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Corrosion Effects on Fatigue Behavior of Zn-Cr+3 and Zn Flake Coated M8 DIN 

933 Bolts   

Sezgin YURTDAŞ1, Umut İNCE1, Barış TANRIKULU1, Cenk KILIÇASLAN1*, 

Muhammed Burak TOPARLI1 

Abstract 

In this study, fatigue behavior of Zn-Cr+3 and zinc flake coated bolts was investigated 

experimentally by considering corrosion effects. Fatigue tests were conducted on M8x50x1.25 

8.8 DIN 933 bolts at normal and corroded conditions at force amplitudes between 2.35 and 5.36 

kN at test frequency of 75 Hz. A part of bolts was subjected to salt atmosphere for corrosion. 

According to the Wöhler curves obtained from fatigue tests before corrosion, zinc flake coated 

bolts showed 1.55 times higher fatigue life compared to Zn-Cr+3. After corrosion, fatigue tests 

showed that the fatigue life difference increased to 2.10 times for the zinc flake coating. 

Moreover, corrosion was found to be ineffective on crack initiation region. For both coatings 

and corrosion conditions, fatigue cracks were seen to initiate from the thread roots. 

Keywords: Bolt, fatigue life, coating, corrosion 

1. INTRODUCTION

Fasteners are one of the most widely used 

machine elements in engineering world. They are 

exposed to various types of external loads and 

environments. Fatigue under cyclic loading can 

be considered as the major reason on failure of 

engineering components. It is estimated that 90% 

of the mechanical service failures are caused by 

fatigue [1]. Fatigue life of fasteners depends on 

many factors such as production method, 

microstructure, geometry, surface conditions, and 

coating type. It was shown that inadequate tension 

and clamping force, fasteners are highly 

susceptible to fatigue failures [2]. In addition to 

that, inter-granular cracks in the structure of 

* Corresponding author: cenk.kilicaslan@norm-fasteners.com.tr
1 Norm Cıvata San. ve Tic. A.Ş., AOSB, Çiğli, İzmir, Turkey.

E-mail: sezgin.yurtdas@norm-fasteners.com.tr; umut.ince@norm-fasteners.com.tr; baris.tanrikulu@norm-

fasteners.com.tr; burak.toparli@norm-fasteners.com.tr.

ORCID: https://orcid.org/0000-0002-4120-8882; https://orcid.org/0000-0002-3118-3060; https://orcid.org/0000-

0001-5441-0118; https://orcid.org/0000-0002-5787-9891; https://orcid.org/0000-0002-5203-5171.

material was also found to cause fatigue fracture. 

In another study, the fatigue behavior of the 

fasteners resulting from corrosion was 

investigated [3]. According to the experimental 

results, it was determined that there was a 

significant fatigue life loss compared to the parts 

that were not corroded. The previous studies 

showed that smooth surface conditions in the 

threads of fasteners and more compressive 

residual stresses on the surface lead to increase in 

fatigue strength of the parts [4]. One of the ways 

to achieve these conditions is to make the 

threading of the fasteners after the heat treatment 

process [5-6]. Fatigue tests revealed that fasteners 

which are threaded after heat treatment showed 

increased the fatigue life. It was also discussed 

Sakarya University Journal of Science 25(4), 867-874, 2021



that the type and angle of the thread of the bolts 

were very important for the fatigue life [7-8]. 

Specimens with 60° flank angle were found to 

have higher fatigue life about 20% than those with 

90° flank angle. It was also found that the fatigue 

life of coarse threaded fasteners is higher than that 

of fine threaded fasteners for bolt sizes of M10 

and M24. In another study, bolt length effect was 

evaluated on the fatigue behavior of joints [9]. 

Two different bolt lengths were examined and it 

was shown that increasing bolt length for the same 

tightening torque increases the joint fatigue 

strength. The effect of the eccentric cyclic loading 

on the bolt fatigue life was investigated [10]. It 

was found that the eccentric load reduced the 

fatigue life of the bolts and eccentricity did not 

significantly affect the shape of the cracks. 

However, a higher mean stress resulted in cracks 

with a more crescent shape. Considering the 

fatigue and corrosion behavior of bolts, the effects 

of corrosion on different threaded elements to 

investigate bolted joints working in a saline 

environment was studied [11]. FEM analysis was 

also carried out to evaluate the stress intensity 

factor and the change in applied corrosion rate. It 

was shown that corrosion caused a variation on 

the surface geometry of the threaded part, leading 

to a diversity of stress distribution. Corrosion 

fatigue performance of the high strength bolts 

were investigated [12]. The crack depth and 

fatigue life in the corrosion environment of high 

strength bolts were quantitatively analyzed. The 

fatigue life of the corroded high strength bolts was 

reduced by increasing material yield strength, 

applied tensile and stress amplitude. Stress 

amplitude had a crucial effect on the fatigue life. 

As a conclusion, it was shown that the stress 

amplitude should be controlled at a low level. 

Despite there are many investigations on fatigue 

behavior of fasteners, limited studies 

concentrating on the corrosion effect of different 

coating types of fasteners are present in the 

literature. In this study, M8x50x1.25 8.8 DIN 933 

bolts having two different coating types, Zn-Cr+3 

and zinc flake, were fatigue tested. Zn-Cr+3 and 

Zinc flake coated bolts were subjected to salt 

spray test for 144 and 600 hours respectively until 

the red corrosion was seen, according to ISO 

9227. Then, the effect of coating and corrosion to 

fatigue life were studied in details.  

2. MATERIALS AND METHODS 

M8x50x1.25 8.8 DIN 933 bolts used in this study 

were cold-forged in NORM Cıvata, Turkey. The 

chemical composition of the bolt material, 

23MnB4, was given in Table 1. After cold 

forging, bolts were threaded using flat rolling 

process. Heat treatment process according to ISO 

898-1 “Mechanical properties of fasteners made 

of carbon steel and alloy steel - Part 1: Bolts, 

screws and studs with specified property classes - 

Coarse thread and fine pitch thread” was carried 

out to obtain 8.8 grade. 

Table 1 23MnB4 Chemical Analysis (%Weight). 

C Mn Si P S Cr Ni 

0.224 0.941 0.095 0.003 0.011 0.24 0.043 

Mo Cu Sn Al B Ti 

 

0.006 0.039 0.007 0.029 0.003 0.034 

The bolts, obtained from the same batch, are 

randomly divided into two groups and coated with 

two different types of coating as Zn-Cr+3 and 

Zinc flake. Electrolytic zinc plating is one of the 

most traditional and low-cost coating type for the 

protection of steel and ferrous metals against 

corrosion; a thin film layer is formed on the base 

metal by electrolysis to protect the base metal 

from corrosion. On the other hand, Zinc flake 

coatings are cured at comparatively low 

temperatures, and this type of coating does not 

contain Cr+6 and therefore, it does not cause 

hydrogen embrittlement. Contrary to Zn-Cr+3 

coating, zinc flake coating process takes place 

with a binder system. This chemical process 

requires a firing process. For this reason, the 

strength of the salt spray test in Zinc flake coating 

is higher than the zinc coating in the same 

thickness, according to ISO 9227. Zn-Cr+3 and 

Zinc flake coated specimens are shown in Figure 

1. 
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(a) 

 
(b) 

Figure 1 Specimens; a) Zn-Cr+3 b) Zinc flake. 

Fatigue tests were performed according to ISO 

3800 "Threaded fasteners-Axial load fatigue 

testing-Test methods and evaluation of results" 

standard using Zwick/Roell high frequency 

fatigue tester. Testing equipment is shown in 

Figure 2(a).  In order to determine the mean force 

to be applied, 75% of the proof load specified in 

ISO 898-1 (Mechanical properties of fasteners) 

was taken as 21.1 kN. Test frequency in all fatigue 

test, 75 Hz was kept constant. The Wöhler curves 

for each coating type were determined by means 

of 36 tests with 6 different applied stress 

amplitudes. Salt spray test system is shown in 

Figure 2(b). In this tests, bolts are placed in 

chamber. NaCl solution is sprayed constantly in 

the chamber and the atmosphere is controlled by 

pressured air cycle.  The salt spray tests were 

conducted according to ISO 9227 “Corrosion 

tests in artificial atmospheres - Salt spray tests” 

standard.  

The macro optical investigations were carried out 

by employing Zeiss Stemi 508 Streezoom 

microscope. Images were obtained focusing on 

the thread root morphology of the bolts to reveal 

differences between Zn-Cr+3 and Zinc flake 

coatings. In addition, SEM images were taken by 

using Carl Zeiss 300 VP to examine fracture 

surfaces of the bolts after fatigue testing. 

 

 
(a) 

 

 
(b) 

Figure 2 Test equipments; (a) Axial load fatigue and (b) 

salt spray testing chamber. 

3. RESULTS AND DISCUSSIONS 

After coating operations, bolt threads were 

examined under microscope since these regions 

were the most susceptible crack initiation 

locations. Figure 3(a) and (b) shows Zn-Cr+3 and 

Zinc flake coated threads, respectively [13]. As 

seen in the figure, thread roots (depicted with red 

arrow in the figure) were more homogenously 

coated in Zinc flake while Zn-Cr+3 coating was 

seen to have rougher surface. 
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(a) 

  
(b) 

Figure 3 Pictures of thread roots; a) Zn-Cr+3, b) Zinc flake 

[13]. 

Bolts subjected to salt spray test are shown in 

Figure 4. As seen in the figure, red corrosion 

occurred on the bolt surface. Bolt head region was 

seen to be heavily corroded for Zn-Cr+3 coating 

while level of red corrosion was more less and 

uniformly distributed to the shaft region for Zinc 

flake coating. 

 
(a) 

 
(b) 

Figure 4 Bolts after salt spray test; a) Zn-Cr+3 b) Zinc 

flake. The length of the bolts is 50 mm. 

Fatigue tests were carried out before and after salt 

spray test for both coatings. In all specimens, 

fatigue cracks occurred at the roots of the threads 

as seen in Figure 5.  Typical fatigue fracture 

surface of the tested specimens coated with Zn-

Cr+3 are given in Figure 5. The failure pattern 

was very similar for the samples coated with Zinc-

flake. A representative SEM image from the 

fracture surface of the samples can be seen in 

Figure 6. Considering the geometry of the fatigue 

zone and instantaneous fracture zone, it was 

inferred that the applied nominal stress during 

fatigue testing was low enough for fatigue cracks 

to initiate and propagate. In addition, based on the 

morphology of the fatigue zone and instantaneous 

fracture zone, it was observed that the thread roots 

acted as stress concentration leading to the 

fracture surface as given in Figure 5 and Figure 6. 

