑛))(𝑥, 𝑦)) −

𝑓 (𝑥, 𝑦, (ℎ(𝑥𝑝))(𝑥, 𝑦))‖ +

‖∫ ∫ 𝐾(𝑥, 𝑦, 𝑠, 𝑡, 𝑢𝑛(𝑠, 𝑡))𝑑𝑠𝑑𝑡 −
𝑦

0

𝑥

0

∫ ∫ 𝐾 (𝑥, 𝑦, 𝑠, 𝑡, 𝑥𝑝(𝑠, 𝑡)) 𝑑𝑠𝑑𝑡
𝑦

0

𝑥

0
‖  

≤ 𝐿𝑓‖(ℎ(𝑢𝑛))(𝑥, 𝑦) − (ℎ(𝑥𝑝))(𝑥, 𝑦)‖ +

∫ ∫ ‖𝐾(𝑥, 𝑦, 𝑠, 𝑡, 𝑢𝑛(𝑠, 𝑡)) −
𝑦

0

𝑥

0

𝐾 (𝑥, 𝑦, 𝑠, 𝑡, 𝑥𝑝(𝑠, 𝑡))‖𝑑𝑠𝑑𝑡  

≤ 𝐿𝑓𝐿ℎ‖𝑢𝑛 − 𝑥𝑝‖𝜏𝑒
𝜏(𝑥+𝑦) +

∫ ∫ 𝐿𝐾(𝑥, 𝑦, 𝑠, 𝑡)‖𝑢𝑛(𝑠, 𝑡)  − 𝑥𝑝(𝑠, 𝑡)‖
𝑦

0

𝑥

0
𝑑𝑠𝑑𝑡                       

≤ 𝐿𝑓𝐿ℎ‖𝑢𝑛 − 𝑥𝑝‖𝜏𝑒
𝜏(𝑥+𝑦) + ‖𝑢𝑛 −

𝑥𝑝‖𝜏 ∫ ∫ 𝐿𝐾(𝑥, 𝑦, 𝑠, 𝑡)𝑒
𝜏(𝑠+𝑡)𝑦

0

𝑥

0
𝑑𝑠𝑑𝑡  

≤ 𝐿𝑓𝐿ℎ‖𝑢𝑛 − 𝑥𝑝‖𝜏𝑒
𝜏(𝑥+𝑦) + 𝐿‖𝑢𝑛 − 𝑥𝑝‖𝜏𝑒

𝜏(𝑥+𝑦)  

≤ (𝐿𝑓𝐿ℎ + 𝐿)‖𝑢𝑛 − 𝑥𝑝‖𝜏𝑒
𝜏(𝑥+𝑦)                                     

 

and we have 

 

‖𝑥𝑛+1 − 𝑥𝑝‖𝜏 ≤ (𝐿𝑓𝐿ℎ + 𝐿)‖𝑢𝑛 − 𝑥𝑝‖𝜏                (2.3) 

 

and  
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‖𝑇𝑥𝑛(𝑥, 𝑦) − 𝑇𝑥𝑝(𝑥, 𝑦)‖ =

‖

‖

𝑓(𝑥, 𝑦, (ℎ(𝑥𝑛))(𝑥, 𝑦))

+∫ ∫ 𝐾(𝑥, 𝑦, 𝑠, 𝑡, 𝑥𝑛(𝑠, 𝑡))𝑑𝑠𝑑𝑡
𝑦

0

𝑥

0

−𝑓 (𝑥, 𝑦, (ℎ(𝑥𝑝))(𝑥, 𝑦))

−∫ ∫ 𝐾 (𝑥, 𝑦, 𝑠, 𝑡, 𝑥𝑝(𝑠, 𝑡)) 𝑑𝑠𝑑𝑡
𝑦

0

𝑥

0

‖

‖
   

≤ ‖𝑓(𝑥, 𝑦, (ℎ(𝑥𝑛))(𝑥, 𝑦)) − 𝑓 (𝑥, 𝑦, (ℎ(𝑥𝑝))(𝑥, 𝑦))‖ +

‖∫ ∫ 𝐾(𝑥, 𝑦, 𝑠, 𝑡, 𝑥𝑛(𝑠, 𝑡))𝑑𝑠𝑑𝑡 −
𝑦

0

𝑥

0

∫ ∫ 𝐾 (𝑥, 𝑦, 𝑠, 𝑡, 𝑥𝑝(𝑠, 𝑡)) 𝑑𝑠𝑑𝑡
𝑦

0

𝑥

0
‖  

≤ 𝐿𝑓‖(ℎ(𝑥𝑛))(𝑥, 𝑦) − (ℎ(𝑥𝑝))(𝑥, 𝑦)‖ +

∫ ∫ ‖𝐾(𝑥, 𝑦, 𝑠, 𝑡, 𝑥𝑛(𝑠, 𝑡)) −
𝑦

0

𝑥

0

𝐾 (𝑥, 𝑦, 𝑠, 𝑡, 𝑥𝑝(𝑠, 𝑡))‖𝑑𝑠𝑑𝑡  

≤ 𝐿𝑓𝐿ℎ‖𝑥𝑛 − 𝑥𝑝‖𝜏𝑒
𝜏(𝑥+𝑦) +

∫ ∫ 𝐿𝐾(𝑥, 𝑦, 𝑠, 𝑡)‖𝑥𝑛(𝑠, 𝑡) − 𝑥𝑝(𝑠, 𝑡)‖
𝑦

0

𝑥

0
𝑑𝑠𝑑𝑡  

≤ 𝐿𝑓𝐿ℎ‖𝑥𝑛 − 𝑥𝑝‖𝜏𝑒
𝜏(𝑥+𝑦) 

+𝐿‖𝑥𝑛 − 𝑥𝑝‖𝜏𝑒
𝜏(𝑥+𝑦) 

≤ (𝐿𝑓𝐿ℎ + 𝐿)‖𝑥𝑛 − 𝑥𝑝‖𝜏𝑒
𝜏(𝑥+𝑦)                           

 

and we obtain 

  

‖𝑇𝑥𝑛 − 𝑇𝑥𝑝‖𝜏 ≤ (𝐿𝑓𝐿ℎ + 𝐿)‖𝑥𝑛 − 𝑥𝑝‖𝜏.                (2.4) 

 

Similarly, 

 

‖𝑇𝑦𝑛 − 𝑇𝑥𝑝‖𝜏 = 𝑠𝑢𝑝𝑥,𝑦𝜖ℝ+(‖𝑇𝑦𝑛
(𝑥, 𝑦) −

𝑇𝑥𝑝(𝑥, 𝑦)‖𝑒
−𝜏(𝑥+𝑦))                   

 

and we have 

 

‖𝑇𝑦𝑛 − 𝑇𝑥𝑝‖𝜏 = (𝐿𝑓𝐿ℎ + 𝐿)‖𝑦𝑛 − 𝑥𝑝‖𝜏                     

(2.5)    

 

and similarly, 

 

‖𝑦𝑛 − 𝑥𝑝‖𝜏 = 𝑠𝑢𝑝𝑥,𝑦𝜖ℝ+(‖𝑦𝑛
(𝑥, 𝑦) −

𝑥𝑝(𝑥, 𝑦)‖𝑒
−𝜏(𝑥+𝑦))                   

 

and 

 

‖𝑦𝑛(𝑥, 𝑦) − 𝑥𝑝(𝑥, 𝑦)‖ = ‖𝑇𝑣𝑛(𝑥, 𝑦) − 𝑇𝑥𝑝(𝑥, 𝑦)‖= 

‖

‖

𝑓(𝑥, 𝑦, (ℎ(𝑣𝑛))(𝑥, 𝑦))

+ ∫ ∫ 𝐾(𝑥, 𝑦, 𝑠, 𝑡, 𝑣𝑛(𝑠, 𝑡))𝑑𝑠𝑑𝑡
𝑦

0

𝑥

0

−𝑓 (𝑥, 𝑦, (ℎ(𝑥𝑝))(𝑥, 𝑦))

−∫ ∫ 𝐾 (𝑥, 𝑦, 𝑠, 𝑡, 𝑥𝑝(𝑠, 𝑡)) 𝑑𝑠𝑑𝑡
𝑦

0

𝑥

0

‖

‖
  

≤ ‖𝑓(𝑥, 𝑦, (ℎ(𝑣𝑛))(𝑥, 𝑦)) − 𝑓 (𝑥, 𝑦, (ℎ(𝑥𝑝))(𝑥, 𝑦))‖ +

‖∫ ∫ 𝐾(𝑥, 𝑦, 𝑠, 𝑡, 𝑣𝑛(𝑠, 𝑡))𝑑𝑠𝑑𝑡 −
𝑦

0

𝑥

0

∫ ∫ 𝐾 (𝑥, 𝑦, 𝑠, 𝑡, 𝑥𝑝(𝑠, 𝑡)) 𝑑𝑠𝑑𝑡
𝑦

0

𝑥

0
‖  

≤ 𝐿𝑓‖(ℎ(𝑣𝑛))(𝑥, 𝑦) − (ℎ(𝑥𝑝))(𝑥, 𝑦)‖ +

∫ ∫ ‖𝐾(𝑥, 𝑦, 𝑠, 𝑡, 𝑣𝑛(𝑠, 𝑡)) −
𝑦

0

𝑥

0

𝐾 (𝑥, 𝑦, 𝑠, 𝑡, 𝑥𝑝(𝑠, 𝑡))‖𝑑𝑠𝑑𝑡   

≤ 𝐿𝑓𝐿ℎ‖𝑣𝑛 − 𝑥𝑝‖𝜏𝑒
𝜏(𝑥+𝑦) +

∫ ∫ 𝐿𝐾(𝑥, 𝑦, 𝑠, 𝑡)‖𝑣𝑛(𝑠, 𝑡) − 𝑥𝑝(𝑠, 𝑡)‖𝑑𝑠𝑑𝑡
𝑦

0

𝑥

0
  

≤ 𝐿𝑓𝐿ℎ‖𝑣𝑛 − 𝑥𝑝‖𝜏𝑒
𝜏(𝑥+𝑦) + 𝐿‖𝑣𝑛 − 𝑥𝑝‖𝜏𝑒

𝜏(𝑥+𝑦)  

≤ (𝐿𝑓𝐿ℎ + 𝐿)‖𝑣𝑛 − 𝑥𝑝‖𝜏𝑒
𝜏(𝑥+𝑦) .                                        

 

Then, we have  

 

‖𝑦𝑛 − 𝑥𝑝‖𝜏 ≤ (𝐿𝑓𝐿ℎ + 𝐿)‖𝑣𝑛 − 𝑥𝑝‖𝜏 .                            

(2.6) 

 

By using (2.4), we obtain 

 

‖𝑣𝑛 − 𝑥𝑝‖𝜏 = ‖
(1−𝛽𝑛)

𝑘
𝑥𝑛 + (1 −

(1−𝛽𝑛)

𝑘
)𝑇𝑥𝑛 − 𝑥𝑝‖

𝜏
   

≤
(1−𝛽𝑛)

𝑘
‖𝑥𝑛 − 𝑥𝑝‖𝜏 + (1 −

(1−𝛽𝑛)

𝑘
) ‖𝑇𝑥𝑛 − 𝑥𝑝‖𝜏  

≤
(1−𝛽𝑛)

𝑘
‖𝑥𝑛 − 𝑥𝑝‖𝜏 + (𝐿𝑓𝐿ℎ + 𝐿) (1 −

(1−𝛽𝑛)

𝑘
) ‖𝑥𝑛 −

𝑥𝑝‖𝜏 ≤ ‖𝑥𝑛 − 𝑥𝑝‖𝜏                                                  (2.7) 

 

and combining (2.4), (2.5), (2.6), and (2.7) 

 

‖𝑢𝑛 − 𝑥𝑝‖𝜏 = ‖
(1−𝛼𝑛)

𝑘
𝑇𝑥𝑛 + (1 −

(1−𝛼𝑛)

𝑘
) 𝑇𝑦𝑛 − 𝑥𝑝‖

𝜏
   

≤
(1−𝛼𝑛)

𝑘
‖𝑇𝑥𝑛 − 𝑥𝑝‖𝜏 + (1 −

(1−𝛼𝑛)

𝑘
) ‖𝑇𝑦𝑛 − 𝑥𝑝‖𝜏  

 ≤
(1−𝛼𝑛)

𝑘
(𝐿𝑓𝐿ℎ + 𝐿)‖𝑥𝑛 − 𝑥𝑝‖𝜏 + (𝐿𝑓𝐿ℎ +

𝐿) (1 −
(1−𝛼𝑛)

𝑘
) ‖𝑦𝑛 − 𝑥𝑝‖𝜏  

≤
(1−𝛼𝑛)

𝑘
(𝐿𝑓𝐿ℎ + 𝐿)‖𝑥𝑛 − 𝑥𝑝‖𝜏 + (𝐿𝑓𝐿ℎ + 𝐿)

2 (1 −
(1−𝛼𝑛)

𝑘
) ‖𝑣𝑛 − 𝑥𝑝‖𝜏  

≤
(1−𝛼𝑛)

𝑘
(𝐿𝑓𝐿ℎ + 𝐿)‖𝑥𝑛 − 𝑥𝑝‖𝜏 + (𝐿𝑓𝐿ℎ + 𝐿)

2 (1 −
(1−𝛼𝑛)

𝑘
) ‖𝑥𝑛 − 𝑥𝑝‖𝜏  

≤ (𝐿𝑓𝐿ℎ + 𝐿)‖𝑥𝑛 − 𝑥𝑝‖𝜏                                         (2.8) 

 

and we have 

 

‖𝑥𝑛+1 − 𝑥𝑝‖𝜏 ≤ ‖𝑇𝑢𝑛 − 𝑥𝑝‖𝜏  

≤ (𝐿𝑓𝐿ℎ + 𝐿)‖𝑢𝑛 − 𝑥𝑝‖𝜏  

≤ (𝐿𝑓𝐿ℎ + 𝐿)
2‖𝑥𝑛 − 𝑥𝑝‖𝜏  

 

by induction we obtain 

 

‖𝑥𝑛+1 − 𝑥𝑝‖𝜏 ≤ (𝐿𝑓𝐿ℎ + 𝐿)
2𝑛‖𝑥0 − 𝑥𝑝‖𝜏              (2.9) 

Taking the limit on both sides of (2.9) and using 

(𝐿𝑓𝐿ℎ + 𝐿) < 1, we obtain 

 

lim
𝑛→∞

‖𝑥𝑛 − 𝑥𝑝‖𝜏 = 0. 

 

We consider the equation (1.1), we have 
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S(𝑤𝑛(𝑥, 𝑦)) = 𝑓1(𝑥, 𝑦, (ℎ(𝑤𝑛))(𝑥, 𝑦)) +

∫ ∫ 𝐾1(𝑥, 𝑦, 𝑠, 𝑡, 𝑤𝑛(𝑠, 𝑡))𝑑𝑠𝑑𝑡
𝑦

0

𝑥

0
  𝑥, 𝑦 ∈ ℝ+.         (2.10) 

 

We have 

 

Teorem 2.2 We suppose that 

 

i) 𝑓, 𝐾, 𝑓1, 𝐾1, ℎ satisfy conditions c1-c6  in Theorem 1.1 

 

ii) there exits 𝜀1 > 0 such that  

 
‖𝑓(𝑥, 𝑦, 𝑤) − 𝑓1(𝑥, 𝑦, 𝑤)‖𝜏 ≤ 𝜀1 

 

for all 𝑥, 𝑦 ∈ ℝ+, w ∈ 𝐸; 

 

iii) there exits 𝜀2 > 0 such that  

 
‖𝐾(𝑥, 𝑦, 𝑠, 𝑡, 𝑤) − 𝐾1(𝑥, 𝑦, 𝑠, 𝑡, 𝑤)‖𝜏 ≤ 𝐿𝜀2 

 

for all 𝑥, 𝑦, 𝑠, 𝑡 ∈ ℝ+, ∀𝑤 ∈ 𝐸; 

 

iv)  {𝑤𝑛}𝑛=1
∞   be an iterative sequence generated by  

 

{
  
 

  
 

𝑤𝑛+1 = 𝑆𝜂𝑛

𝜂𝑛 =
(1 − 𝛼𝑛)

𝑘
𝑆𝑤𝑛 + (1 −

(1 − 𝛼𝑛)

𝑘
) 𝑆𝜇𝑛

𝜇𝑛 = 𝑆𝜁𝑛

𝜁𝑛 =
(1 − 𝛽𝑛)

𝑘
𝑤𝑛 + (1 −

(1 − 𝛽𝑛)

𝑘
) 𝑆𝑤𝑛.

 

Then 

 

a) the equations (1.6)  and (2.10) have a unique solution 

𝑥𝑝,  𝑤𝑝  respectively; 

 

b) ‖𝑤𝑝 − 𝑥𝑝‖ ≤ [
1+(𝐿𝑓𝐿ℎ+𝐿)+(𝐿𝑓𝐿ℎ+𝐿)

2
+(𝐿𝑓𝐿ℎ+𝐿)

3

1−(𝐿𝑓𝐿ℎ+𝐿)
2 ] (𝜀1 +

𝐿𝜀2).  
 

Proof The assumptions (c1)-(c6) of Theorem 1.1, we 

obtain 

 

‖𝑇𝑥𝑛 − 𝑆𝑤𝑛‖𝜏 = sup
𝑥,𝑦∈ℝ+

(‖𝑇𝑥𝑛(𝑥, 𝑦) −

𝑆𝑤𝑛(𝑥, 𝑦)‖𝑒
−𝜏(𝑥+𝑦))  

 

and  

 
‖𝑇𝑥𝑛(𝑥, 𝑦) − 𝑆𝑤𝑛(𝑥, 𝑦)‖ ≤

‖

‖

𝑓(𝑥, 𝑦, (ℎ(𝑥𝑛))(𝑥, 𝑦))

+∫ ∫ 𝐾(𝑥, 𝑦, 𝑠, 𝑡, 𝑥𝑛(𝑠, 𝑡))𝑑𝑠𝑑𝑡
𝑦

0

𝑥

0

−𝑓1(𝑥, 𝑦, (ℎ(𝑤𝑛))(𝑥, 𝑦))

−∫ ∫ 𝐾1(𝑥, 𝑦, 𝑠, 𝑡, 𝑤𝑛(𝑠, 𝑡))𝑑𝑠𝑑𝑡
𝑦

0

𝑥

0

‖

‖
  

≤ ‖𝑓(𝑥, 𝑦, (ℎ(𝑥𝑛))(𝑥, 𝑦)) − 𝑓(𝑥, 𝑦, (ℎ(𝑤𝑛))(𝑥, 𝑦))‖ +

‖𝑓 (𝑥, 𝑦, ℎ(𝑤𝑛(𝑥, 𝑦))) − 𝑓1(𝑥, 𝑦, (ℎ(𝑤𝑛))(𝑥, 𝑦))‖ +

‖∫ ∫ 𝐾(𝑥, 𝑦, 𝑠, 𝑡, 𝑥𝑛(𝑠, 𝑡))𝑑𝑠𝑑𝑡 −
𝑦

0

𝑥

0

∫ ∫ 𝐾(𝑥, 𝑦, 𝑠, 𝑡, 𝑤𝑛(𝑠, 𝑡))𝑑𝑠𝑑𝑡
𝑦

0

𝑥

0
‖ +

‖∫ ∫ 𝐾(𝑥, 𝑦, 𝑠, 𝑡, 𝑤𝑛(𝑠, 𝑡))𝑑𝑠𝑑𝑡 −
𝑦

0

𝑥

0

∫ ∫ 𝐾1(𝑥, 𝑦, 𝑠, 𝑡, 𝑤𝑛(𝑠, 𝑡))𝑑𝑠𝑑𝑡
𝑦

0

𝑥

0
‖  

≤ 𝐿𝑓‖(ℎ(𝑥𝑛))(𝑥, 𝑦) − (ℎ(𝑤𝑛))(𝑥, 𝑦)‖ + 𝜀1𝑒
𝜏(𝑥+𝑦) +

∫ ∫ 𝐿𝐾(𝑥, 𝑦, 𝑠, 𝑡)‖𝑥𝑛(𝑠, 𝑡) − 𝑤𝑛(𝑠, 𝑡)‖𝑑𝑠𝑑𝑡
𝑦

0

𝑥

0
+

𝐿𝜀2𝑒
𝜏(𝑥+𝑦)  

≤ 𝐿𝑓𝐿ℎ‖𝑥𝑛 − 𝑤𝑛‖𝜏𝑒
𝜏(𝑥+𝑦) + 𝜀1𝑒

𝜏(𝑥+𝑦) + 𝐿‖𝑥𝑛 −

𝑤𝑛‖𝜏𝑒
𝜏(𝑥+𝑦) + 𝐿𝜀2𝑒

𝜏(𝑥+𝑦)  

≤ [(𝐿𝑓𝐿ℎ + 𝐿)‖𝑥𝑛 − 𝑤𝑛‖𝜏 + (𝜀1 + 𝐿𝜀2)]𝑒
𝜏(𝑥+𝑦). (2.11) 

 

By using (2.11), we have 

 

‖𝑇𝑥𝑛 − 𝑆𝑤𝑛‖𝜏 ≤ (𝐿𝑓𝐿ℎ + 𝐿)‖𝑥𝑛 − 𝑤𝑛‖𝜏 + 𝜀1 + 𝐿𝜀2                                                                    

(2.12) 

 

and we obtain 

 

‖𝑣𝑛 − 𝜁𝑛‖𝜏 ≤ ‖
(1−𝛽𝑛)

𝑘
𝑥𝑛 + (1 −

(1−𝛽𝑛)

𝑘
)𝑇𝑥𝑛 −

(1−𝛽𝑛)

𝑘
𝑤𝑛 − (1 −

(1−𝛽𝑛)

𝑘
) 𝑆𝑤𝑛‖  

≤
(1−𝛽𝑛)

𝑘
‖𝑥𝑛 −𝑤𝑛‖𝜏 + (1 −

(1−𝛽𝑛)

𝑘
) ‖𝑇𝑥𝑛 − 𝑆𝑤𝑛‖𝜏  

≤
(1−𝛽𝑛)

𝑘
‖𝑥𝑛 −𝑤𝑛‖𝜏 + (1 −

(1−𝛽𝑛)

𝑘
) (𝐿𝑓𝐿ℎ +

𝐿)‖𝑥𝑛 − 𝑤𝑛‖𝜏 + (1 −
(1−𝛽𝑛)

𝑘
) (𝜀1 + 𝐿𝜀2)  

≤ ‖𝑥𝑛 − 𝑤𝑛‖𝜏 + (1 −
(1−𝛽𝑛)

𝑘
) (𝜀1 + 𝐿𝜀2).             (2.13) 

 

Similarly to (2.11), 

 

‖𝑦𝑛 − 𝜇𝑛‖ = ‖𝑇𝑣𝑛 − 𝑆𝜁𝑛‖ ≤ [(𝐿𝑓𝐿ℎ + 𝐿)‖𝑣𝑛 −

𝜁𝑛‖𝜏 + (𝜀1 + 𝐿𝜀2)]𝑒
𝜏(𝑥+𝑦) .                                              

 

Thus, we have 

 

‖𝑦𝑛 − 𝜇𝑛‖𝜏 = ‖𝑇𝑣𝑛 − 𝑆𝜁𝑛‖𝜏 ≤ (𝐿𝑓𝐿ℎ + 𝐿)‖𝑣𝑛 −

𝜁𝑛‖𝜏 + (𝜀1 + 𝐿𝜀2)                                                  (2.14)                