Considering the fatigue zone, no clear fatigue 

striations were observed. For the instantaneous 

fracture zone, “woody” like morphology, i.e. 

elongated dimple rupture, was seen.  

Figure 5 Fatigue fracture surface of the tested specimen; 

Zn-Cr+3 vs corroded Zn-Cr+3.  

  
Figure 6 SEM image of fracture surface of the tested 

specimen. 

In Figure 7(a), fatigue life of Zn-Cr+3 coated 

bolts tested at force amplitudes of 5.36, 3.50 and 

2.50 kN were presented. Significant fatigue life 

reduction was observed after salt spray tests. For 

force amplitudes of 5.36 kN and 3.50 kN, percent 
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reductions in fatigue life were 23% and 28%, 

respectively. However, when force amplitude was 

2.50 kN, the decrease in fatigue life was 45%. 

Considering the S-N curves for the Zn-Cr+3 bolts 

before and after salt spray test, fatigue 

performance was adversely affected from 

corrosion (Figure 7(b)). Zn-Cr+3 coated bolts 

exhibits 1.30 to 1.82 times higher fatigue 

resistance than 144 hours salt spray tested Zn-

Cr+3 coated bolts. 

 
(a) 

 
(b) 

Figure 7 (a) Fatigue tests results and (b) Wöhler curves of 

Zn-Cr+3 coated bolts before and after salt spray tests. 

In Figure 8(a), fatigue life of Zinc flake coated 

bolts tested at force amplitudes of 5.36, 3.50, 2.50 

and 2.35 kN were introduced. As for Zn-Cr+3, 

remarkable fatigue life degradation was fınd after 

salt spray tests. For force amplitudes of 5.36 and 

3.50 kN, decrease in fatigue life was found as 

23%. When force amplitude was decreased to 

2.50 and 2.35 kN, decrease in fatigue life was 9% 

and 16%, respectively. Considering the S-N 

curves for the Zinc flake bolts before and after salt 

spray test, fatigue performance was adversely 

affected from corrosion (Figure 8(b)). Zinc flake 

coated bolts exhibits 1.09 to 1.29 times higher 

fatigue resistance than 600 hours salt spray tested 

Zinc flake coated bolts. 

 
(a) 

 
(b) 

Figure 8 (a) Fatigue tests results and (b) Wöhler curves of 

Zinc flake coated bolts before and after salt spray tests. 

Considering fatigue life of coated bolts before and 

after salt spray tests, Zinc flake coated bolts 

showed higher number of cycles compared to Zn-

Cr+3 (Figure 9) though salt spray testing was 

conducted for 144 and 600 hours for Zn-Cr+3 and 

zinc flake, respectively. The difference was more 

significant as the force amplitude of fatigue tests 

were increased; i.e. Zinc flake bolts showed 1.1, 
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1.7 and 2.1 times higher fatigue performance for 

the force amplitude of 5.36, 3.50 and 2.50 kN, 

respectively. 

 
(a) 

 
(b) 

Figure 9 Comparison of (a) Fatigue tests results and (b) 

Wöhler curves of Zinc flake and Zn-Cr+3 coated bolts 

after salt spray tests. 

Fatigue life of corroded Zinc flake coated bolts 

were compared to plain Zn-Cr+3 coated bolts in 

Figure 10. As depicted in the figure, fatigue life 

of both bolts were found to be similar. Main 

reason of that can be attributed to the difference 

in coating process of Zn-Cr+3 and zinc flake. Zn-

Cr+3 coating is based on electrolytic bonding 

between the coating and the substrate. However, 

zinc flake coating is non-electrolytically applied. 

Since, zinc plating is an electrolytic proses, 

surface roughness is higher compared to zinc 

flake coating. As discussed in the literature [14-

17] depending on the conditions, surface 

roughness can act as a stress concentrator and lead 

to premature crack initiation leading fractures due 

to fatigue. Therefore, fatigue performance was 

higher for zinc flake coating having better surface 

finish compared to Zn-Cr+3 plating.  

 
Figure 10 Fatigue life comparison of Zinc flake bolts after 

corrosion test and Zn-Cr+3 coated bolts.  

4. CONCLUSIONS 

In this study, fatigue behavior of Zn-Cr+3 and 

zinc flake coated bolts was investigated 

experimentally by considering corrosion effects. 

Based on the results, following conclusions can be 

drawn: 

• Zinc flake coated bolts showed higher 

fatigue resistance compared to Zn-Cr+3 

coated bolts. This phenomenon can be 

explained by effect of porous morphology 

of thread roots of Zn-Cr+3 coated bolts. 

This porous morphology can act as a 

trigger for crack initiation leading to lower 

fatigue resistance. Another factor 

contributing to fatigue performance 

difference can be incorporated with the 

higher coating thickness of zinc flake 

leading to higher radius on thread root and 

decrease in stress concentration at 

possible crack tips. 

• As a result of comparison of Wöhler 

curves of corroded bolts, corrosion lowers 

the fatigue resistance of both coating type. 

However, negative effect of corrosion on 

fatigue life of Zn-Cr+3 coated bolts was 

higher than Zinc flake coated bolts. 

• 600 hours salt spray tested Zinc flake 

coated bolts and non-salt spray tested Zn-

Cr+3 coated bolts exhibit similar fatigue 
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resistance. Therefore, it can be concluded 

that zinc flake coated bolts have 

significantly higher resistance to 

corrosion fatigue compared to Zn-Cr+3 

coated bolts. 
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Sound Level Measurement and Spectrum Analysis in Full and Empty Various 

Social Spaces 

Serden BAŞAK1, Kazim Onur DEMİRARSLAN*2 

Abstract 

The noise seen in different areas throughout human history has turned into a frequently 

complained problem with the increasing industry and technology. Unfortunately, the problem 

of noise has become a part of social life today. Noise pollution, which is a side effect of 

urbanization and industrialization, threatens society's mental and physical health. However, 

knowing the noise level makes it possible to take precautions. In some cases where the sound 

limit levels set by laws and/or regulations of many countries are not exceeded, people may 

complain about the noise. Noises that occur in different places in educational institutions such 

as universities can cause adverse effects on both students and the administrative and academic 

staff working there. The noise in the places where the staff and students spend their time both 

for relieving their hunger and resting and socializing during their rest periods prevents people 

from relaxing. This situation causes people not to feel rested when returning to their lessons or 

work. In this analysis, the Artvin Coruh University staff dining hall's sound levels, the student 

dining hall, and the cafeteria/bowling alley spaces used by the students were measured when 

they were empty and full. Besides, the bandgap of the sounds complained about by the users 

was determined by spectrum analysis. As a result of the study, noise levels of 29.43 dB(A), 

30.75 dB(A), and 32.94 dB(A) were obtained in the measurements made in empty spaces, and 

56.10 dB(A), 57.56 dB(A)and 69.76 dB(A) in the measurements made in filled areas. 

Keywords: Dining hall-cafeteria, noise, sound level measurement, spectrum analysis, social 

space 

1. INTRODUCTION 

Sound has guided humanity since its early ages 

and is now an indispensable part of our daily life. 

Considering the definition of sound, it is seen that 

it is made in two ways, physical and 

physiological. Physically sound; is a change in the 

balance pressure of the environment by a source 
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that causes periodic vibrations in a flexible 

environment.  

These pressure changes are conveyed to the 

environment's distant points with a constant 

velocity and a particular phase difference. 

Physiologically sound is the perception that 

results from the transmission of pressure changes 

to the brain through the communication 

mechanism in the ear [1]. The lowest pressure 
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variation perceived by humans is 2x10-5 Pascal 

(Pa) or 0 decibel (dB) [2, 3]. Noise, a different 

type of sound, started to be a social problem, 

especially after the industrial revolution [1]. 

Noise can simply be defined as unwanted sound. 

It is also a physical hazard and an environmental 

risk that poses a threat. There are various types of 

noise, such as transport noise emanating from 

roads, rail, air traffic, the noise created by human 

activity from industrial facilities, workplace noise 

produced by unwanted noise in the working 

environment [4]. More than 30% of Europe's 

population are exposed to noise levels higher than 

55 dB(A) [5]. Noise exposure; varies depending 

on the source that emits the sound, how it is 

received by the human, the environment required 

for its propagation and perception [6]. 

According to the "Regulation on the Protection of 

Employees from Noise Related Risks" published 

in the Official Gazette dated 2013 and numbered 

28721 (Republic of Turkey), the lowest exposure 

action values (LEX, 8 hours) 80 dB(A), the highest 

exposure action values (LEX, 8 hours) 85 dB(A) 

and exposure limit values (LEX, 8 hours) are 

determined as 87 dB(A) [7]. These values indicate 

the amount of noise that the employee may be 

exposed to during work. However, the dosimeter 

is used to take these measurements during 

working hours. 

The undesired and undesirable state of noise can 

vary from person to person due to different effects 

on people's psychology, nervous systems, and 

performances. However, its impact, which does 

not usually differ, is its effect on hearing. The 

effects of noise are analyzed in four categories: 

physical effects, physiological effects, 

psychological effects, and performance effects 

[1]. 

Prolonged exposure to noise increases the risk of 

coronary heart disease as well as psychological 

effects such as attention deficit. Besides diabetes, 

myocardial infarction, and hypertension, a series 

of predictable and short-term physiological 

responses through the autonomic nervous system, 

increased blood pressure, and peripheral 

vasoconstriction can also be seen. Other factors, 

both physical and psychosocial, associated with 

high blood pressure are also indicators of noise 

exposure [4, 5, 8, 9]. Continuous exposure to 

noise of 85-90 dB(A), especially in industrial 

environments, can lead to hearing loss in the 

future, increasing the threshold of hearing 

sensitivity [8]. As an element of stress, noise can 

also cause public health problems such as tension, 

nervousness, and difficulty sleeping [10]. 

Environmental noise is the unwanted noise in the 

environment and open-air arising from vehicles, 

road traffic, railway traffic, airway traffic, sea 

road traffic, construction sites, equipment used in 

open areas, industrial facilities, manufacturing 

plants, workplaces, and similar places and 

recreation areas. Besides, noise refers to the 

internal noise arising from the mechanical 

systems and other building sources and negatively 

affecting people in another space [11]. 

Unlike standard noise measurements, which 

measure noise intensity in decibels (dB), octave 

band analysis measures both the volume of noise 

in an area and the frequencies at which the noise 

occurs. The test is known as the "octave band 

analysis" because it relies on categorizing sounds 

into separate categories called "bands." Each 

band's frequency spectrum is referred to as an 

"octave," as the name implies. Octave band 

analysis allows noises with similar physical 

properties to be grouped so that environmental 

noise can be understood in terms of the 

cumulative volume of all the sounds within a 

particular band [12]. 