 

and  

 

‖𝑇𝑦𝑛 − 𝑆𝜇𝑛‖𝜏 = sup
𝑥,𝑦∈ℝ+

(‖𝑇𝑦𝑛(𝑥, 𝑦) −

𝑆𝜇𝑛(𝑥, 𝑦)‖𝑒
−𝜏(𝑥+𝑦))  

 

and 

 

‖𝑇𝑦𝑛 − 𝑆𝜇𝑛‖ ≤ ‖𝑓 (𝑥, 𝑦, ℎ(𝑦𝑛(𝑥, 𝑦))) −

𝑓(𝑥, 𝑦, (ℎ(𝜇𝑛))(𝑥, 𝑦))‖ + ‖𝑓(𝑥, 𝑦, (ℎ(𝜇𝑛))(𝑥, 𝑦)) −

𝑓1(𝑥, 𝑦, ℎ(ℎ(𝜇𝑛))(𝑥, 𝑦))‖ +

‖∫ ∫ 𝐾(𝑥, 𝑦, 𝑠, 𝑡, 𝑦𝑛(𝑠, 𝑡))𝑑𝑠𝑑𝑡 −
𝑦

0

𝑥

0

∫ ∫ 𝐾(𝑥, 𝑦, 𝑠, 𝑡, 𝜇𝑛(𝑠, 𝑡))𝑑𝑠𝑑𝑡
𝑦

0

𝑥

0
‖ +

‖∫ ∫ 𝐾(𝑥, 𝑦, 𝑠, 𝑡, 𝜇𝑛(𝑠, 𝑡))𝑑𝑠𝑑𝑡 −
𝑦

0

𝑥

0

∫ ∫ 𝐾1(𝑥, 𝑦, 𝑠, 𝑡, 𝜇𝑛(𝑠, 𝑡))𝑑𝑠𝑑𝑡
𝑦

0

𝑥

0
‖  
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≤ 𝐿𝑓‖(ℎ(𝑦𝑛))(𝑥, 𝑦) − (ℎ(𝜇𝑛))(𝑥, 𝑦)‖ + 𝜀1𝑒
𝜏(𝑥+𝑦) +

∫ ∫ 𝐿𝐾(𝑥, 𝑦, 𝑠, 𝑡)‖𝑦𝑛(𝑠, 𝑡) − 𝜇𝑛(𝑠, 𝑡)‖𝑑𝑠𝑑𝑡
𝑦

0

𝑥

0
+

𝐿𝜀2𝑒
𝜏(𝑥+𝑦)  

≤ [(𝐿𝑓𝐿ℎ + 𝐿)‖𝑦𝑛 − 𝜇𝑛‖𝜏 + (𝜀1 + 𝐿𝜀2)]𝑒
𝜏(𝑥+𝑦).                                              

  (2.15) 

By using (2.15), we have 

 

‖𝑇𝑦𝑛 − 𝑆𝜇𝑛‖𝜏 ≤ (𝐿𝑓𝐿ℎ + 𝐿)‖𝑦𝑛 − 𝜇𝑛‖𝜏 + 𝜀1 + 𝐿𝜀2 .                                                   

(2.16) 

Combining (2.12), (2.13), (2.14), and (2.16), we have 

  

‖𝜂𝑛 − 𝑢𝑛‖𝜏 ≤
(1−𝛼𝑛)

𝑘
‖𝑇𝑥𝑛 − 𝑆𝑤𝑛‖𝜏 + (1 −

(1−𝛼𝑛)

𝑘
) ‖𝑇𝑦𝑛 − 𝑆𝜇𝑛‖𝜏  

≤
(1−𝛼𝑛)

𝑘
[(𝐿𝑓𝐿ℎ + 𝐿)‖𝑥𝑛 − 𝑤𝑛‖𝜏 + 𝜀1 + 𝐿𝜀2] +

(1 −
(1−𝛼𝑛)

𝑘
) [(𝐿𝑓𝐿ℎ + 𝐿)‖𝑦𝑛 − 𝜇𝑛‖𝜏 + 𝜀1 + 𝐿𝜀2]  

≤
(1−𝛼𝑛)

𝑘
(𝐿𝑓𝐿ℎ + 𝐿)‖𝑥𝑛 − 𝑤𝑛‖𝜏 +

(1−𝛼𝑛)

𝑘
𝜀1 +

𝐿
(1−𝛼𝑛)

𝑘
𝜀2 + (1 −

(1−𝛼𝑛)

𝑘
) (𝐿𝑓𝐿ℎ + 𝐿)‖𝑦𝑛 − 𝜇𝑛‖𝜏 +

(1 −
(1−𝛼𝑛)

𝑘
) 𝜀1 + 𝐿 (1 −

(1−𝛼𝑛)

𝑘
) 𝜀2  

≤
(1−𝛼𝑛)

𝑘
(𝐿𝑓𝐿ℎ + 𝐿)‖𝑥𝑛 − 𝑤𝑛‖𝜏 + 𝜀1 + 𝐿𝜀2 +

(1 −
(1−𝛼𝑛)

𝑘
) (𝐿𝑓𝐿ℎ + 𝐿)‖𝑦𝑛 − 𝜇𝑛‖𝜏  

≤
(1−𝛼𝑛)

𝑘
(𝐿𝑓𝐿ℎ + 𝐿)‖𝑥𝑛 − 𝑤𝑛‖𝜏 + 𝜀1 + 𝐿𝜀2 +

(1 −
(1−𝛼𝑛)

𝑘
) (𝐿𝑓𝐿ℎ + 𝐿)[(𝐿𝑓𝐿ℎ + 𝐿)‖𝑣𝑛 − 𝜁𝑛‖𝜏 +

𝜀1 + 𝐿𝜀2]  

≤
(1−𝛼𝑛)

𝑘
(𝐿𝑓𝐿ℎ + 𝐿)‖𝑥𝑛 − 𝑤𝑛‖𝜏 + 𝜀1 + 𝐿𝜀2 +

(1 −
(1−𝛼𝑛)

𝑘
) (𝐿𝑓𝐿ℎ + 𝐿)

2
‖𝑣𝑛 − 𝜁𝑛‖𝜏 + (𝐿𝑓𝐿ℎ +

𝐿) (1 −
(1−𝛼𝑛)

𝑘
) 𝜀1+𝐿 (1 −

(1−𝛼𝑛)

𝑘
) (𝐿𝑓𝐿ℎ + 𝐿)𝜀2  

≤
(1−𝛼𝑛)

𝑘
(𝐿𝑓𝐿ℎ + 𝐿)‖𝑥𝑛 − 𝑤𝑛‖𝜏 + 𝜀1 + 𝐿𝜀2 +

(1 −
(1−𝛼𝑛)

𝑘
) (𝐿𝑓𝐿ℎ + 𝐿)

2
‖𝑥𝑛 − 𝑤𝑛‖𝜏 + (1 −

(1−𝛼𝑛)

𝑘
) (1 −

(1−𝛽𝑛)

𝑘
) (𝐿𝑓𝐿ℎ + 𝐿)

2
𝜀1 + 𝐿 (1 −

(1−𝛼𝑛)

𝑘
) (1 −

(1−𝛽𝑛)

𝑘
) (𝐿𝑓𝐿ℎ + 𝐿)

2
𝜀2 + (1 −

(1−𝛼𝑛)

𝑘
) (𝐿𝑓𝐿ℎ + 𝐿)𝜀1+𝐿 (1 −

(1−𝛼𝑛)

𝑘
) (𝐿𝑓𝐿ℎ + 𝐿)𝜀2  

≤ (𝐿𝑓𝐿ℎ + 𝐿)‖𝑥𝑛 − 𝑤𝑛‖𝜏 + 𝜀1 + 𝐿𝜀2 + (1 −
(1−𝛼𝑛)

𝑘
) (1 −

(1−𝛽𝑛)

𝑘
) (𝐿𝑓𝐿ℎ + 𝐿)

2
𝜀1 + 𝐿 (1 −

(1−𝛼𝑛)

𝑘
) (1 −

(1−𝛽𝑛)

𝑘
) (𝐿𝑓𝐿ℎ + 𝐿)

2
𝜀2 + (1 −

(1−𝛼𝑛)

𝑘
) (𝐿𝑓𝐿ℎ + 𝐿)𝜀1+𝐿 (1 −

(1−𝛼𝑛)

𝑘
) (𝐿𝑓𝐿ℎ + 𝐿)𝜀2  

 

and similarly 

 

‖𝑥𝑛+1 −𝑤𝑛+1‖𝜏 ≤ ‖𝑇𝑢𝑛 − 𝑆𝜂𝑛‖𝜏 ≤ (𝐿𝑓𝐿ℎ +

𝐿)‖𝑢𝑛 − 𝜂𝑛‖𝜏 + 𝜀1 + 𝐿𝜀2  

≤ (𝐿𝑓𝐿ℎ + 𝐿)
2
‖𝑥𝑛 − 𝑤𝑛‖𝜏 + (𝐿𝑓𝐿ℎ + 𝐿)𝜀1 +

𝐿(𝐿𝑓𝐿ℎ + 𝐿)𝜀2 + 𝜀1 + 𝐿𝜀2 + (1 −
(1−𝛼𝑛)

𝑘
) (1 −

(1−𝛽𝑛)

𝑘
) (𝐿𝑓𝐿ℎ + 𝐿)

3
𝜀1 + 𝐿 (1 −

(1−𝛼𝑛)

𝑘
) (1 −

(1−𝛽𝑛)

𝑘
) (𝐿𝑓𝐿ℎ + 𝐿)

3
𝜀2 + (1 −

(1−𝛼𝑛)

𝑘
) (𝐿𝑓𝐿ℎ +

𝐿)
2
𝜀1+𝐿 (1 −

(1−𝛼𝑛)

𝑘
) (𝐿𝑓𝐿ℎ + 𝐿)

2
𝜀2  

 

and we get 

 

(𝐿𝑓𝐿ℎ + 𝐿)
2
= (1 − 𝜃)  

 

Then, we have 

‖𝑥𝑛+1 −𝑤𝑛+1‖ ≤ (1 − 𝜃)‖𝑥𝑛 − 𝑤𝑛‖ + 𝜃 [
1+(𝐿𝑓𝐿ℎ+𝐿)

𝜃
+

(𝐿𝑓𝐿ℎ+𝐿)
2
+(𝐿𝑓𝐿ℎ+𝐿)

3

𝜃
] (𝜀1 + 𝐿𝜀2).                              (2.17) 

Denote that 

 

𝜎𝑛+1 = ‖𝑥𝑛+1 − 𝑤𝑛+1‖  

𝜎𝑛 = ‖𝑥𝑛 − 𝑤𝑛‖  

𝜆𝑛 = 𝜃 = 1 − (𝐿𝑓𝐿ℎ + 𝐿)
2
  

𝑚𝑛 = [
1+(𝐿𝑓𝐿ℎ+𝐿)

1−(𝐿𝑓𝐿ℎ+𝐿)
2 +

(𝐿𝑓𝐿ℎ+𝐿)
2
+(𝐿𝑓𝐿ℎ+𝐿)

3

1−(𝐿𝑓𝐿ℎ+𝐿)
2 ] (𝜀1 + 𝐿𝜀2).   

 

It can be seen that (2.17) satisfies all the conditions in 

Lemma 1.3, and hence it follows from its conclusion 

that  

 

‖𝑥𝑝 − 𝑤𝑝‖ = [
1+(𝐿𝑓𝐿ℎ+𝐿)+(𝐿𝑓𝐿ℎ+𝐿)

2
+(𝐿𝑓𝐿ℎ+𝐿)

3

1−(𝐿𝑓𝐿ℎ+𝐿)
2 ] (𝜀1 + 𝐿𝜀2).  

 

3. Conclusion 

 

In this work, we have shown that the iteration method 

(1.5) converges to the solution of the more general 

Volterra integral equation in two variables (1.1). 

Finally, we have proved a data dependence result can be 

obtained for the solution of the integral equation (1.1). 
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Abstract 

 

In this study, 18-38 nm-sized and spherical-shaped nanopowder Fe3O4 NPs concentrations (0.4, 2, 10, 50, 

250 µg/10 µl) was force-fed to sixth instar (180 ± 20 mg) Galleria mellonella (Lepidoptera: Pyralidae) 

larvae under laboratory conditions. The effects of magnetic iron oxide nanoparticles (Fe3O4) on the pupal 

and adult developmental times, pupal and adult weights and adult longevity of G. mellonella were 

recorded. Results showed that treating G. mellonella with 250 μg/10 µl Fe3O4 NPs significantly increased 

pupal weights. Additionally, while adult developmental time increased post 250 μg/10 µl Fe3O4 NPs 

treatment, it was observed that pupal developmental time, pupal and adult weights, and adult longevity 

were not statistically significantly different when compared to the control.  

 

Keywords: Biology, Galleria mellonella, Iron Oxide, Nanoparticle. 

* The data of the present study were obtained from master’s thesis of the first author 

 

1. Introduction 

 

Nanotechnology is a technology for the development of 

functional materials, devices, and systems at the level of 

atomic and molecular structures [1]. Nanotechnology is 

also the science of particles measuring nanometers 

(usually 1-100 nm) [2]. Iron (III) oxide (Fe2O3) is a 

reddish- brown and an inorganic compound that is 

paramagnetic in nature. It is also one of the three main 

iron oxides. The other two of them are FeO and Fe3O4. 

Because of their very small size, magnetic properties, 

and biocompatibility, Fe3O4 NPs is used in various 

fields such as cancer, diabetes, atherosclerosis, 

inflammatory diseases, early diagnosis of contrast 

agents, drug magnetic resonance imaging, targeted drug 

delivery, hyperthermia, gene therapy, molecular/cellular 

tracking and in biomedical applications [3-4].  There are 

some studies on the use of Fe3O4 NPs iron oxide in 

terms of using as nutrients in agricultural studies [5-7]. 

During their widespread use, NPs come into contact 

with water. Subsequently, they are separated from the 

materials that are included in and pass into the water 

environment. As a result, they can turn into toxic 

substances [8]. Galleria mellonella L. (Lepidoptera:  

 

Pyralidae) is an important pest species for beekeepers 

and causes important problems in beekeeping activities 

by opening galleries on honeycombs. It can be produced 

in large numbers in a short time under laboratory 

conditions. Furthermore, G. mellonella is a very low 

costly insect species and is used as a model 

experimental organism in toxicological studies. Several 

previous studies reported that different chemical NPs 

caused adverse effects on hemocyte counts, biology and 

antioxidant system, bioaccumulation, antioxidant 

defense, and immune system on G. mellonella [9-12]. 

The force-feeding method is the forcible delivery of the 

calories, protein, macro and micro elements, and 

vitamins that a living thing needs to the body without 

free will. This method is generally used in toxicity 

studies [13]. The aim of this study is to obtain data on 

Fe3O4 NP toxicity on a model experimental organism’s 

life cycle. For this, we investigated the effects of 

various concentrations (0.4-250 µg/10 µl) of Fe3O4 NPs 

on the pupal and adult developmental times, pupal and 

adult weights, and adult longevity of G. mellonella by 

the force-feeding method.  

 

mailto:**ataeskin@nevsehir.edu.tr
https://orcid.org/0000-0002-7953-654X
https://orcid.org/0000-0003-3398-0618
https://orcid.org/0000-0002-6064-3628
https://orcid.org/0000-0002-7953-654X
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2. Materials and Methods 

2.1. Insects 

 

Different life stages (egg, larvae, and pupae) of G. 

mellonella were obtained from the infested midrib of the 

wax combs.  

 

2.1.1. Insect Diet 

 

The collected samples were placed and reared with wax 

combs in jars (1 l capacity). The eggs laid by the adult 

moths who had emerged were also collected. The first 

stage larvae hatched from the eggs were again placed 

and reared with wax combs in jars (1 L capacity). The 

control (untreated) and experiment group larvae (NP 

treated) were reared in dark conditions at 27 ± 4 ºC with 

55 ± 5% relative humidity. All insect rearing cultures 

and experimental studies of NPs were studied at Avanos 

Vocational School of Higher Education, Avanos, 

Nevşehir, Turkey. Sixth instar (180 ± 20 mg) G. 

mellonella larvae were used in all force-feeding studies 

[10]. 

 

2.2. Chemicals and Materials 

 

In this study, 18-38 nm-sized and spherical-shaped 

nanopowder Fe3O4 NPs (Nanokar, Istanbul/TURKEY) 

were used. Distilled water, 29 gauges micro-fine insulin 

syringe, 70% ethanol, ultrasonic bath sonicator (Isolab, 

Turkey), 20 ml plastic containers were formed the basic 

materials of the study. 

 

2.3. Characterization of Fe3O4 NPs 

 

The morphology of the Fe3O4 NPs was examined using 

field emission scanning electron microscopy (FESEM) 

at the Erciyes University Technology Research and 

Application Center (TAUM). The images of the Fe3O4 

NPs were taken by using a Zeiss GEMINI 500 device 

which was connected to the FESEM detector at 25 kV 

[11]. X-ray diffraction (XRD) pattern of the Fe3O4 NPs 

was recorded at Marmara University, Faculty of 

Engineering, Metallurgical and Materials Engineering 

Department with reference code 98-001-7149. The 

diffractogram was compared with the standard powder 

diffraction card of the JCPDS iron file and previous 

studies. 

 

2.4. Determination of Lethal Concentration 50 and 

90 (LC50 and LC90) Values of Fe3O4 NPs in G. 

mellonella Larvae  

 

The toxicity test protocol was performed according to 

[10] and [11]. Fe3O4 NPs were added to distilled water 

and dissolved to prepare a stock solution of µg/10 µl. 

The concentrations of Fe3O4 NPs (1, 10, 50, 100, 200, 

400 µg/10 µl/larva) were prepared to determine the 

lethal concentration 50 and 90 (LC50 and LC90) values 

of Fe3O4 NPs in G. mellonella for 30 days (d). We used 

only distilled water as a control solution. The Np 

suspensions were homogenized by a bath-type sonicator 

for 10 min at 40 ºC. Sixty larvae (180 ± 20 mg) and 

three replicates, each replicate consisted of 20 larvae) 

were used for every treatment (control and for each 

experiment groups). The larvae, which were determined 

to be used in all experiments, were starved for 3 hours 

[10]. Then, larvae were force-fed with different Fe3O4 

NPs concentrations (1, 10, 50, 100, 200, 400 µg/10 

µl/larva) or only 10 µl distilled water (control group) 

with a micro-fine insulin syringe (29 gauges) [10]. 

Postforce-feeding treatment, each larva was maintained 

in a sterile plastic container (20 ml, with 20 pinhole 

holes on the top cover) without any diet in dark 

conditions at 27 ± 4 ºC with 55 ± 5% relative humidity. 

The numbers of dead larvae and the numbers of viable 

larvae were counted in 30 d for probit analysis. The 

lethal concentrations (LC50 and LC90 values) of Fe3O4 

NPs on the sixth instar G. mellonella larvae were 

determined by probit analysis using IBM-SPSS (2011) 

software on the 30th d [14].  According to LC50 values of 

Fe3O4 NPs, (0.4, 2, 10, 50, 250 µg/10 µl) Fe3O4 NP 

concentrations were determined as experimental 

(treated) concentrations for all G. mellonella life cycle 

studies.  

 

2.5. The Determination of Effects of the Magnetic 

Iron oxide NPs (Fe3O4) on Some Biological Aspects 

of Galleria mellonella  

 

For bioassays, larvae (180 ± 20 mg) were force-fed with 

different Fe3O4 NPs concentrations (0.4, 2, 10, 50, 250 

µg/10 µl). Each of these concentrations formed the 

experimental groups of the study. Only 10 µl of distilled 

water was given to the control group larvae. These 

studies were carried out under the stereomicroscope 

with using a micro-fine insulin syringe (29 gauges) [10]. 

Then, G. mellonella larvae were transferred individually 

into each in a sterile plastic container. The development 

of sixth instar larvae was monitored daily until the 

pupation to determine the pupal developmental time. 

Each pupa was weighed on an analytical scale to 

investigate the effect of Fe3O4 NPs on the pupal weight 

of G. mellonella. The individuals in both experimental 

and control groups were observed daily and adult 

developmental times were recorded. Each adult was 

weighed on an analytical scale with high sensitivity (1 

mg to 500 g) to investigate the effect of Fe3O4 NPs on 

adult weight. Adult longevity time (day) was also 

recorded in treated with different doses of Fe3O4 NPs 

and untreated groups. Each biological assay was 

replicated three times with 20 sixth instar larvae. 

 

2.6. Statistical Analysis 

 

IBM-SPSS (Version 20.0) was used for the probit and 

pupal and adult developmental times, pupal and adult 

weights, and adult longevity data analysis of G. 

mellonella. Nonparametric Kruskal–Wallis test was 
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used for biological assays of the insect when data were 

not normally distributed [14].   

 

3. Results and Discussion 

3.1. Characterization of Fe3O4 NPs 

 

Figure 1 display the FESEM image of Fe3O4 NP 

powder. The FESEM image showed that Fe3O4 NPs 

were in a spherical morphology (Figure 1).  

 

 

Figure 1. FESEM image of Fe3O4 NP powder 

(50.000x). The scale bar shows 100nm. 

 

 
Figure 2. The XRD difractogram of Fe3O4 NPs. 

 

The XRD results showed that Fe3O4 NPs matched by 

[15] with magnetite low property (Table 1). All peaks in 

the XRD patterns are well matched to the standard PDF 

Cards for Fe3O4 NP (ICSD Number: 98-001-7149) 

(Figure 2). Peaks for Fe3O4 NPs appear at 2θ= 30.09 

(220), 35.45 (311), 43.10 (400), 53.50 (422), 57.02 

(511), and 62.62 (440) respectively (Table 1 and Figure 

2) [16]. The peaks confirmed that the studied 

nanomaterial is Fe3O4 NP and has a low magnetic 

property.  

 

Table 1. XRD peak list of Fe3O4 NPs 

Pos. 

[°2Th.] 

Height 

[cts] 

FWHM 

Left 

[°2Th.] 

d-

spacing 

[Å] 

Rel. 

Int. 

[%] 

Tip 

Width 

Matched 

by 

18.27(1) 14(2) 0.23(6) 4.85134 8.42 0.2763 98-001-

7149 
30.091(7) 41(3) 0.30(3) 2.96744 24.86 0.3582 98-001-

7149 

35.453(3) 163(6) 0.27(2) 2.52994 100 0.3265 98-001-
7149 

37.08(2) 10(1) 0.28(5) 2.42286 5.92 0.3368 98-001-

7149 

43.109(7) 36(3) 0.30(4) 2.09671 22.31 0.3576 98-001-

7149 

53.50(2) 13(2) 0.36(9) 1.71152 8.09 0.4313 98-001-
7149 

57.022(7) 43(3) 0.38(4) 1.61376 26.27 0.4573 98-001-

7149 
62.625(6) 74(4) 0.35(3) 1.48218 45.16 0.4249 98-001-

7149 

71.05(4) 4(1) 0.6(1) 1.32576 2.47 0.7187 98-001-
7149 

74.17(2) 11(2) 0.5(1) 1.27749 6.77 0.5440 98-001-

7149 
86.88(4) 4(1) 0.6(1) 1.12025 2.74 0.7405 98-001-

7149 

89.75(1) 17(1) 0.57(6) 1.09172 10.67 0.6853 98-001-
7149 

 

3.2. LC50 and LC90 Values of Fe3O4 NPs 

 

LC50 and LC90 values of Fe3O4 NPs were determined on 

G. mellonella larvae as 482.72 µg/10 µl and 1843.89 

µg/10 µl (Probit, Chi-square= 30.383, df = 5, P = 0.00, 

y=0.65+1.09E-5*x) respectively for 30 d. Therefore, 

0.4, 2, 10, 50, 250 µg/10 µl Fe3O4 NP concentrations 

were determined as experimental (treated) 

concentrations for all biological studies. 