According to some literature, people feel some 

voices as noise with characteristic features. For 

example, if the sound is stuck in the narrowband 

range, it is perceived as louder than the same 

energy's broadband sound. Another example is 

related to the sound's rising period, and a sound 

that rises faster than two sounds of the same point 

is perceived as louder. An irregular, variable 

sound can be perceived as more audible than a 

stable sound [11]. The frequency spectrum of 

complex sounds, which do not consist of a single 

frequency, is a crucial definition of noise, which 

physically indicates the wave frequency and tonal 

property in perception. The noise's frequency 

content also affects the perception and the degree 
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of disturbance [1]. According to the frequencies, 

the sounds are classified into three as low 

frequency (25-125 Hz), medium frequency (160-

400 Hz), and high frequency (500-10000 Hz) 

sounds [11]. 

Noise is an environmental problem that can 

directly affect people's attention and work 

performance. Thus, the workplace's noise affects 

the employees' physical and mental health, and 

this situation may cause performance issues. The 

effects of noise in schools and universities where 

education is offered have the same effect on 

individuals. People are exposed to noise, 

particularly in places for dining, resting, and 

leisure. This situation creates a variety of different 

issues. 

While the recommended noise level in restaurants 

is in the range of 50-55 dB(A), the noise level is 

specified as 45-50 dB(A) for fair listening 

conditions desired [13, 14]. 

According to the "Regulation on the Assessment 

and Management of Environmental Noise 

(RAMEN)," which was first published in the 

Official Gazette in 2010 and later changed its 

current form in 2011 and 2015 (Rebuplic of 

Turkey), the required noise level in dining halls is 

also 45 dB(A) when the windows are closed, and 

there is no activity in the dining hall [15]. Later, 

with the Environmental Noise Assessment and 

Management Regulation (2002/49/EC) made in 

the EU harmonization process, this value was 

revised to be 55 dB(A) during the activity [16]. 

In studies available in the literature, noise levels 

in restaurants were measured and reported. In this 

study, on the other hand, octave band analyzes 

were also made and evaluated. This situation 

reveals its difference from other articles. 

People using the Artvin Coruh University dining 

hall verbally stated that specific voices, such as 

forks and knives, disturbed them at a busy period. 

In this study, sound levels were measured in the 

staff dining hall, student dining hall, and 

cafeteria/bowling alley. Also, the bandgap of 

disturbing sounds was determined by spectrum 

analysis. 

2. MATERIAL AND METHOD 

This study was carried out using the pathway in 

Figure 1. The measurements were carried out in 

the middle of Artvin Çoruh University staff and 

student dining halls and cafeteria/bowling alley, 

according to ISO 1966-I and 1996-II standards, on 

a tripod with a CESVA brand and SC310SB 

model (Class 1, Spain) which had valid 

calibration (Figure 2). The measurements made 

before the Covid-19 pandemic shows the situation 

in which the dining hall did not start service and 

the staff on duty prepared the food stalls (empty 

state). The other measurement belongs to when 

the dining hall is most used and demonstrates the 

noise condition of certain employees in the queue 

of the table d'hote as some employees eat at the 

tables (full state). The measurements made were 

analyzed with the program called CESVA 

Capture Studio (ver.9.13.0). There are 38 tables in 

the staff dining hall where 152 people can eat 

simultaneously, and it has been found from plans 

and projects that the area of this space is 492 m2, 

and its volume is 1771 m3. The student dining hall 

dimensions and the cafeteria/bowling alley 

located on the ground floor are 503 m2 and 1630 

m3 for each space. The graphical representation of 

the measured places is given in Figure 3 without 

scale. 
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Figure 1 Pathway of the study 

 
Figure 2 (A) Staff dining hall empty measurement, (B) Full cafeteria/bowling alley measurement 

Step 1
•Receiving complaints

Step 2
•Observing locations

Step 3
•Determination of measuring points

Step 4
•Octave band analysis

Step 5

•LEX calculation

Step 6
•Evaluation of results

Step 7
•Comparison with regulations

Step 8
•Recommendations
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Figure 3 Measuring points (A) cafeteria/bowling alley, (B) student dining hall, (C) staff dining hall 
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3. RESULTS 

The dB values obtained from the noise 

measurements made in the empty and full times 

of the dining hall and cafeterias are shown in 

Table 1. During the measurements, there were 

four staff members in the staff dining hall, while 

there were 120 people in the hall that were full. 

The student dining hall was empty while 

measurement was taken, and 170 students were 

eating that was full. The cafeteria/bowling alley is 

located in the same place. Six students watched 

TV during the measurements, unlike the dining 

halls. Throughout the midday measurement, only 

one of the bowling tracks remained in use for half 

of the measurement period. The frequency 

comparison of the two measurements for the staff 

dining hall is given in Figure 4. 

Table 1 Sound level measurement results of the 

spaces 

Measurement 

location 

Measurement 

Results 

(dBA) 

RAMEN 

(2015) 
2002/49/EC 

The staff 

dining hall is 

empty 

30.75 - - 

The staff 

dining hall is 

full 

56.10 45 55 

The student 

dining hall is 

empty 

29.43 - - 

The student 

dining hall is 

full 

57.56 45 55 

The 

cafeteria/bowl

ing alley is 

empty 

32.94 - - 

The 

cafeteria/bowl

ing alley is 

full 

69.76 45 55 

 
Figure 4 Staff dining hall frequency distribution comparison 

The low-frequency distribution was higher when 

the staff dining hall was empty. This can be said 

to be the noises the staff made during the 

measurement while placing the heavy food 

containers on the presentation counter. After the 

dining hall was full, a significant increase was 

measured at 250 Hz and upper frequencies. The 

cause of the above condition is fork-knife noises 

and the employees' sounds when communicating 

among themselves. Comparing the frequency 

distribution of the full and empty student dining 

hall is given in Figure 5.
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Figure 5 Student dining hall frequency distribution comparison 

 

The full and empty student dining hall results are 

similar since the sound sources have been 

equivalent to the staff dining hall's sound sources. 

Since the student dining hall was more crowded 

than the staff dining hall and space's volumetric 

differences, the average noise was higher than the 

staff dining hall. Comparing the frequency 

distribution of full and empty cafeteria/bowling 

alley is given in Figure 6. 

 
Figure 6 Cafeteria/bowling alley frequency distribution comparison 

Figure 6 indicates a different distribution than the 

dining hall and student dining hall when the 

cafeteria/bowling alley is full, and the octave band 

analysis is studied. While fast food items are 

consumed in the cafeteria/bowling hall, there is 

not much cutlery use. Moreover, considering the 

limited number of students, the bowling game 

played during the full hall measurement, the 

bowling ball's sounds striking the ground, and 

bowling pins caused the low frequency sounds to 

be more in the full hall than in the empty hall. 

Simultaneously, foosball and the switched-on 
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television raised the overall average, and 

significantly higher sound levels were measured 

at 50 Hz and upper frequencies. 

4. DISCUSSION 

In this study, the LEX values obtained for the staff 

and student dining halls and cafeteria/bowling 

alley in the measurements made with the windows 

closed and without activity are well below the 45 

dB(A) values specified in the standard, 

respectively 30.75, 29.43 and 32.94 dB(A). One 

of the most important reasons for this is that these 

places in the same building are located in an area 

where traffic and human circulation are not heavy. 

However, when the units are in service, the 

calculated values are LEX 56.10, 57.26, and 69.76 

dB(A) for the staff and student dining halls and 

cafeteria/bowling alley, respectively, and this 

value is above 55 dB(A) as stated in the standard. 

From the staff working in the cafeterias and 

dining hall, the measurements made even when 

the cafeteria is full are well below the lowest 

exposure action value. Besides, while the average 

of 8 hours is taken in the regulation, the time spent 

fully in the dining hall is a maximum of 1 hour. 

Therefore, from the regulation perspective, there 

is no need for any action planning for the 

employees. 

In a similar analysis conducted in the cafeteria of 

the Rector building, 80.5 dB(A) values were 

calculated at Ege University (Izmir/Turkey) [17]. 

The average work conducted in the cafeteria of 

the 10 pre-primary schools in the province of 

Usak (Turkey) is 81.18 dB(A) [18]. In another 

study conducted in Germany, school cafeterias' 

average noise was reported as 75 dB(A) [19]. In 

the mentioned studies, the noise levels before 

cafeterias' activities and the number of people 

using the cafeteria were not reported. Therefore, 

it is not possible to make a complete comparison. 

However, the potential reasons that when the 

cafeteria is in service, the findings found in this 

analysis are smaller than those in the literature are 

that the amount of outside noise is very low and 

the cafeteria's capacity is lower than the other 

dining halls. 

5. CONCLUSIONS 

In this study, noise levels of 29.43 dB(A), 30.75 

dB(A), and 32.94 dB(A) were obtained in the 

measurements made in empty spaces, and 56.10 

dB(A), 57.56 dB(A), and 69.76 dB (A) in the 

measurements made in filled areas. The reason for 

the users' complaints at the staff dining hall noise 

level, which is 1.10 dB(A) above the limit value, 

is the humming of people during their 

conversation and the service teams' sounds, rather 

than this value difference. Since it is not possible 

to detect this only by noise measurement, 

spectrum analysis has been performed. Although 

the results show an increase in the noise level in 

general, high-pitched sounds (high frequencies) 

are more. Metallic noise emanating from the 

service sets explains this phenomenon. Similar 

spectrum changes were also recorded in the 

student dining hall. However, as the cafeteria and 

bowling alley are together and bowling was 

played during the measurement, spectrum 

analysis observed a significant rise in the low-

frequency bands, indicating the bowling ball's 

sound is hitting the track. 

To reduce the noise level in the environment in 

restaurants, panels can be placed on the walls to 

absorb high-pitched sounds. However, in normal 

restaurants, the walls may be less than the space's 

square meter or can be used as interior design. For 

these reasons, restaurant owners may not want 

such panels on the walls. For such cases, the 

tables are positioned in clusters and the panels 

suspended from the ceiling can reduce the time of 

ringing and therefore the sounds of forks, knives, 

and plates. Another element is furnishing details 

such as thick carpets and curtains. 