 

3.3. Effects of Iron Oxide Nanoparticles (Fe3O4) on 

Some Biological Aspects of G. mellonella  

 

We tested the effects of Fe3O4 NPs on some life 

parameters (developmental time to pupal stage, pupal 

weight, developmental time to adult stage, adult weight, 

and adult longevity) of G. mellonella, to determine its 

sublethal toxicity on the insect by force-feeding method 

at concentrations of 0.4, 2, 10, 50, 250 µg/10 µl. Results 

were given in Table 2 below. 

 

The mean of pupal developmental time increased 

significantly at 250 µg/10 µl concentration when 

compared with 2 and 50 µg/10 µl concentrations of 

Fe3O4 NPs (x2= 30.294, df= 5, P= 0.00). But there were 

no significant differences between experimental groups 

and control group exist in the mean pupal 

developmental time. Under the influence of increasing 

concentrations of Fe3O4 NP, an increase in pupal weight 

was observed. 

Position [°2Theta] (Copper (Cu))

10 20 30 40 50 60 70 80 90 100

Counts

0

100

200

 FeO-160919
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Table 2. The effects of iron oxide nanoparticles on 

some life parameters of G. mellonella 

 
Conc

entra

tions 

of 

Fe3O4 

NPs 

(µg/1

0 µl) 

Pupal 

develop

mental 

time 

(day) 

(Meanb 

± SE)c 

Pupal 

weight 

(mg) 

(Meanb ± 

SE)c 

Adult 

developm

ental 

time 

(day) 

(Meanb ± 

SE)c 

Adult 

weight 

(mg) 

(Meanb 

± SE)c 

Adult 

longevity 

time 

(day) 

(Meanb ± 

SE)c 

0a 10.08 ± 

0.63ab 

110.61 ± 

2.69a 

14.08 ± 

0.43a 

65.29 ± 

1.99a 

7.61 ± 

0.59a 

0.4 10.42 ± 

0.74ab 

118.39 ± 
2.69ab 

15.65 ± 
0.47ab 

68.47 ± 
2.04a 

7.73 ± 
1.00a 

2 9.04 ± 

0.39a 

112.40 ± 

1.75ab 

15.43 ± 

0.22ab 

69.00 ± 

1.85a 

7.97 ± 

0.65a 

10 10.48 ± 

0.44ab 

112.00± 
2.23ab 

16.69 ± 
0.37b 

63.97 ± 
1.82a 

8.13 ± 
0.45a 

50 9.76 ± 

0.44a 

116.12 ± 

2.20ab 

14.97 ± 

0.57ab 

65.76  ± 

2.03a 

6.25 ± 

0.31a 

250 11.65 ± 

0.63b 

121.73 ± 
3.64b 

15.47 ± 
0.39ab 

69.82  ± 
3.5a 

7.00 ± 
0.81a 

SPSS 

test: 

Kruskal 

Wallis 

Test, 

P=0.00 

< 0.05 

Kruskal 

Wallis 

Test, 

P=0.008 

< 0.05 

Kruskal 

Wallis 

Test, 

P=0.000 

< 0.05 

Kruskal 

Wallis 

Test, 

P=0.340 

> 0.05 

Kruskal 

Wallis 

Test, 

P=0.178 

> 0.05 
a

 “0” control group. 

b
 Values are the means of three replicates with 20 larvae. Larvae who could not reach 

the adult stage were not included in the calculation. 

c 
The difference between groups with different letters in the same column is 

statistically significant. 

 

The pupa mean weight was significantly increased to 

121.73 at 250 µg/10 µl Fe3O4 NP concentration (x2= 

15.585, df= 5, P= 0.008). Pupal weight in treated larvae 

ranged from 112 to 121.73 mg as compared with 110.61 

mg in the control group (Table 2). We found that adult 

developmental time significantly increased at 10 µg/10 

µl concentration of Fe3O4 NP when compared with the 

control group (x2= 22.339, df= 5, P= 0.000). Mean adult 

weight did not differ significantly  (x2= 5.668, df= 5, P= 

0.340) and ranged from 63.97 to 69.82 mg. Similarly, 

mean adult longevity was insignificant  (x2= 7.631, df= 

5, P= 0.178) in all Fe3O4 NP treatments when compared 

to the control group and values ranged from 6.25 to 8.13 

(d) (Table 2).  

Currently, studies on the toxic effects of magnetic Fe3O4 

NPs on G. mellonella are scarce. In this study, it was 

observed that mean of the pupal development time was 

prolonged at the highest Fe3O4 NPs concentration when 

compared to the lower concentrations of Fe3O4 NPs 

(Table 2). The reason why nanoparticles cause delays in 

the biological parameter of insects is explained as 

follows by [17-18].  According to them, after NPs 

entering the gut, they were able to induce apoptosis by 

crossing the peritrophic membrane [17-18]. So, this 

toxicity within the gut resulted in delays in 

development. There are some studies conducted with 

metal oxide NPs and showing that metal oxide NPs 

cause apoptosis in cell cellular systems of insects [11, 

19-21]. We believe that there may be apoptotic 

mechanisms that occur as a result of NP stress in the 

larva, which prolongs the pupal development period in 

response to the increasing concentration of NPs. 

Changes in pup weights as a result of physiological 

stress resulting from exposure to silver NPs were 

obtained by [22] in two lepidopteran pests of the castor 

plant (Ricinus communis L.) namely Asian armyworm, 

Spodoptera litura F. (Lepidoptera: Noctuidae) and 

castor semi looper, Achaea janata L. (Lepidoptera: 

Noctuidae) larvae. They showed that larval and pupal 

body weights decreased along with the decrease in the 

concentrations of AgNPs and AgNO3 in both the test 

insects [22]. However, in our study, the mean pup 

weight increased significantly at the highest Fe3O4 NP 

concentration (250 µg/10 µl) when compared to the 

control group. We speculate that the increase in pupal 

weights of G. mellonella may be related to the 

upregulation of expression of juvenile hormone-binding 

proteins (JHBPs) after treatment with Fe3O4 NPs as 

explained by [23]. Adult developmental time extended 

significantly at 10 µg/10 µl Fe3O4 NPs concentration 

when compared with control group  (x2= 22.339, df= 5, 

P= 0.00) (Table 2). Juvenile hormone is secreted from 

the corpus allatum,  inhibits insect metamorphosis, and 

regulates development, 

reproduction, diapause, polyphenism, behavior 

throughout insect life [24]. 

Juvenile hormone metabolism may also affect the larval 

development time and can cause a prolongation in adult 

developmental time in G. mellonella [25]. So as a result, 

it is also thought that the increase adult developmental 

time in our study may be due to an irregularity in the 

balance of hormones associated with metamorphosis 

such as the juvenile hormone because of Fe3O4 NPs. 

 

4. Conclusion 

 

The purpose of this work was to determine the effects of 

Fe3O4 NPs on some biological aspects of G. mellonella.  

In this context, different concentrations of nanopowder 

Fe3O4 were force-fed to sixth instar larvae. The toxic 

effects of Fe3O4 NPs on the pupal and adult 

developmental times, pupal and adult weights, and adult 

longevity of G. mellonella were studied. Also, the 

morphology of the Fe3O4 NPs was examined using field 

emission scanning electron microscopy (FESEM). 

Finally, X-ray diffraction (XRD) pattern of the Fe3O4 

NPs was recorded. As a result of these analyzes, it was 

understood that the Fe3O4 NPs have magnetite low 

property and were in a spherical morphology. Thus, the 

toxic effects of spherical-shaped and magnetite low 

https://www.sciencedirect.com/topics/medicine-and-dentistry/juvenile-hormone
https://www.sciencedirect.com/topics/medicine-and-dentistry/corpus-allatum
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/diapause
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/polyphenism
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property Fe3O4 NPs on some biological stages of the 

model experimental organism G. mellonella were 

determined with this study. 
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Abstract 

 

Which is very rich in protein in plant Lemna minor L. abundant in Turkey ecologically plays a very 

important role in protecting the elimination of water pollution and aquaculture environment balance. In 

this study, in vitro propagation of this plant with Temporary Immersion System Bioreactor and 

determination of the effects of used plant growth regulators on the protein content of the plant were 

aimed. With this objective different variant of media with and without sucrose, varying pH and 

concentrations of BAP, kinetin, TDZ in medium were analyzed. Experiments for micropropagation were 

performed for 8 hours in the dark and 16 hours in white fluorescent light (150 µ mol photons m-2s-1) 

under photoperiod and at 24 ± 1 ° C. The highest plant growth was observed at pH 7.23 in sugar free 

liquid MS medium containing 0.2 mg/L BAP. 50.44 plants per explant were recorded in this medium. In 

addition, the maximum number of plants per explant in liquid MS medium containing 0.05 mg/L kinetin 

was calculated as 57,823 and the maximum number of plants per explant in liquid MS medium containing 

0.6 mg/L TDZ was calculated as 50.74. As a result of nitrogen determination studies with Kjeldahl 

method, the protein value of the plant was determined as 25.5%. As a result of hormone application, it 

was seen that protein content in plant increased to 29.18% with 0.5 mg/L BAP. It was concluded that the 

aim of the study were fulfilled and positive effects of Temporary Immersion System Bioreactors on plant 

multiplication were found. 

 

Keywords: In vitro, Temporary Immersion System Bioreactors, Lemna minor, Micropropagation 

 

1. Introduction 

 

Aquatic plants, the main producers of the aquatic 

environment, are chlorophyll-containing organisms of 

various forms, from one cell to multiple cells. These 

plants, which are the primary producers, carry out 

photosynthesis using carbon dioxide and light energy 

present in the water and form plant sources as the first 

link in the food chain of the aquatic environment 

[1].Organic degradation in the aquatic ecosystem is 

extremely important for the biological cycle. The 

oxygen supply required for aerobic bacteria and fungi 

responsible for organic degradation is provided by 

aquatic plants and indirectly, the plants are important in 

the aquatic environment for the degradation of organic 

wastes [2].As is known, aquatic plants play a role in the 

removal of pathogenic bacteria and are used for 

phytoremediation and bioaccumulation as they are 

indicator plants with a large growth potential in 

industrial wastewater [3]. Lemna minor is  a  very  small  

 

and simple plant in the Lemnaceae family of Arales, 

which is free-floating or submerged [4]. This species is 

a nutritional source of energy, studies on it are gaining 

momentum in recent years and increasing importance. It 

is a very rich plant in terms of protein [5]. L. minor is of 

great ecological importance. In recent years, the use of 

plants in the elimination of pollution by various factors 

in natural waters has been increasing. It has a large 

growth potential in industrial wastewater and is one of 

the leading plants used for phytoremediation as it is an 

indicator plant [3].Studies have shown that L. minor is 

also effective in eliminating the pollution caused by 

petroleum hydrocarbons. L. minor species synthesize 

cysteine and other sulfur-containing amino acids by 

absorbing sulfur from toxic gases such as SO2 and H2S. 