Although it is not possible to use the furnishing 

details in the dining hall and the cafeteria/bowling 

hall where the measurement is made, it is possible 

that the walls are covered with sound-absorbing 

materials, unlike normal restaurants. According to 

octave band analysis, open foams may be 

preferred because they are predominantly high-

pitched in cafeterias. It would be appropriate for 

the cafeteria/bowling hall to choose composite 

materials as there are both TV and bowling balls. 
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The results of many studies in the literature 

belong only to situations when space is full or in 

use. Therefore, it is not possible to calculate the 

net noise level of the activities. Besides, no sound 

sources were detected by octave band analysis in 

the measurements mentioned above. The most 

important difference of this study from other 

studies is that the empty and full sound levels of 

the spaces are measured, and octave band analysis 

is made in these environments. The study once 

again proved that the concept of noise is 

subjective as the units' levels were compared, 

while the users with the lowest noise level 

complained about the noise in the staff dining 

hall, the students who used the cafeteria/bowling 

alley with a noise rating of approximately 100 

times that noise value did not complain. The 

purposes and duration of stay of the people in the 

cafeteria/bowling hall and dining halls are 

different. The main reason for not complaining 

from those in the cafeteria/bowling hall is that 

they do not notice the noise, but probably because 

they are satisfied with the activity and the 

environment. 

Since the sound/noise level measurement alone 

may not exceed the limit value or be just above 

the limit value, as in this study, it may prevent any 

measures from being taken in the places where 

noise complains. For this reason, the primary 

source of the noise should be determined by 

performing spectrum analysis as well as sound 

level measurement in areas where noise 

complains. After this determination, damping the 

disturbing frequency can be achieved using an 

acoustic isolator for that frequency range. 

Because the noise level that employees may 

encounter is below the limit values specified in 

the Official Gazette, there is no need to measure 

with a dosimeter during working hours. However, 

by taking the precautions above for the 

environment, people can socialize by talking 

while eating. 
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Green Supplier Selection Using Game Theory Based on Fuzzy SWARA  

Mehmet Ali TAŞ1, Esra ÇAKIR*2 

Abstract 

Green supply chains are supply chains that prioritize nature in every activity and aim to 

minimize the damage to the environment. Finding suppliers that meet the desired criteria and 

meet the company's environmental objectives in establishing the green supply chain is a 

difficult process. The selection problem becomes more complicated when some criteria conflict 

with each other. It is also critical to consider the strategies that alternative suppliers can 

implement. Therefore, multi-criteria decision making methods and game theory approaches are 

suitable to overcome these difficulties. This study proposes a new integrated fuzzy SWARA, 

which is a multi-criteria decision making method using fuzzy numbers to express uncertainty, 

and game theory approach to compare green supplier alternatives. The proposed approach is 

carried out in a chemical company that produces cleaning products in Turkey. The manufacturer 

company wants to compare two alternative green suppliers. Green strategies of alternative 

suppliers are weighted via fuzzy SWARA method. Then, the game theory payoff matrix and 

the iterated elimination of strictly dominated strategies are applied to compare two alternative 

suppliers. The proposed methodology gets a compromise solution. These results are intended 

to contribute to green supplier evaluation practices. 

Keywords: Green supplier selection, sustainable environment, game theory, fuzzy 

SWARA, multi-criteria decision making 

1. INTRODUCTION

The concept of sustainable environment has 

become one of the most important and 

controversial issues of recent years with global 

warming, carbon footprint and ecological balance 

[1]. Increasing production and consumption 

activities cause an increase in greenhouse gas 

emissions in the atmosphere, which is one of the 

most important causes of global warming [2]. All 

living creatures in the ecosystem are under risk 

* Corresponding author: ecakir@gsu.edu.tr
1 Turkish-German University, Department of Industrial Engineering, İstanbul, Turkey.

E-Mail: mehmetali.tas@tau.edu.tr

ORCID: https://orcid.org/0000-0003-3333-7972.
2 Galatasaray University, Department of Industrial Engineering, İstanbul, Turkey.

ORCID: https://orcid.org/0000-0003-4134-7679.

due to the effects of global warming and 

deteriorating ecological balance [3]. Compared to 

the pre-industrial revolution, it is thought that the 

temperature increased by 1 ° C only because of 

the human activities [4]. For this reason, 

organizations should design their operations to be 

environmentally accountable [5]. One of these 

operation areas is supply chain management. The 

supply chains are anticipated to be 

environmentally friendly due to the increasing 

environmental worries and the sanctions that may 
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arise as a result of the legal regulations to comply 

[6]. 

The green supplier selection problem is 

investigated as an application of multi-criteria 

decision making methods in many researches. In 

the literature, many studies have proven that 

multi-criteria decision making methods can be 

used for this problem [7].  In addition to the 

methods applied alone, there are also combined 

MCDM studies such as goal programming, linear 

programming, fuzzy logic etc. [8].  The game 

theory approaches can also be added to these 

combinations. Game theory can be used to 

determine the highest payoff of alternatives as a 

result of the competition that a number of 

opponents show according to the strategies [9]. 

This article proposes a new integrated fuzzy 

SWARA and game theory approach in the 

selection of green supplier in chemical industry.  

In the last decade, the fuzzy SWARA technique 

has been highly researched.  Mavi et al. [10] used 

fuzzy SWARA and fuzzy MOORA method to 

rank nine alternative 3rd-party reverse logistics 

providers for the plastics industry. Tadić et al. 

[11] employed an integrated Delphi, AHP, and 

fuzzy SWARA methods in city logistics 

initiatives. Zarbakhshnia et al. [12] evaluated 

sustainable third party reverse logistics providers 

for an automobile business using fuzzy SWARA 

and fuzzy COPRAS. Ansari et al. [13] used fuzzy 

SWARA and fuzzy COPRAS to assess the 

sustainable supply chains of a business in India. 

Kaya and Erginel [14] made the sustainable 

design for an airport in Turkey using hesitant 

fuzzy sustainable Quality Function Deployment 

as well as hesitant fuzzy SWARA. Ulutas [15] 

used hybrid fuzzy SWARA and fuzzy ARAS 

methods in supplier selection. Rani et al. [16] used 

Pythagorean fuzzy numbers on SWARA and 

VIKOR methods in solar panel selection. Moniri 

et al. [17] selected fuzzy SWARA and fuzzy 

EDAS methods in order to risk assessment in the 

oil processing industry. 

In the literature, the game theory has been 

examined in numerous application researches. Hu 

and Rao [18] sought an answer to the optimization 

problem by using a game theory for optimum 

design. Tan et al. [19] investigated the 

competition in the software market in South 

Korea with a game theory approach. Peldschus et 

al. [20] discussed the site assessment using the 

theory of the two-person zero-sum game. Madani 

and Lund [21] used the Monte-carlo game theory 

approach to solve the California's Sacramento-

San Joaquin Delta problem. 

A number of combined approaches with game 

theory have also appeared in the literature. 

Medineckiene et al. [22] practiced choosing the 

best alternative between eight houses (two houses 

and four different heating combinations of them). 

They combined fuzzy sets and game theory. 

Kermani et al. [9] evaluated two alternatives by 

considering three criteria using ordinal game 

theory and TOPSIS, which is a multi-criteria 

decision making method. Zolfani and 

Banihashemi [23] solved the problem of choosing 

CEO among two candidates of GATA company 

in Iran by SWARA integrated game theory 

approach. Hindia et al. [24] implemented the 

planning scheme in LTE high speed wireless data 

transmission network with cooperative game 

theory (bankruptcy and shapely) and TOPSIS. 

Hashemkhani Zolfani et al. [25] examined 

supplier cooperation strategies using game 

theory, SWARA and WASPAS. Moradi et al. [26] 

evaluated the seismic vulnerability of Tehran city 

in Iran using a combination of methods including 

game theory and Choquet Integral. Debnath et al. 

[27] discussed strategies between the tea industry 

and the government tea board in India with 

Dempster-Shafer belief structure and 

evolutionary game. Liu et al. [28] investigated the 

Salzer manufacturing company's selection among 

four evidential suppliers as a case study. They 

determined the subjective criteria weights by 

ANP, the objective criteria weights by Entropy, 

and the comprehensive weights combined by 

DEMATEL-game theory methods. Dempster-

Shafer evidence theory was discussed to remove 

uncertainty and order alternatives. Najafi et al. 

[29] selected best alternative among four 

suppliers for the casting plant. The criteria 

weights are calculated via BWM and SWARA. 

DEMATEL and game theory were used together 

to calculate comprehensive weights. Alternatives 

are evaluated by Dempster-Shafer evidence 

theory. 
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In this study, SWARA method and game theory 

approach are integrated. Since the SWARA 

method depends on pairwise comparisons within 

the order, it contains fewer computation processes 

than the most frequently used multi-criteria 

decision making methods. Therefore, the 

SWARA method was chosen to progress in a 

shorter time. Subsequently, the game theory 

approach is used in the selection of two 

alternatives. The technique of iterated elimination 

of strictly dominated strategies is used to properly 

observe the situation between the strategies of the 

players competing with each other and to select 

the most suitable green supplier. 

This article contributes to the literature by 

proposing a new integration of game theory and 

fuzzy SWARA approaches. Also, the proposed 

methodology is a pioneering work on the green 

supplier selection problem. 

The rest of the article is organized as follows. The 

introduction section is followed by the Section 2 

which introduces the fuzzy SWARA and the 

game theory approaches. The steps of the new 

integrated methodology is detailed in this section. 

The proposed approch is applied on the selection 

of best option for chemical company case study in 

Section 3. Finally, the article ends with the 

conclusions in Section 4 that contains results, 

limitations, theoretical and managerial 

implications, and future directions. 

2. METHODOLOGY 

2.1. Fuzzy SWARA 

The Step-wise Weight Assessment Ratio Analysis 

(SWARA) method is a multi-criteria decision 

making method introduced in 2010 by Keršuliene 

et al. [30]. Although relatively being a novel 

method, it is frequently employed due to its 

simple utilization and ability to reach results 

rapidly [31]. 

Fuzzy set is to express the uncertainties that 

occurs in decision makers’ evaluations. In this 

study, triangular fuzzy numbers are used to 

include the uncertainty opinions in the calculation 

steps. A triangle fuzzy number is presented by 

(l,m,u). The membership function 𝜇, where 𝐴̃ is a 

triangular fuzzy number is described as follows  

(Eq. 1) [32]:  

𝜇𝐴̃(𝑥) =

{
 
 

 
 
0,                 𝑥 < 𝑙,
𝑥−𝑙

𝑚−𝑙
,   𝑙 ≤ 𝑥 ≤ 𝑚,

𝑢−𝑥

𝑢−𝑚
, 𝑚 ≤ 𝑥 ≤ 𝑢,

0,                 𝑥 > 𝑢.