They also have a very high percentage of minerals and 

essential amino acids such as methionine and lysine 

[6,7]. Lemna minor is also used in proteomic and 

genomic research. It has been developed for the 

production of recombinant therapeutic proteins due to 

mailto:ugur.sidal@bayar.edu.tr
https://orcid.org/0000-0002-1562-6239
https://orcid.org/0000-0002-3098-1570
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its high protein content. Lemna Expresion System 

(LEX); it allows rapid clonal growth of transgenic 

plants, release of recombinant proteins, high protein 

production [8].Thanks to its rapid propagation and 

tissue culture techniques, its usage areas are gradually 

increasing and the studies related to the subject gain 

momentum. 
 

The proliferation and rooting of plants from organized 

meristems, somatic cells that have not yet matured or 

completed maturation, either directly (organogenesis or 

somatic embryogenesis) or indirect (callus, protoplast, 

etc.) are generally called micro-propagation 

[9].Micropropagation is considered to be one of the 

most advantageous methods for propagation in tissue 

culture techniques if appropriate nutrients, hormone and 

culture requirements are required by plants. With this 

technique it is possible to obtain disease-free plants. 

Variety is increasing due to somaclonal variation and 

production is carried out in a shorter time and using less 

rootstock than other techniques [10]. In tissue culture 

techniques, solid nutrient media are generally used. In 

these studies, explants placed in solid nutrient medium 

begin to darken due to the presence of gelling agents 

that solidify the nutrient medium and are therefore 

transferred periodically to new media after 4-6 weeks. 

Contamination of the material is very high during these 

transfers. Micropropagation studies in solid nutrient 

environments where gelling agents are used are higher 

contamination risk and more costly applications 

compared to tissue culture studies in liquid nutrient 

media [11]. For this reason, liquid culture media without 

solidifying agents are particularly preferred for 

commercial micropropagation. In liquid culture media, 

the entire surface of the plant explants is in contact they 

absorb the components in the nutrient media better. The 

use of bioreactors used in liquid culture media in 

micropropagation studies is therefore increasing 

[12].The most common problem in bioreactor systems 

in which liquid culture media are used is the observation 

of hyperhydricity due to the fact that the plant material 

remains in the nutrient medium continuously. Therefore, 

recently developed temporary immersion system 

bioreactors are used which enable the plant to move 

away from the liquid surface at certain intervals. 

Temporary immersion system bioreactors were first 

developed by Haris and Mason [13] and the first 

successful plant regeneration results were obtained from 

somatic embryos of Solanum tuberosum and Coffea 

arabica [11].Unlike other bioreactor systems in 

temporary immersion system bioreactors, a surface has 

been developed which can provide temporary contact 

between explant and liquid nutrient media from time to 

time. With the air flow, the environment goes up in 

certain time intervals and ensures that the plant receives 

the necessary nutrients. During the dipping process, air 

flow and nutrient media penetrate the plant and pass to 

the tissues without damaging the material. Temporary 

immersion system bioreactors are used as suitable 

systems for somatic embryogenesis and organogenesis 

for this purpose. In this study, in vitro propagation of 

the plant with temporary immersion system bioreactor is 

aimed and with the use of bioreactor, it is aimed to keep 

the ambient conditions at an optimum level and to 

reproduce the plant in a faster time and healthier than 

the natural conditions. Also; The aim of this study is to 

determine the effects of plant growth regulators used for 

micro-propagation of plant on growth rate and plant 

protein quality. 
 

2. Materials and methods 

2.1.Plant material 
 

Duckweed (Lemna minor L.) obtained from Ankara 

University Faculty of Agriculture Department of 

Fisheries were used in this study. 

 

2.2.Growth media and culture conditions in in vitro 

studies 

 

Basic nutrient medium containing MS (Murashige and 

Skoog basal medium)   mineral salt and vitamins and 

3% sucrose and solidified with 0.8% agar (Type A, 

Sigma-Aldrich Corporation St Lo. Mo) or 0.6–0.65% 

agar (Duchefa Netherlands) were used in the 

experiments. Agar was not added in liquid culture 

experiments. Double distilled water was used in the 

preparation of the medium and plant growth regulators 

of different constructions were added to the nutrient 

medium when necessary. The pH of the nutrient 

medium was adjusted to 5.6-5.8 by using 1N NaOH or 

1N HCl, followed by autoclaving at 120 ° C for 20 

minutes under a pressure of 118 KPa. All cultures were 

kept under photoperiod for 16 hours under white 

fluorescent light (150 µmol photons m-2s-1) at                

24 ± 1 ° C [14]. 

 

2.3.Plant growth regulators 

 

Plant growth regulators BAP (Benzylaminopurine), 

TDZ (Thidiazuron) and kinetin used in the study were 

obtained from Sigma Aldrich and Duchefa. The stock 

solutions of the growth regulators were prepared in the 

desired amount and proportion after thawing with 

suitable solvents as recommended by the company. 

Prepared stock solutions were stored at 4 ° C for two 

months. Kinetin was added to the media after 

autoclaving[14].  

 

2.4.Explant surface sterilization 

 

For surface sterilization, different doses of commercial 

bleach and H2O2 were used in duckweed [14]. 

 

2.5.Determination of nitrogen and protein in plant 

material 

 

Kjeldahl method was used to determine the protein and 

nitrogen contents of the plants which were micro-

propagated and dried [15]. 
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2.6.Statistical evaluation of data 

 

Regeneration experiments were performed with 3 

replications. The data obtained from the studies were 

analyzed by using SPSS 16 for Windows program on 

the computer according to factorial experiment pattern. 

Duncan, LSD or t tests were applied to determine the 

significance level of the media. Percentage values were 

subjected to arcsin transformation before statistical 

analysis [16]. 

 

3. Results 

3.1. Surface sterilization of the explant 

 

Surface sterilization of the explants in vitro 

experiments, Lemna minor plant explants (20 pieces) 

were first surface sterilized in 20% commercial bleach, 

then in 10% and 20% H2O2 for 5, 6, 7, 8, 9 and 10 min. 

Data obtained as a result of surface sterilization was 

subjected to variance analysis [17] and the results are 

given in Table 3.1. 

 

Table 3.1. Variance analysis of surface sterilization 

with bleach and H2O2 at different time and 

concentrations. 

Variance 

resources 

Degrees 

of 

freedom 

Average 

of squares 
Frequency 

Time (min) 5 2549,63 86,050 

Concentration 

(%) 
2 45029,63 1,520x103 

Time x 

concentration 
10 2549,63 86,050** 

Error 36 29,630  

General total 53   

**p<0.05 

 

Table 3.2. Duncan test results of surface sterilization 

with bleach and H2O2 at different time and 

concentrations. 

Time 

(min) 

Ratio of sterile plants 

%20 Bleach %10 H2O2 %20 H2O2 

5 100,00 0,00 30,00d 

6 100,00 0,00 50,00c 

7 100,00 0,00 60,00b 

8 100,00 0,00 100,00a 

9 100,00 0,00 100,00a 

10 100,00 0,00 100,00a 

The difference between the means indicated by different letters in the same column is 

significant at 0.05 level. 

 

As seen in Table 3.1 as a result of the analysis of 

variance, 5, 6, 7, 8, 9 and 10 minutes with 20% 

commercial bleach and 20% and 10% H2O2 

concentrations in terms of surface sterilization at 0.05 

level is important differences were found. Duncan test 

[18] results to determine the significance level of these 

differences are given in Table 3.2. As shown in       

Table 3.2 Duncan test results according to 20% bleach 

and different time treatment between 0 and 100.00% 

sterile plants were obtained. Although the sterilization 

application was carried out with bleach at different 

times, 100% sterile plants were obtained, but whitening 

was observed due to chlorophyll disintegration. 30 to 

100% sterile plants were obtained by 20% H2O2 

treatment. However, bleaching and damage of the plants 

were detected in 20% H2O2 treatment for 9 and 10 

minutes. No sterile plants were obtained with different 

time and 10% H2O2 treatment. These parameters were 

used for surface sterilization in the following studies 

since 100% sterilization was achieved in plants with 8 

minutes and 20% H2O2 treatment. 

 

3.2. The effect of different pH values on the growth 

of duckweed in erlenmayer in non-agitated 

environment 

 

In vitro study, Lemna minor plant explants were 

cultured in Erlenmayer for 1 week in non-agitated 

medium using distilled water at different pH values. The 

data obtained after 1 week were subjected to variance 

analysis and the results are given in Table 3.3. As 

shown in Table 3.3 as a result of analysis of variance pH 

5, 6, 7, 7.23, 8, and 9 values were found to be 

significant differences at 0.01 level in reproduction rate, 

number of plants and total plants per explant. Duncan 

test results to determine the significance level of these 

differences are given in Table 3.4. The difference 

between the means indicated by different letters in the 

same column is significant at the 0.01 level.Plant 

growth was observed in all pH values. Amplification 

rate ranged from 3.87% to 280%. The number of plants 

per explant ranged between 1.47 and 5. The highest 

increase in the number of plants was obtained at pH 5 

with 5 units and the lowest increase was found at pH 9 

values with 1.47 units. The total number of plants varied 

between 7.33 and 25. The maximum number of plant 

growths with 5 explants starting at pH 7.23 25 units, the 

least plant formation was recorded as pH 9 7.33 units. In 

addition, the number of 19 plants at pH 7 and 25 plants 

at pH 7.23 were recorded. In addition, 8.33 plants were 

obtained at pH 8 and 7.33 plants were recorded at pH 9. 

According to this study, the most ideal pH range for the 

plant is 7–7.23, pH range is lower than pH 7–7.23 (6–

5.8) and pH range is higher than pH 7–7.23 (pH 8–9) 

the percentage of plant formation has been observed to 

fall (Table 3.4). 

 

3.3.The effect of different pH values on the growth of 

duckweed in erlenmayer under agitation 

 

In vitro experiments, Lemna minor plant explants were 

cultured in Erlenmayer for 1 week in shaking medium 

using distilled water at different pH values. The data 

obtained after 1 week were subjected to variance 

analysis and the results are given in Table 3.5. As it is 

seen in Table 3.5, variance analysis showed that 
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significant differences were found in pH 5, 6, 7, 7.23, 8 

and 9 values in terms of reproduction rate, number of 

plants per explant, total number of plants, wet weight 

and dry weight changes. Duncan test results to 

determine the significance level of these differences are 

given in Table 3.6. Plant growth was observed in all pH 

values. The amplification rate ranged from -3.33% to 

560%. The number of plants per explant ranged 

between 0.63 and 6.60.  

 

The highest increase in number of plants was obtained 

in pH 7 with 6.60 and the least increase in number of 

plants was in pH 5 with 0.63. The total number of plants 

ranged from 9.67 to 66.00. The highest plant growth 

was obtained at pH 7 and the lowest plant growth was at 

pH 5. The heaviest plants in weight were 0.7 g, pH 7.23 

and the lightest plants were 0.04 g, pH 5. Dry weight 

values in weight of 0.55 g pH 7.23, 0.001 g was 

observed at pH 9 (Table 3.6). 

 

Table 3.3. Analysis of variance of the effect of different pH values on the plant growth of duckweed in 

Erlenmayer in non-agitated medium using distilled water. 

Variance 

resources 

Degrees of 

freedom 

Number of plants per explant (pcs) Total number of plants (pcs) 

Average of squares F Average of squares F 

pH 5 5,76 20,56** 143,92 20,56** 

Error 12 0,28  7,00  

General 

total 
17     

**p<0.01 

 

Table 3.4. Distilled water using different pH values in the non-agitated environment in the Erlenmayer effect of 

duckweed on the plant growth of Duncan test results. 

pH Number of plants per explant (pcs) Total number of plants (pcs) 

5 5,00a 10,00cd 

6 3,80b 12,67c 

7 2,53c 19,00b 

7,23 2,00cd 25,00a 

8 1,67cd 8,33cd 

9 1,47d 7,33d 

The difference between the means indicated by different letters in the same column is significant at the 0.01 level.

 

Table 3.5. Variation analysis of the effect of different pH values on the plant growth of duckweed in Erlenmayer 

in shaking environment. 