                            (1) 

Let 𝐴1 = (𝑙1,𝑚1, 𝑢1) and 𝐵1 = (𝑙2, 𝑚2, 𝑢2) are 

two triangular fuzzy numbers and the arithmetic 

operations (addition, subtraction, multiplication, 

and division) on fuzzy numbers are formulated as 

follows (Eq. 2-5):  

 

𝐴1⊕ 𝐵1 = (l1 + l2, 𝑚1 +𝑚2, 𝑢1 + 𝑢2)          (2) 

𝐴1⊖𝐵1 = (l1 − 𝑢2, 𝑚1 −𝑚2, 𝑢1 − 𝑙2)           (3) 

𝐴1 ⨂ 𝐵1 = (l1l2, 𝑚1𝑚2, 𝑢1𝑢2)                          (4) 

𝐴1⊘𝐵1 = (
𝑙1
𝑢2⁄ ,

𝑚1
𝑚2
⁄ ,

𝑢1
𝑙2
⁄ )                   (5) 

The steps of the triangular fuzzy SWARA method 

are as follows [10]: 

Step 1. Ranking of alternatives from the most to 

the least important according to the evaluations of 

decision makers. 

Step 2. Starting from the first row, determining 

the differences in importances of two successive 

criteria in order of importance. The difference in 

importances of the two alternatives compared is 

called “comparative importance of average value” 

[30] and it is represented by 𝑠̃𝑗. 

Step 3. Determination of 𝑘̃𝑗 coefficient. The 𝑘̃𝑗 

coefficient is calculated as follows (Eq. 6): 

{
       1̃                                     j = 1

        s̃j  + 1̃                            j > 1  
                      (6) 

Step 4. Calculation of fuzzy weight 𝑞̃𝑗 (Eq. 7): 

{
  1̃                                         𝑗 = 1

           
𝑥̃𝑗−1

𝑘̃𝑗
                                      𝑗 > 1          

      (7) 

Step 5. Calculation of final fuzzy weight by 

normalizing (Eq. 8): 
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𝑤̃𝑗 =
𝑞̃𝑗

∑ 𝑞̃𝑘
𝑛
𝑘=1

                                                           (8) 

The fuzzy weights calculated by fuzzy SWARA 

must be converted into crisp numbers via 

defuzzification process. The following formula of 

the Best Nonfuzzy Performance Value (BNP) 

[33] is used for defuzzification of trianguler fuzzy 

numbers (Eq. 9): 

𝐵𝑁𝑃 =
[(𝑢−𝑙)+(𝑚−𝑙)]

3
+ 𝑙                                       (9) 

2.2. Game Theory 

Mathematical interpretations that occur in 

interactive situations are called game theory. The 

theory was developed and implemented by Nash 

[34]. In game theory, the strategies that the 

players implement are not only relevant to 

themselves, but also to the strategy of the 

opponents [9]. The result of the payoff function 

shows the returns of the decisions made by the 

players, and this is shown in the payoff matrix, 

also called normal-form game representation. 

The concept of the game theory in which no 

player in a game changes her/his strategy after 

evaluating her/his opponent's choice is Nash 

Equilibrium [34]. In a Nash Equilibrium game, 

when the strategies of other players remain the 

same, no player benefits from the strategies that 

are changed [28]. 

The assumptions for the game theory about 

human behavior can be listed as follows [35]: 

players in the game are rational, players in the 

game have expectations of other players and think 

everyone will play the rational, players' priorities 

are common and all players know the rules of the 

game, the terms of winning and losing. 

In fact, since it is accepted that all events are 

games, everything becomes the subject of game 

theory [23]. Although game theory first appeared 

in the field of economics, it is frequently used in 

many areas such as politics, management, 

marketing, chemistry, an so on [36, 37]. Game 

theory can be considered as an important tool used 

in supply chain studies [38]. 

2.3. A new integrated game theory and fuzzy 

SWARA methodology 

Game theory is a concept that can be used in 

decision making [21]. There is a relationship 

between the games and multi-criteria decision 

making outcomes. In this paper, the game theory 

approach is combined with multi-criteria decision 

making methods. The strategies of alternative 

suppliers are set as the criteria in the fuzzy 

SWARA method (Figure 1). 

 

Figure 1 The relationship between multi-criteria 

decision making and game theory [21] 

 

Figure 2 Flowchart of the proposed methodology 

In the game theory part, the strategies of two 

alternatives are solved with the superiority they 

establish over each other. This technique is called 

iterated elimination of strictly dominated 

strategies [39]. The normal-form game 

representation of an n-player game shows the 

strategy space of players 𝑆1,…,𝑆𝑛. The payoff 

functions of these players are 𝑢1,…,𝑢𝑛 and the 

game can be shown as 𝐺={𝑆1,…,𝑆𝑛;𝑢1,…,𝑢𝑛 }. 

Let 𝑠𝑖′ and 𝑠𝑖′′ are the feasible strategies of each 
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players, all strategies are from 𝑆1,…,𝑆𝑛 strategy 

space, then : 

𝑢𝑖(𝑠1, 𝑠2, … , 𝑠𝑖
′′, 𝑠𝑖+1, … , 𝑠𝑛) > 𝑢𝑖(𝑠1, 𝑠2, … , 𝑠𝑖

′, 𝑠𝑖+1, … , 𝑠𝑛) (10) 

Therefore, 𝑠𝑖
′ strategy is strictly dominated by 

𝑠𝑖
′′, which means that the player prefers strategy 

 𝑠𝑖
′′ to  𝑠𝑖

′ under all circumstances assuming all 

players are rational [40].  

The flowchart of the new integrated methodology 

of two approaches described above is shown in 

Figure 2. 

 

3. CASE STUDY 

The manufacturers in the chemical industry have 

expansively negative impacts on the environment 

due to the essence of the raw materials and 

products. Measures should be taken for the 

chemical raw materials and products used in the 

industry to cause the least harm to nature. 

International environmental norms must be 

strictly followed and obligations must be fulfilled. 

In this manner, the proposed approach is applied 

to a chemical company that wants to choose the 

supplier that offers the best environmental 

strategy. 

The case company is a chemical cleaning product 

manufacturer located in Turkey's southern region. 

In the sector of the chemical products used for 

cleaning industry, it is one of Turkey's leader 

company. In addition, it has become one of the big 

exporters of the region with its numerous brands 

by exporting to more than 40 countries in five 

continents. 

The company wants to choose an environmentally 

friendly supplier for the chemical raw materials 

used in processes. At first, the purchasing 

department of the company evaluates a number of 

alternative suppliers in the market. As a result of 

market research, the best two suppliers that 

performed very close to each other are presented 

to the management. These alternative suppliers 

are named as S1 and S2. Seven experts working 

within the company are identified, and the 

information of these experts is displayed in Table 

1. 

Table 1 The information of experts 

Experts Titles 

Experiences in 

the industry  

(years) 

Academic 

degrees 

E1 
Project 

engineer 
5 

Bachelor’s 

degree in 

engineering 

E2 

Supply 

chain 

manager 

12 

Bachelor’s 

degree in 

engineering 

E3 
Project 

manager 
14 

Master’s 

degree in 

engineering 

E4 
Project 

engineer 
8 

Master’s 

degree in 

engineering 

E5 

Assisstant 

project 

manager 

6 

Bachelor’s 

degree in 

economics 

E6 
Purchasing 

engineer 
9 

Master’s 

degree in 

engineering 

E7 
Production 

chief 
11 

Master’s 

degree in 

engineering 

The strategies that these suppliers can implement 

in order to contribute to the company’s green 

objectives are shown in Table 2 and Table 3. 

Table 2 Strategies of S1 

Code Strategy Definition Reference 

S11 Investing in 

ecological 

packing 

activities 

Increasing the 

green material and 

technology 

investment in the 

enfoldment used to 

reduce the harmful 

effect on nature 

[41]. 

[41], [42], 

[43] 

S12 Promoting 

scientific 

studies on 

ecological 

shipping 

It refers to 

supporting studies 

examining the 

reduction of 

environmentally 

harmful effects in 

shipping and 

storage processes 

by various methods. 

[41], [44] 

S13 Focusing on 

energy usage 

level 

It expresses the 

amount of energy 

consumption during 

the processes [45]. 

[45], [46], 

[47] 

Table 3 Strategies of S2 

Code Strategy Definition Reference 
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S21 Making more 

efforts to apply 

pollution-

reducing 

techniques 

It shows the 

tendency and focus 

on pollution 

reduction 

techniques. 

[47], [48] 

[49] 

S22 Increasing level 

on green 

instructions 

It specifies to 

provide 

environmental 

practices to all 

employees of 

enterprises in the 

supply chain. 

[50], [51], 

[52] 

S23 Increasing 

green 

perception 

activities 

 

It describes 

advertising for the 

elements in the 

supply chain and 

for the consumer in 

order to increase the 

perception of green 

image. 

[52], [53], 

[54]  

Table 4 Linguistic variables and fuzzy numbers 

equivalents [55] 
Code Linguistic variable Fuzzy number 

EI Equally Important (1.0000, 1.0000, 1.0000) 

MI Moderately Less 

Important  

(0.6667, 1.0000, 1.5000) 

LI Less Important (0.4000, 0.5000, 0.6667) 

VI Very Less Important (0.2857, 0.3333, 0.4000) 

ML Much Less Important (0.2222, 0.2500, 0.2857) 

To handle with uncertainty, linguistic variables 

are used for the experts evaluations. The 

description of the linguistic variables are given as 

triangular fuzzy numbers. Because they allow the 

effortless conversion of linguistic variables in 

evaluations into numerical form, triangular fuzzy 

numbers have opted. The scales of the triangular 

fuzzy number are represented in Table 4. 

The steps of the fuzzy SWARA method are 

applied sequentially. 

Step 1. The importance orders given by E1 is 

included in the second column of Table 5. 

According to E1, the most important strategy is 

S12 (promoting scientific studies on ecological 

shipping) while the least important is S23 

(increasing green perception activities).  

Step 2. According to E1’s evaluations, the 

linguistic variable codes given by the pairwise 

comparisons of the sequential strategies at the 

order of importance and their fuzzy number 

equivalents are determined according to Table 4. 

Step 3. The 𝑘̃𝑗 coefficient is determined using Eq. 

(6).  

Step 4. The fuzzy weights  𝑞̃𝑗 are calculated using 

Eq. (7).  

Step 5. The final fuzzy weights of the strategies 

by using Eq. (8) and the results of all other steps 

are given in Table 5. 

Table 5 The steps of fuzzy SWARA for E1 
N

o 

Strateg

y 

Cod

e 

𝒔̃𝒋 𝒌̃𝒋 𝒒̃𝒋 𝒘̃𝒋 

1 S12 - - (1.0000
, 

1.0000, 

1.0000) 

(1.0000, 
1.0000, 

1.0000) 

(0.3172
, 

0.3484, 

0.3949) 
2 S11 LI (0.4000

, 

0.5000, 
0.6667) 

(1.4000

, 

1.5000, 
1.6667) 

(0.60000

, 0.6667, 

0.7143) 

(0.1903

, 

0.2323, 
0.2820) 

3 S13 VI (0.2857

, 
0.3333, 

0.4000) 

(1.2857

, 
1.3333, 

1.4000) 

(0.4286, 

0.5000, 
0.5556) 

(0.1359

, 
0.1742, 

0.2194) 

4 S21 LI (0.4000
, 

0.5000, 

0.6667) 

(1.4000
, 

1.5000, 

1.6667) 

(0.2571, 
0.3333, 

0.3968) 

(0.0816
, 

0..1161, 

0.1567) 
5 S22 LI (0.4000

, 

0.5000, 
0.6667) 

(1.4000

, 

1.5000, 
1.6667) 

(0.1543, 

0.2222, 

0.2834) 

(0.0489

, 

0.0774, 
0.1119) 

6 S23 LI (0.4000

, 
0.5000, 

0.6667) 

(1.4000

, 
1.5000, 

1.6667) 

(0.0926, 

0.1481, 
0.2025) 

(0.0294

, 
0.0516, 

0.0799) 

For each experts’ evaluations, the steps of the 

fuzzy SWARA method are applied step by step. 

The fuzzy weights are defuzzified using the BNP 

method (Eq. (9)). For example, the  

𝑤̃𝑗 value of S22 (increasing level on green 

instructions) is calculated as 

(0.0446, 0.0882, 0.1582) by fuzzy SWARA 

according to the evaluations of E3.  

𝐵𝑁𝑃 =
[(0.1582 − 0.0446) + (0.0882 − 0.0446)]

3
+ 0.0446 = 0.0970 

Since the sum of the weights should be 1, it is 

necessary to normalize the defuzzified values. 

The normalized crisp weights of the strategies are 

determined and shown in Table 6. 

In order to calculate the final criteria weights, the 

local criteria weights should be aggregated as in 

Table 6. The arithmetic mean is used to aggregate 

the weights of strategies. It is considered 

appropriate to use the arithmetic mean, as each 
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expert's evaluations are assumed to be weighted 

equally. Taking the S22 strategy as an example to 

illustrate the use of arithmetic mean, and the 

weight of the strategy can be calculated as 

follows: 

𝑤𝑆22 =
0.0782 + 0.2322 + 0.0928 + 0.0466 + 0.1151 + 0.0717 + 0.1918

7
= 0.1183 

Subsequently, the final weights in Figure 3 are 

calculated by using arithmetic averages for other 

strategies. 

Table 6 The results of the fuzzy SWARA method 

according to experts  
S11 S12 S13 S21 S22 S23 To

t. 

E1 0,2312 0,3479 0,1737 0,1163 0,0782 0,0528 1 

E2 0,1307 0,1741 0,0658 0,3100 0,2322 0,0873 1 

E3 0,4545 0,0344 0,0633 0,1222 0,0928 0,2328 1 

E4 0,3902 0,0685 0,2597 0,1338 0,0466 0,1011 1 

E5 0,3241 0,2592 0,1723 0,0520 0,1151 0,0772 1 

E6 0,0948 0,3674 0,2443 0,1836 0,0717 0,0381 1 

E7 0,0982 0,0391 0,3411 0,2556 0,1918 0,0742 1 

 
Figure 3 Final weights of strategies 

According to the result of the fuzzy SWARA 

method, the most important strategy is S11 

(investing in ecological packing activities). This 

strategy is followed by S13 (focusing on energy 

usage level) and S12 (promoting scientific studies 

on ecological shipping), respectively. S23 

(increasing green perception activities) is 

emerged as the strategy with the fewest weight.  

The second part of the proposed methodology, 

which includes a game theory approach, is 

applied. Representatives of two alternative green 

suppliers are brought together by the company's 

experts to ask questions about their green strategy. 

The aim is to establish a payoff matrix where the 

payoffs of two alternative suppliers are combined 

based on their information. 

The method of constructing the payoff matrix is 

based on the study of Zolfani and Banihashemi 

[23]. According to the method, the values in the 

payoff matrix express the probability of success 

of alternative suppliers. The representation of the 

payoff matrix is given in Table 7, which is created 

by project manager (E3), who evaluated the 

strategies of two alternative suppliers in company. 

The success probability percentages of the S1 and 

S2 alternatives are used. The success percentages 

are expressed in the scale of 0-10. In other words, 

the percentages are added to the table as discrete 

numbers. 

Table 7 The payoff matrix 
S1, S2 S21 S22 S23 

S11 (8, 9) (6, 7) (9,8) 

S12 (5, 6) (8, 5) (6, 7) 

S13 (6, 5) (5, 8) (4, 4) 

By applying the iterated elimination of strictly 

dominated strategies technique, the strategies in 

the payoff matrix are evaluated. It first starts with 

the strategies that the S1 alternative can play. In 

the strategies of the S1 alternative, it is clear that 

the strategy S13 is strictly dominated by S11 using 

Eq. (10), which means that the S1 player never 

plays S13. Therefore, S13 strategy is removed from 

the matrix and operations are continued. Since the 

strategies S11 and S12 do not dominate each other, 

S2 players' strategies are followed. Strategy S22 is 

strictly dominated by strategy S23. Because player 

S2 never plays the S22 strategy, this strategy is 

removed from the matrix. In the resulting 2*2 

matrix, since strategy S12 is dominated by S11, it 

is concluded that S11 is the only strategy that can 

be played for alternative S1. When S1 plays 

strategy S11, S2 has chance to play strategies S21 

and S23. If these strategies are played out, it is seen 

that the payoffs of the two alternatives are (8, 9) 

and (9, 8), respectively. As the highest payoff of 

both alternatives is 9 and the company wants to 

0,2463

0,1844

0,1886
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choose the highest one, there is an impasse for the 

company. In the case of equality, it is necessary to 

examine the weighted payoff matrix. 

The weighted payoff matrix is established in 

Table 8 by multiplying the weights calculated via 

fuzzy SWARA method by the values in the payoff 

matrix. 

Table 8 The payoff matrix with weights 
Weight S2 0,1676 0,1183 0,0948 

S1 S1, S2 S21 S22 S23 

0,2463 S11 (1.9704, 

1.5084) 

(1.4778, 

0.8281) 

(2.2167, 

0.7584) 

0,1844 S12 (0.922, 

1.0056) 

(1.4752, 

0.5915) 

(1.1064, 

0.6636) 

0,1886 S13 (1.1316, 

0.838) 

(0.943, 

0.9464) 

(0.7544, 

0.3792) 

The game is replayed with the same approach 

based on the weighted payoff matrix. As an 

outcome of the game, it is seen that the strategies 

are the same. S1 has strategy S11 against S2’s S21 

and S23 strategies. The payoffs of these strategies 

are (1.9704, 1.5084) and (2.2167, 0.7584), 

respectively. In the new case, the strategy that 

offers the highest payoff for the company is for S2 

alternative to play S23. Thus, S1 alternative 

becomes the most suitable supplier by playing the 

S11 (investing in ecological packing activities) 

strategy. Offering the highest payoff in this 

weighted game, S1 is the most suitable alternative 

for the chemical company. Thus, it is clear that the 

weight of strategies can affect the outcome of the 

games. 

4. CONCLUSION 

Due to conflict relations between criteria, green 

supplier selection is a complex task. Numerous 

multi criteria decision making tools applied on the 

decision-making process in supplier selection 

practices. Furthermore, the strategies of 

alternatives that can be managed by game theory 

approaches should be considered. In this paper, a 

new integrated multi-criteria decision-making 

method and game theory approach is proposed for 

green supplier selection problem. Triangular 

fuzzy numbers are used in SWARA, which is 

determined as a multi-criteria decision-making 

method to handle uncertainties in evaluations of 

experts.  This method is used to weight the 

strategies of alternative green suppliers. Then, a 

payoff matrix is created, and a best alternative is 

selected between two alternative green suppliers. 

Thanks to the new integrated approach, decision 

making processes is dynamically managed. When 

the game is solved with dominance, two strategies 

with the highest payoffs are emerged. 

Considering the weights calculated by the fuzzy 

SWARA, the S1 alternative green supplier that 

offers the highest payoff to the company is 

selected as the most suitable supplier for 

company’s green goals. With regard to 

unweighted strategies, the game has different 

consequences. Therefore, weighting the strategies 

with fuzzy SWARA affects the outcome of the 

game. 

To compare this study with the existing literature, 

the research of Zolfani and Banihashemi [23] 

proposed an approach involving multi-criteria 

decision making and game theory. They applied 

SWARA and game theory methodology on 

human resource assessment. In the study of the 

Taş et al. [56], a hybrid fuzzy SWARA method is 

examined to select green suppliers. Therefore, it 

is inferred that multi-criteria decision making and 

game theory approaches can also be used in green 

supplier selection problems. 

Working with the suitable green supplier 

increases the green supply chain performance of 

companies.This methodology benefits industry in 

developing strategies for green supply chains and 

selecting the best supplier. 

Besides the benefits, this study has some 

limitations such as the combined fuzzy SWARA 

and game theory approach is performed according 

to the subjective evaluations of the experts. 

Therefore, the group decision, which is the 

aggregated opinions, may vary due to their 

different education level or experience. 

Moreover, selecting a chemical manufacturer as a 

case study creates a limitation in determining the 

strategies of green suppliers. For different sectors, 

new green strategies should be considered with 

new weights. Also, as the priorities of green 
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targets of countries may change, the results may 

vary.   

For further research, the proposed methodology 

can be adapted for businesses in other sectors. 

Different types of fuzzy numbers (neutrosophic, 

Pythagorean, etc.) can be used to develop the new 

integrated approach. By increasing the number of 

players and the number of strategies, large-scale 

problems for real-life problems can be examined. 