V. R D. F 

Number of plants 

per explant (pcs) 

Total number of 

plants (pcs) 
Wet weight (g) Dry weight (g) 

A. S F A. S F A. S F A. S F 

pH 5 15,58 
62,63 

** 
1470,32 

73,93 

** 
0,03 

65,02 

** 
0,03 222,42** 

Error 12 0,25  19,89  0,00  0,00  

General 

total 
17         

**p<0.01 

 

Table 3.6. Different pH values in the shaking environment of the effect of duckweed plant growth in Erlenmayer 

Duncan test results. 

pH 
Number of plants 

per explant (pcs) 

Total number of 

plants (pcs) 
Wet weight (g) Dry weight (g) 

5 0,63e 9,67d 0,04d 0,01c 

6 1,26ed 12,67d 0,41d 0,13c 

7 6,60a 66,00a 0,12a 0,07a 

7,23 4,70b 47,00b 0,70b 0,55b 

8 1,77d 17,67d 0,48cd 0,006d 

9 2,93c 29,33c 0,05c 0,001d 

The difference between the means indicated by different letters in the same column is significant at the 0.01 level.
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3.4.Setting the amount of liquid MS (Murashige and 

Spoog basal medium) suitable for reproduction in 

temporary immersion system (TIS) bioreactors 

 

After determining the appropriate pH for the plant, the 

studies were carried out to determine the appropriate 

MS and sugar concentrations in the  liquid culture 

medium to be used for rapid propagation of the plants in 

the TIS bioreactor. TIS bioreactors to be used in the 

study were sterilized twice in each autoclave at 126 °C 

separately before being used despite any risk of 

contamination. Afterwards, 20 explants in TIS 

bioreactors were cultured in medium containing  1/4 

MS, 1/2 MS, MS and 30 g sucrose for 1 week.              

Initially, 350 ml of liquid culture medium was used in 

the bioreactors, but after 2 weeks the plants in the 

bioreactor became completely white. It was observed 

that the plants did not get enough nutrients in 350 ml 

liquid culture and their development was insufficient. 

 

3.5.Liquid MS medium optimization in TIS 

bioreactors 

 

Lemna minor plant explants (40 pcs) were cultured in 

different MS liquid culture medium (400 ml) for 4 

weeks. Then the data obtained were subjected to 

analysis of variance and the results are given in Table 

3.7. As seen in Table 3.7, as a result of the analysis of 

variance in sugar and sugar-free MS, 1/2 MS and 1/4 

MS liquid culture media, plant formation rate, number 

of plants per explant, total number of plants, pH change 

in terms of significant 0.01 level differences were 

found. Duncan test results to determine the significance 

level of these differences are given in Table 3.8. The 

rate of plant formation in the experiment ranged 

between 75.00% and 143.33%. The number of plants 

per explant was observed between 0.51 and 1.90. The 

maximum number of plant growths was obtained in 

1.90, 1/4 MS sugar culture medium and the least plant 

number was 0.51 in MS 1/4 sugar free culture medium. 

The highest number of plants (38 pcs) was observed in 

liquid culture medium with 1/4 MS sugar and the lowest 

number of plants (15 pcs) was observed in 1/4 MS sugar 

free liquid culture medium. The effects of cultured 

explants on the pH of the environment were obtained at 

the lowest values of 4.88 and 5.66. The lowest change 

rate pH 4.88 value 1/4 MS sugar culture medium with 

the highest change rate pH 5.66 value was observed in 

MS sugar-free environment (Table 3.8). 

 

Table 3.7. Analysis of variance of the effects of plant duckweed on different MS liquid culture media. 

V. R D. F 

Number of plants per 

explant (pcs) 

Total number of plants 

(pcs) 
pH end state 

A. S F A. S F A. S F 

Different 

MS 

medium 

5 0,68 16,0** 224,72 61,28** 0,248 424,66** 

Error 12 0,043  3,66  0,001  

General 

total 
17       

**p<0.01 

 

Table 3.8. Duncan test results of plant formation effects of duckweed of different MS liquid culture media. 

Proportions of MS 

medium 

Number of plants per 

explant (pcs) 

Total number of plants 

(pcs) 
pH end state 

1/4 MS with sugar 1,90a 38,00a 4,88e 

1/2 MS with sugar 1,43b 28,67b 4,90e 

MS with sugar 1,25b 25,00c 5,10c 

1/4 MS without sugar 0,51d 15,00d 5,22b 

1/2 MS without sugar 1,18bc 23,67c 5,04d 

MS without sugar 0,84cd 15,33d 5,66a 

The difference between the means indicated by different letters in the same column is significant at the 0.01 level. 

 

3.6.Application of TDZ (Thidiazuron) in different 

concentrations 

 

In vitro experiment, duckweed plant explants (40) were 

cultured for 4 weeks in MS liquid culture media (400 

ml) by adding different concentrations of TDZ 

hormone. The data obtained after 4 weeks were 

subjected to variance analysis and the results are given 

in Table 3.9. As shown in Table 3.9 as a result of 

variance analysis of liquid MS culture medium in 

different concentrations of TDZ hormone application 

plant formation rate, number of plants per explant, total 

number of plants, wet weight and dry weight were 

found to be significant at the level of 0.01. Duncan test 

results to determine the significance level of these 

differences are given in Table 3.10. In this experiment, 

plant growth was observed in liquid culture MS medium 

treated with all TDZ hormones. Plant formation ranged 
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between 276% and 2274%. The number of plants per 

explant was obtained in liquid MS medium containing 

up to 50,74 units of 0.6 mg/L TDZ and in liquid nutrient 

medium containing 0.3 mg/L TDZ as minimum number 

of plants (8,99 units). Cultured explants showed that the 

least wet plants were 0.36 g in liquid MS medium 

containing 0.5 mg/L TDZ and the heaviest plants were 

found in liquid MS medium containing 1.80 g and 0.1 

mg/L TDZ. These results reflected similarly in dry 

weight. The minimum dry weight in exsplant 0.03 g and 

0.3 mg / L TDZ containing liquid nutrient medium and 

the maximum dry weight of 0.68 g 0.1 mg / L TDZ 

containing liquid medium was determined (Table 3.10). 

In the experiment, the protein ratios of the plants treated 

with different concentrations of TDZ were calculated. 

The highest protein content was 26.96% in liquid MS 

medium containing 0.2 mg/L TDZ. The lowest protein 

content was recorded in liquid MS medium containing 

16.48% and 0.6 mg/L TDZ. 

 

Table 3.9. The results of variance analysis of the effects of different concentrations of TDZ hormone  

application on plant growth of duckweed. 

V. R D. F 

Number of plants per explant 

(pcs) 
Total number of plants (pcs) 

A. S F A. S F 

TDZ 

hormone 
5 164,225 31510** 262983,033 

3,6980 

** 

Error 12 0,005  7,111  

General 

total 
17     

V. R D. F 
Wet weight (g) Dry weight (g) Protein content (%) 

A. S F A. S F A. S F 

TDZ 

hormone 
5 0,757 621,896** 0,167 

755,001 

** 
82,112 157,55** 

Error 12 0,001  0,00  0,02  

General 

total 
17       

**p<0.01 

 

Table 3.10. Duncan test results of the effects of different concentrations of TDZ hormone application  

on liquid culture MS medium to duckweed plant growth. 

 

TDZ (mg/L) 

Number of 

plants per 

explant (pcs) 

Total number of 

plants (pcs) 

 

Wet weight (g) 

 

Dry weight (g) 

 

Protein content 

(%) 

0,1 23,74a 949,67a 1,80a 0,68a 26,25b 

0,2 15,59b 624,67b 1,25b 0,51b 26,96b 

0,3 8,99d 359,67d 0,99c 0,03f 22,35cd 

0,4 9,13c 365,33c 0,90d 0,36c 23,31c 

0,5 3,76f 150,67f 0,36f 0,16e 27,72a 

0,6 50,47e 219,00e 0,63e 0,24d 16,48e 

The difference between the means indicated by different letters in the same column is significant at the 0.01 level. 

 

3.7.Bap (6-Benzylaminopurine) hormone application 

at different concentrations 

 

In vitro experiments, duckweed plant explants (40 pcs) 

were cultured in MS liquid culture media (400 ml) for 4 

weeks by adding BAP hormone at different 

concentrations. The data obtained after 4 weeks were 

subjected to variance analysis and the results are given 

in Table 3.11. As seen in Table 3.11 variance analysis 

results of liquid MS culture medium BAP hormone 

application in different concentrations of plant 

formation rate, the number of plants per explant, the 

total number of plants, wet weight and dry weight were 

found to be significant difference in the 0.01 level. 

Duncan test results to determine the significance level 

of these differences are given in Table 3.12. In the 

experiment, plant growth was observed in liquid culture 

MS media where all BAP hormone applications were 

performed. Plant formation ranged between 220 and 

4944.2%. The number of plants per explant was 

determined between 2.78 and 50.44 plants. The 

maximum number of plants was 50.44 in liquid MS 

medium containing 0.2 mg/L BAP and the least number 

of plants (2,78 pcs) in liquid MS medium containing 0.4 

mg/L BAP. The total number of plants (2017,7 pcs) was 

obtained in liquid MS medium containing 0.2 mg/L 

BAP and at least 111.33 in liquid MS medium 

containing 0.4 mg/L BAP. Cultured explants had a 
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minimum wet weight of 0.15 g and were detected in 

liquid MS medium containing 0.4 mg/L BAP. The 

heaviest plants were 3.65 g and were detected in liquid 

MS medium containing 0.2 mg/L BAP. In the dry 

weight calculation of explants, the lightest plants (0.15 

g) were obtained in liquid MS medium containing 0.1 

mg/L BAP and the heaviest plants (0.7 g) were obtained 

in liquid MS medium containing 0.4 mg/L BAP (Table 

3.12). In the experiment, protein ratios of plants with 

different concentrations of BAP were calculated. The 

highest protein content was 29.18% in liquid MS 

medium containing 0.5 mg/L BAP. The lowest protein 

content was recorded in liquid MS medium containing 

20.45% and 0.2 mg/L BAP. 

 

3.8. Application of kinetin in different concentrations 

 

In vitro experiments, plant explants of 40 duckweeds 

were cultured for 4 weeks in MS liquid culture media 

(400 ml) by adding different concentrations of kinetin 

hormone; Data obtained after 4 weeks were subjected to 

variance analysis and the results are given in Table 3.13.  

 

 

 

Table 3.11. The results of variance analysis of the effects of different concentrations of BAP  

hormone administration on duckweed plant growth. 

V. R D. F 

Number of plants per explant 

(pcs) 
Total number of plants (pcs) 

A. S F A. S F 

BAP 

hormone 
5 1072,713 103400** 1716315,689 104000** 

Error 12 0,010  16,500  

General 

total 
17     

V. R D. F 
Wet weight (g) Dry weight (g) Protein content (%) 

A. S F A. S F A. S F 

BAP 

hormone 
5 6,824 

20650 

** 
0,019 264,459** 436,356 51700** 

Error 12 0,000  0,000  0,05  

General 

total 
17       

**p<0.01 

 

Table 3.12. Duncan test results of the effects of different concentrations of BAP hormone application  

on liquid culture MS medium to duckweed plant growth. 

 

BAP (mg/L) 

Number of 

plants per 

explant (pcs) 

Total number 

of plants (pcs) 

 

Wet weight 

(g) 

 

Dry weight (g) 

 

Protein 

content (%) 

0,1 3,99d 160,00d 2,89b 0,15d 28.43a 

0,2 50,44a 2017,7a 3,65a 0,16d 20.45d 

0,3 3,20e 128,33e 0,30e 0,21c 21.00d 

0,4 2,78f 111,33f 0,15f 0,70e 27.72b 

0,5 5,4c 217,00c 0,48d 0,24b 29.18a 

0,6 5,62b 225,0 0b 0,66c 0,30a 26.18bc 

The difference between the means indicated by different letters in the same column is significant at the 0.01 level.