In addition, other multi-criteria decision-making 

methods can be combined with game theory to 

contribute to the literature. 
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Catalytic Effect of Ni and Cu Embedded Graphene Surface on Sulfur Dioxide (SO2) 

Decomposition Reaction 

Aykan AKÇA*1 

Abstract 

Sulfur dioxide (SO2) decomposition reaction on Ni and Cu embedded graphene surfaces were 

investigated using density functional theory. Grimme-D2 correction was used for Van der 

Waals interactions that could be induced by the interactions between adsorbed structures and 

surface. Metal-embedded graphene surfaces are expected to be much cheaper than bulk system 

because they only use a few metal atoms contrary to bulk. Firstly, the charge density on metal 

embedded systems and SO2 adsorbed on both surface was displayed with the electron density 

difference map and investigated with the Bader charge analysis. Then, the sequential 

dissociation of SO2 were systematically investigated. Finally, SOx molecules and their 

decomposed geometries were obtained and CI-NEB calculation was performed to find 

activation barriers related to SOx+yO.  It is concluded that Cu embedded graphene surface is 

more favorable than Ni embedded graphene surface in terms of activation energetics. Cu-based 

graphene materials can be used as catalyst an efficient and cheap in SO2 decomposition. 

Keywords: Nickel-embedded graphene, copper-embedded graphene, SO2 decomposition, 

single-atom catalysis 

1. INTRODUCTION

A significant part of energy needs in 

transportation, power plants, factories and houses 

is supplied by fossil fuels [1,2]. Sulfur dioxide 

(SO2), which is an important air pollutant formed 

during the combustion reactions of fossil fuels, 

causes negative health and environmental effects 

known as acid rain by releasing into the 

atmosphere. Moreover, sulfur dioxide is an 

important environmental pollutant containing 

sulfur in its molecular structure. Environmental 

regulations emphasize the development of highly 

efficient catalysts to reduce SO2 emissions, 

control automobile emissions, remove sulfur from 

fossil fuels, and reduce the SO2 ratio generated 

during combustion reactions [3]. Adsorption and 

* Corresponding author: aykanakca@aksaray.edu.tr
1 Aksaray University, Department of Physics, Aksaray, Turkey

ORCID: https://orcid.org/ 0000-0002-2517-765X

decomposition of SO2 have been extensively 

studied before experimentally and theoretically 

on various metal surfaces including Ni [4,5] Cu 

[5,6], Pt [7,8], Pd [9], Rh [10]. Yokoyama et al. 

observed the adsorption mechanism of SO2 on Ni 

(111) and Ni (100) surfaces by using near-edge-

adsorption fine structure (NEXAFS) and X-ray

photoelectron spectroscopy (XPS) [11]. They

found that SO2 bound to both surfaces

molecularly and S-O intramolecular bonds

elongated. Wilde et al. investigated the SO2

decomposition depending on the temperature on

the Ni (110) surface and they observed that SO2

lost its molecular structure under 160 K

temperature and SO3 and S structures occurred on

both surfaces [12]. Moreover, they found the

average bond length of all S containing species
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(S-Ni) as 2.30 Å Yokoyama et al. studied the 

adsorption mechanism of the SO2 molecule on the 

Ni (110) surface and they reported that the S-O 

bond lengths elongated compared to the gas phase 

[13]. In another study by Jackson et al., the 

adsorption mechanism of SO2 molecule on Cu 

(111) surface was investigated by using 

Chemical-shift normal-incidence X-ray standing 

waves (CS-NIXSW) technique [14].At that study, 

it was found that while SO2 bound to the surface 

molecularly at low temperatures, it disintegrated 

as it approached to room temperature Terada et al. 

examined the adsorption mechanism of the SO2 

molecule on the Pd (111) surface using X-ray 

absorption fine structure measurements [15]. In 

the study, it was reported that the asymmetrical 

structure of SO2 bonds played an important role 

in the elongation of S-O bonds Ungerer et al. 

investigated Platinum surface morphology and 

SO2 decomposition reaction on different surfaces 

depending on the temperature parameter, and they 

stated that the percentage surface ratios expressed 

in Pt surface morphology changed depending on 

the temperature [16]. Moreover, they stated that 

while two surfaces ((001) and (111)) were 

dominant at 0 and 800 K, three surfaces ((001), 

(011) and (111)) were dominant at 298 and 400 K. 

Besides, they indicated that the Pt (111) surface 

was more active than other surfaces on the 

reaction Rodriguez et al. studied SO2 

decomposition on the surface of TiC (001) 

experimentally and theoretically. In their study, 

the adsorption heat of SO2 was determined as 13-

16 kcal/mol. Furthermore, they reported that 

while a significant part of the molecular structures 

was moving away from the surface below room 

temperature, some of them underwent complete 

decomposition into S-O atoms [17]. Rodriguez et 

al. investigated the catalytic activity of the 

Au/TiO2 (110) surface, which was doped with 

metal to the metal oxide surface, on the SO2 

decomposition reaction [18]. Moreover, they 

reported that the Au/TiO2 surface was more active 

compared to stoichiometric gold Graphene-based 

materials have highly superior mechanical and 

electrical capabilities. Because of these 

properties, they are used extensively in chemical 

sensors and catalyst researches [19-22].  

To date, a few studies were available studying 

SO2 decomposition on cost effective systems 

instead of expensive transition metals. In this 

study, the catalytic activities of single atom Ni 

and Cu elements on defective graphene substrate 

were theoretically investigated for SO2 

decomposition reaction. 

2. COMPUTATIONAL METHODS 

All calculations are by Quantum Espresso 

package (version 6.3, [23]) based on performed 

based on density functional theory GGA-PBE 

was selected as an exchange-correlation 

functional [24]. PAW (the projector augmented 

wave) potential was used to analyze the electronic 

structure [25]. 80 Ry and 800 Ry were considered 

for kinetic energy cutoff for wavefunctions and 

kinetic energy cutoff for charge density and 

potential, respectively during all geometric 

calculations. Grimme-D2 term was embedded in 

the system to observe the weak and van der Waals 

interactions [26]. 1x10-5 Ry/atom and 1x10-6 

Ry/atom were used as criteria for force and energy 

converging during geometric optimization, 

respectively. Spin-polarization effect is 

considered for all calculations. Brillouin zone 

samplings of 14x14x1 for the electronic structure 

interactions and 4x4x1 Monkhorst-Pack k-point 

for geometric optimizations were used. Gas 

calculations were made in a 15 Å3 length of three-

dimensional box. Partial atomic charges were 

calculated by using Bader charge analysis.  

The adsorption energy of atomic and molecular 

structures (adsorbate) on the graphene surfaces 

are calculated by using the following, Eads, 

equation:  

Eads=Eadsorbates/surface-(Esurface+ Eadsorbate)     (1) 

where Eadsorbates/surface is the total energy of atomic 

and molecular system on the graphene surface; 

Esurface is the total energy of the optimized 

graphene layer and Eadsorbate is the total energy of 

the optimized atomic and molecular structures in 

gas phase.  

Transition geometry and the energy that is needed 

was calculated with CI-NEB (climbing image-

nudged elastic band) [27,28]. In this study, the 
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reaction and activation energies were calculated 

using the equation (2) and equation (3), 

respectively. 

Er=EIS-EFS               (2)                                                                                             

Ea=ETS-EIS            (3)                                                                                                                        

EIS and EFS represent the initial energy and final 

energy, respectively. ETS is the transition energy 

between EIS and EFS. Avogadro [29] and Burai 

software [35] were used to visualize for all 

geometric configuration and the bond lengths.  

3. RESULTS AND DISCUSSION 

3.1. Modeling of Ni and Cu Embedded 

Graphene Surfaces 

To ensure sufficient accuracy of our calculations, 

some important parameters obtained for Ni-

embedded graphene (NiG) and Cu-embedded 

graphene (CuG) surfaces are given in Table 1. For 

modeling graphene systems, a 4 × 4 single-

graphene layer consisting of 32 carbon atoms was 

constructed. The distance between the nearest C-

C on the optimized graphene sheet was obtained 

by 1.42 Å. This value is consistent with other 

studies in the literature [30]. Then, the carbon at 

the center of graphene nanosheet were substituted 

with Ni or Cu. These systems are shown in Figure 

1.  

 

Figure 1 The electron density difference (EDD) maps 

(±0.006 au) of (a) Ni and (b) Cu embedded graphene 

systems  

The binding energy of the Ni and Cu atoms to the 

defective graphene surface were -6.77 eV and -

3.92 eV. Moreover, the bond lengths between the 

closest carbon atoms and Cu and Ni were 1.87 Å 

and 1.88 Å, respectively.  

All values obtained in Table1 are consistent with 

the study reported by Krasheninnikov et. [31]. 

According to Bader charge analysis, electron 

transfer occurs from metal atoms to neighboring 

carbon atoms. After this charge transfer, positive 

charge accumulation is +0.67|e| and +0.65|e| at Ni 

and Cu atoms, respectively. 

Table 1 Physical parameters obtained for the Ni and 

Cu embedded graphene surfaces 

 
Parameters NiG CuG 

Elevation-h (Å) 1.4 1.51 

Bond Lengths (Å) (Ni-

C), Cu-C) 

1.87 1.88 

Magnetic Moment (𝛍𝐁) 0 1 

Binding Energy (𝐄𝐁) 

(eV) 

-6.77 -3.92 

Metal (Ni, Cu), C1, C2, 

C3 charges, |e|  

+0.67,0.27,-

0.22,-0.27 

+0.65,0.25,-

0.24,-0.20 

The electron density difference (EDD) maps is 

plotted, where the electron density accumulation 

and depletion sites are displayed in yellow and 

blue, respectively. According to EDD, electron 

density accumulation was occurred around Ni-C 

and Cu-C bonds, which verifies strong binding 

between metal atom and neighboring carbon 

atoms. Moreover, the blue regions are showed the 

positive charge density around both Ni and Cu. 

Positive charge centers create a strong potential 

attraction region. Therefore, SO2 and other 

intermediate state are expected to interact on these 

regions 

3.2. The Adsorption of SO2 on The Ni and Cu 

Embedded Graphene Surfaces 

Two different adsorption geometry were 

considered for SO2 molecule on the Cu and Ni 

embedded graphene surfaces. SO2 can adsorb to 

graphene surfaces by both sulfur and oxygen, 

namely through its S-end or O-end. These 

configurations were showed in Figure 2 and the 

results obtained were given in Table 2.  

In the complex_1, the adsorption energy of SO2 

was -0.9 eV on NiG surface. The bond lengths 

between S and O atoms were calculated to be 1.47 

Å. Also, the Bader analysis reveals that about 0.34 

|e| are transferred from the surface to the SO2 
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molecule. According to EDD maps, a great 

electron density accumulation is found around the 

Ni-O bond, which confirms the chemical binding 

between the O atom and Ni. Therefore, the total 

electron density around the Ni Atom has been 

seen to decrease. In other words, very low a 

charge transfer takes place from the surface to the 

S-O bonds. This implies that the surface has low 

activity over the S-O bond lengths. 