 

As shown in Table 3.13 variance analysis results of 

liquid MS culture medium kinetin hormone application 

in different concentrations of plant formation rate, the 

number of plants per explant, the total number of plants, 

wet weight and dry weight were found to be significant 

differences in the 0.01 level. Duncan test results to 

determine the significance level of these differences are 

given in Table 3.14. In the experiment, plant growth 

was observed in liquid culture MS environments where 

all kinetin hormone applications were performed. Plant 

formation ranged between 186.67% and 5683.8%. The 

maximum number of plants per explant was 57,823 and 

was obtained in liquid MS medium containing 0.05 

mg/L kinetin and in liquid MS medium containing at 

least 2,86 0.15 mg/L kinetin. The total number of plants 

(2313,3) was observed in MS medium containing 0.05 

mg/L kinetin and at least 114.67 in liquid MS medium 

containing 0.15 mg/L kinetin. The least wet weight of 

cultured explants was found to be 0.24 g in liquid MS 

medium containing 0.15 mg/L kinetin and the heaviest 

plants were detected in liquid MS medium containing 

4.06 g 0.05 mg/L kinetin. 
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Table 3.13. Variance analysis of the effects of different concentrations of kinetin hormone application  

on duckweed plant growth. 

V. R D. F 

Number of plants per explant 

(pcs) 
Total number of plants (pcs) 

A. S F A. S F 

Kinetin 

hormone 
5 1367,854 468300** 2189274,356 458200** 

Error 12 0,003  4,778  

General 

total 
17     

V. R D. F 
Wet weight (g) Dry weight (g) Protein content (%) 

A. S F A. S F A. S F 

Kinetin 

hormone 
5 6,211 44040** 0,44 282,622** 683,927 234150** 

Error 12 0,00  0,00  0,006  

General 

total 
17       

**p<0.01 
 

In the calculation of dry weight of explants, the lightest 

plants were observed in nutrient medium containing 

0.02 g and 0.15 mg/L kinetin and the heaviest plants 

were observed in liquid MS medium containing 0.39 g 

and 0.1 mg/L kinetin. In the experiment, protein ratios 

of kinetin treated plants were calculated. The highest 

protein content was 26.96% and was observed in liquid 

MS medium containing 0.15 mg/L kinetin. The lowest 

protein content was recorded in liquid MS medium 

containing 0.2 mg/L kinetin at 23.18%. 

 

Table 3.14. Duncan test results of the effects of 

different concentrations of kinetin hormone application 

on liquid culture MS medium duckweed plant growth. 

Kinetin 

hormon

e 

(mg/L) 

Numbe

r of 

plants 

per 

explant 

(pcs) 

Total 

numbe

r of 

plants 

(pcs) 

 

Wet 

weigh

t (g) 

 

Dry 

weigh

t (g) 

 

Protein 

content 

(%) 

0,05 57,82a 
2313,3

a 
4,06a 0,19d 24.68b 

0,1 9,11b 
364,67

b 
0,90b 0,39a 

25.44a

b 

0,15 2,86f 
114,67

f 
0,24f 0,02e 26.96a 

0,2 6,90c 
276,33

c 
0,70d 0,24c 23.18c 

0,5 3,56e 
142,67

e 
0,32e 0,19d 26.18a 

0,6 6,67d 
267,00

d 
0,79c 0,29b 26.84a 

The difference between the means indicated by different letters in the same column is 

significant at the 0.01 level. 

 

 

 

 

 

 

4. Discussion 

 

The production of aquarium plants in Turkey is made in 

limited quantities. Aquatic plants in tissue culture work  

is done in a limited number of countries including 

Turkey. In this thesis, Lemna minor, one of the aquatic 

plants, is aimed to be propagated with temporary 

immersion system bioreactors. In this direction, the 

production limits of the plant are increased in a faster 

time than the natural conditions. Turkey from Lemna 

minor plant previously made on the very few studies 

about the availability of temporary system does not have 

to work with the micropropagation bioreactors. 

Generally, the studies have been carried out on the 

elimination of water pollution causing substances such 

as heavy metal wastes by using Lemna minor plant from 

water sources [19, 20]. Surface sterilization is one of the 

most important steps in tissue culture studies. When 

working with the green part of the plant, the chemicals 

to be applied to the explant for surface sterilization are 

very likely to damage the plant. Therefore, the 

chemicals to be used must be treated in the least amount 

and as soon as possible. Although there are many 

studies in the literature on the sterilization of land 

plants, there are not many studies on surface 

sterilization of aquatic plants. In this study, commercial 

bleach and H2O2 were used for sterilization and the best 

results were obtained by sterilizing 20% H2O2 for 8 

minutes. Cook et al. [21] have used sulfuric acid and 

ethanol in surface sterilization of Kosteletzkya virginica 

seeds. Straub et al. [22] used bleach or ethanol for 

surface sterilization of Phragmites australis seeds. 

Agrawal and Ram [23] studied in vitro germination and 

micropropagation of water chestnut (Trapa sp.). After 

surface sterilization, the embryos were placed in NBS 

(basic semi-solid medium of Nitsch) to obtain plants. 

Simon and Helliwel [24] found that when the level of 

chlorophyll a with pure water is lower than pH 8, 

chlorophyll a rapidly converts to fiophytine a, but in the 

case where it is greater than pH 8, hydrolysis is found to 
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leave the phytol group. Studies were carried out to 

determine the appropriate pH range in surface sterilized 

plants. pH optimization for the plant took a long time. In 

order to make the optimization, the plants were placed 

in the distilled water in different pH levels and were 

observed in shaking and non-shaking conditions for 1 

week. The material was placed in the shaker in the dark 

medium at 190 rpm and 28 ° C for shaking media. For 

the shaking environment, it was kept in the climatic 

chamber in the flasks for 1 week. As a result, the 

optimum pH range for the plant was determined to be 

7.23 in shaking environment. In the experiment, it was 

observed that the number of plants in pH 8 and 9 was 

less than that of pH 7.23, and at pH values less than 

7.23, it was observed that the plant could not develop 

and the growth did not occur. Therefore, it was 

determined that optimum pH range had an effect on 

plant growth. Similarly, Kim and Jang [25] used 

Drosera peltata micropropagation studies of pH 3.7, 4.7, 

5.7 and 6.7 values and 3% (w/v) sucrose containing 1/2 

MS medium used. They determined the optimum value 

for the micropropagation of the plant as pH 5.7. Perica 

and Berljak [26] found that pH is an effective factor in 

the micropropagation of Drosera spatulata Labill. 

Simola [27] found that the most effective value of 

Drosera rotundifolia L. in micropropagation is pH 6.00. 

After determining the appropriate pH for the plant, the 

studies were carried out to determine the appropriate 

MS and sugar  

 

concentrations in the liquid culture medium to be used 

for rapid propagation of the plants in the TIS bioreactor. 

Plants were cultured in medium containing 1/4 MS, 1/2 

MS, MS with 30 g sucrose and without sucrose in TIS 

bioreactors. According to the optimization results of the 

liquid culture medium, the best plant growth percentage 

(90%) and the total number of plant formation (38.00) 

were determined in the liquid culture medium with 

sugar 1/4 MS. It was determined that the chemical 

substances and concentrations of the liquid culture 

medium to be used were effective in the 

micropropagation of the plant. Similarly, Houllou-Kido 

et al. [28] Nopalea cochenilifera heterotrophic and 

photoototrophic plant micropropagation have made. 

They added 3% (w/v) sucrose, 0.8% (w/v) agar, 1.0 

mg/L BAP and 0.1 mg/L NAA to the MS medium to be 

used for micropropagation. At the end of their 

experiments, they found that in sucrose-containing 

media 10 times more micropropagation occurs than in 

non-sucrose-containing media. After determining the 

sugar and MS concentrations of the liquid culture 

medium, the effects of different doses of TDZ, BAP and 

kinetin on the rapid growth of the plant were 

determined. In the studies, it was observed that the 

number of plants per explant (57,823 units) and the total 

number of plants (2313,3 units) were obtained more 

than the BAP and TDZ applications in the application of 

kinetin at different rates (0.05-0.6 mg/L). Although the 

number of plants and reproduction rate were high, the 

plants were found to be dull and unhealthy, and the 

plants were found to have hyperhydricity. In another 

study, TDZ was applied at different doses (0.1–0.6 

mg/L) and the maximum number of plants (949.67 pcs) 

was recorded in liquid culture medium containing 0.1 

mg/L TDZ. In the rapid amplification study with the 

addition of TDZ, although the number of plant 

propagations and percentage of plants per explant were 

high, it was observed that plants with lesser doses and 

smaller leaf sizes were formed than BAP at different 

doses. Then, BAP hormone was applied to the liquid 

culture media at different doses (0.1–0.6 mg/L). The 

maximum number of plants per explant (50.44 units) 

and the maximum total number of plants (2017.7 units) 

were obtained at a BAP concentration of 0.2 mg/L. All 

plants are green and healthy. In addition, no 

hyperhydricity was observed in plants. Obviously, 

different doses of plant growth regulators (BAP, kinetin 

and TDZ) applied in the scope of the study have been 

found to have effects on plant micropropagation. 

Micropropagation experiments without hormone 

supplementation showed no hyperhydricity, whereas 

hyperhidricity was observed in different concentrations 

of TDZ and kinetin in plants. This is due to the presence 

and concentration of some plant growth regulators. In 

this study, in order to determine the effects of different 

cytokinin concentrations on the protein content of the 

plants, microcoproduced dried plants were determined 

protein and nitrogen by Kjeldahl method. In literature 

studies, it was not found that protein and nitrogen were 

determined in Lemna minor plant by this method. In the 

determination of protein with the plant samples taken 

from the medium where plant growth regulators were 

added in the experiments, the amount of 29.18% protein 

in the plants obtained as a result of 0.5 mg/L BAP 

application, the amount of protein as 27.72% as a result 

of 0.5 mg/L TDZ application and as a result of the 

application of 0.15 mg/L kinetin protein amount was 

determined as 26.96%. Stewart et al. [29] carrot 

(Daucus carota L.) in the in vitro study carried out in 

plants developed in the bioreactor due to lack of oxygen 

have found a negative effect on root elongation. In order 

to overcome this problem and maintain the O2 balance 

in the environment, the explants were cultured in 

auxophyton containing bioreactors and continuous air 

intake was provided and positive effects were observed 

in root elongation. It was recorded that the weight of the 

plant increased 2.6 times after 20 days. Escalant et al. 

[30] carried out micropropagation of banana plant with 

temporary immersion system bioreactors and compared 

the results obtained with the micropropagation test 

results of banana plant in solid food medium using agar. 

In the explants cultured in TIS bioreactor, the number of 

somatic embryos formed after 2 months was recorded as 

1375 and the number of embryos in agar containing 

solids was 450. As a result, the percentage of plant 

growth in micropropagation by bioreactor application 

was 3.05 times higher than the percentage of plant 

growth in micropropagation in agar medium. 
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As a result, the propagation of Lemna minor plant with 

temporary immersion system bioreactors was carried 

out successfully and the plant was produced in a shorter 

time and more number than the natural environment. 

The negative risks that may occur during the production 

phase have been completely eliminated under laboratory 

conditions and production has been carried out in a 

controlled manner. It was determined that plant growth 

regulators used during micropropagation did not have a 

negative effect on plant protein ratio and it was seen that 

it caused an increase in the protein ratio of the plant. 

Even though in recent years has accelerated studies on 

aquatic plants are considered to be especially important 

open about the work in this field in Turkey. Therefore, 

especially tissue culture studies with aquatic plants are 

very important. It is thought that this study carried out 

with Lemna minor plant will contribute to the rapid and 

intensive production of aquatic plants and will 

contribute to future aquatic plant biotechnology studies. 
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