 

 
Figure 2 The different adsorption geometries of SO2 molecules on both surface and EDD maps (±0.003 au) 

Table 2 The adsorption energies and the bond lengths of SO2 on both graphene surface and in gas phase 

Bond 

type 

NiG (Å) CuG(Å) Gas phase 

(Å) Complex_1 Complex_2 Complex_3 Complex_4 

S-O1 1.47 1.54 1.47 1.55 1.45 

S-O2 1.47 1.48 1.47 1.49 1.45 

 Eads(eV) Eads (eV) - 

-0.9 -1.17 -1.02 -1.36 - 

In the Complex 2, the adsorption energy of the 

molecule SO2, which binds to the surface by 

oxygen-end, is calculated as -1.17 eV. The bond 

lengths between S and O atoms were calculated to 

be 1.48 Å and 1.54 Å. Bader analysis results of 

these geometry showed that 0.43|e| was 

transferred from the surface to the SO2 molecule. 

Moreover, the adsorption of the SO2 molecule by 

O-end tends to cause a significant electron density 

on molecule, which shows elongation in the S-O 

bonds of the molecule.  

In the Complex 3, the adsorption energy of SO2 

molecule was determined to be of -1.02 eV. Bader 

analysis results 0.35 |e| charge transfer was 

realized from the surface to the SO2 molecule. 

Similar to the Bader analysis results of the 

“Complex 1”, a great amount of electron density 

on Cu atom was observed to be consumed and this 

density was accumulated on between Cu and S. 

The surface had a low effect on the S-O bond 

length.  

In the complex 4, the adsorption energy of SO2, 

which is adsorbed to the surface by the O-end, is 

-1.36 eV. From Bader charge analysis results, a 

transfer of 0.47|e| from surface to SO2 molecule 

was found. Most of the transferred electron was 

observed to accumulated on the S-O bonds. This 

result could be the reason for the elongation in S-

O bonds that was given in Table 2.  

It is found that, the adsorption geometries of SO2, 

which is adsorbed to the surface by the O-end 

have significant catalytic activity in the 

elongation of S-O bonds. 

3.3. Decomposition Mechanism of 

SO2→SO+O on Ni and Cu Embedded 

Graphene 

The reaction pathway for the sequential 

decomposition of SO2 to S and O on Ni and Cu 

embedded graphene have been systematically 

studied using density functional theory. The 

adsorption geometries of SO2, which binds with 
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oxygen-end to the surfaces were considered as 

initial state. SO+O geometry obtained by 

breaking down one of the S-O bonds was 

considered the final geometry of first step. The 

transition states have been investigated using the 

CI-NEB method. CI-NEB method allows to 

calculate the energy barrier needed between the 

initial and final state.  

For the initial state, the distance between S and O 

bonds was 1.48 Å, 1.54 Å and 1.49 Å, 1.55 Å on 

NiG and CuG, respectively. In the transition state, 

SO2 molecule loses one of its oxygen bound to the 

sulfur atom. The oxygen atom dissociated in the 

TS is at distances of 2.34 Å and 1.99 Å from 

Sulfur atom on NiG and CuG, respectively. 

According to our calculations, the energy barriers 

required for breaking the S-O bond was 0.86 eV 

and 1.58 eV on NiG and CuG, respectively. The 

positive reaction energy values, which was found 

as +0.53 eV and +0.73 eV on NiG and CuG, 

respectively, indicates that the reaction occurred 

as endothermic. 

Figure 3 Side view of the initial, final, and transition 

states for SO2 → SO+O on CuG ve NiG surfaces 

3.4. Adsorption and Decomposition of SO 

molecules Ni and Cu embedded graphene 

surfaces 

The adsorption geometry optimized of the SO 

molecule on both graphene surfaces was shown in 

Figure 4. Our calculations show that the 

adsorption energies of SO molecules on the Ni 

and Cu graphene surface were determined to be of 

-1.80 eV and -1.84 eV, respectively.  

 

Figure 4 Side view of optimized adsorption 

geometries of SO molecule on CuG and NiG surfaces 

The most stable adsorption geometries of the SO 

molecule on surfaces were considered to be the 

initial state of the second reaction step. The S+O 

configuration, which was obtained through the 

transition state, was considered as the final stage 

of the reaction. The initial, final and transition 

state geometries for the decomposition of SO → 

S+O are shown in Figure 5. 

 

Figure 5 Side view of the initial, final and transition 

states for SO → S+O on CuG ve NiG surfaces. 

For the initial state, the bond distances between S 

and O on the Ni and Cu surface was 1.51 Å and 

1.52 Å. In transition state (TS), the oxygen 

passing over the activation energies were at 

distances of 2.69 Å and 2.81 Å from the sulfur 

atom on NiG and CuG surfaces, respectively. 

Moreover, the values of activation energies for 

NiG and CuG surfaces were calculated to be 0.70 

eV and 0.50 eV, respectively. The reaction 

energies of SO→S+O were 0.44 eV and 0.09 eV 

on NiG and CuG, respectively. This reaction step 

occurs endothermically on both graphene surface. 

It also appears that the transition state geometry 

on the NiG surface exhibit behavior close to the 

IS geometry, while it was close to the FS 

geometry on CuG surface. This result may 

explain the low activation energy calculated on 

the CuG surface. 
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4. CONCLUSION 

In this article, SO2 decomposition studied on Ni 

and Cu embedded graphene surfaces through 

density functional theory. Bader charge analysis 

of the graphene surface was calculated and the 

map of electron density difference (EDD) was 

obtained. The charge analysis results show that a 

positive charge density region on the Ni and Cu 

atoms played an important role in detecting 

catalytic activity. The adsorption energies of SOx 

(x= 1,2) were calculated. It was observed that SOx 

structures bound to the surface through chemical 

interaction. The activation energies needed for the 

SO2→ SO+O reaction on NiG and CuG surfaces 

were found as 1.58 eV and 0.86 eV, respectively. 

The required activation energies SO→ S+O 

reaction were calculated as 0.70 eV for NiG and 

0.50 eV for CuG. The results show that CuG 

surface are the more active than NiG surface. The 

results of the CuG surface have comparable 

activation barriers in all steps for other transition 

metals [32-34].  
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Microencapsulation of vitamin E: Characterization of Complex Coacervation 

Conditions Using Response Surface Methodology 

Elif KÖKSAL*1, Okan BAYRAM1, Fethiye GÖDE1, Ahmet Hakan AKTAŞ1 

Abstract 

In this study, high efficiency vitamin E microencapsulation was aimed with the complex 

coacervation method. Response surface methodology (RSM) was used to optimize the 

microencapsulation efficiency of vitamin E. The microencapsulation efficiency of 

microencapsulated vitamin E was investigated in terms of two variables, including the amount 

of core material and surfactant concentration (SDS). According to the RSM results, the 

experimental condition with the highest efficiency (93.42%) was found in 4.00 g of core 

material and 0.50% surfactant in the experiment set. Morphological and chemical analyzes of 

microcapsules were characterized by optical microscopy and scanning electron microscopy 

(SEM) and Fourier transformation infrared spectroscopy (FT-IR). 

Keywords: Vitamin E, microencapsulation efficiency, response surface methodology, 

complex coacervation, micro technology. 

1. INTRODUCTION

Vitamin E is a member of fat-soluble vitamins and 

its chemical term is alpha-tocopherol [1-5]. 

Vitamin E has a significant role in the protection 

of fatty molecules in cell membranes and blood. 

It is referred to as an antioxidant because of its 

ability to quench or stabilize time-saving free 

radicals in degenerative diseases. Vitamin E can 

rapidly break down in the presence of free radical 

and oxygen induced oxidative processes [2-7]. It 

is suggested that it must be protected from its 

close surroundings before its application. The 

most commonly used technology to develop 

durability and safety of functional materials is 

microencapsulation [8]. Microencapsulation is a 

* Corresponding author: elfkoksall@hotmail.com
1 Süleyman Demirel University, Isparta, Turkey.

E-Mail: okan.bayram.32@gmail.com, fethiyegode@sdu.edu.tr, hakanaktas@sdu.edu.tr.

ORCID: https://orcid.org/0000-0001-5131-3531; https://orcid.org/0000-0002-1748-9354, https://orcid.org/0000-

0002-3008-1353, https://orcid.org/0000-0003-2327-4031.

technique which is particles of liquid or solid 

materials or droplets are covered in a film of 

polymeric material [9-12]. Encapsulation 

preserves the secured active ingredient from the 

outer surrounding, then releases active material, 

as soon as interacting with exact stimulus, at a 

point when its functional features are required 

[13]. Encapsulation can also be described as the 

process of storing active ingredients in a carrier 

material to increase the distributing of active 

compounds to sustenance products. Various 

nutrient compounds, like enzymes, polyphenols, 

vitamins, essential oils and carotenoids are held 

into biopolymer micro particles and nanoparticles 

for retain their basic properties without changing 

them [14]. Microencapsulation is used for other 

several aims such as increasing the shelf life of 
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foods, in particular, raising the nutritional value, 

providing digestibility, and shortening the 

duration of ripening [15,16]. In addition, 

microencapsulation has various implementation 

in cosmetics, pharmaceutical, pesticides and 

medical applications, catalysis, biology and many 

other fields [17]. Various techniques are available 

for encapsulating core materials [18]. In general, 

spray drying or solvent evaporation techniques 

have been observed in the literature as 

microencapsulation of vitamins. Unlike in the 

study, vitamin E containing microcapsules were 

developed using complex coacervation 

(physicochemical method). It has been reported 

that complex coacervation is based primarily on 

pH and occurs in systems including two dispersed 

colloids of the opposite electric charge. Optimum 

circumstances for complex coacervation are 

obtained when the pH is arranged to a point where 

two colloids are present [19, 20]. 

Microencapsulation with complex coacervation 

has many advantages. Complex coacervation is 

known for its simplicity, low cost, reproducibility 

and scalability, which provides high 

encapsulation efficiency even at very high 

transport loads [19]. The wall of the 

microcapsules does not dissolve in water when 

the cross-linked chemical is present. This is an 

important advantage over microcapsules such as 

spray drying or solvent evaporation. 

Microcapsules prepared with complex 

coacervation which has excellent oxidation 

stability and low moisture content such as pH 

change, diffusion, temperature, osmotic pressure, 

dissolution and wall deterioration [19-21]. 

Complex coacervation in active ingredient 

encapsulation basically involves the use of two 

mutually loaded biopolymers which can form 

complex shell surrounding the core material [19]. 

Present study, gelatin and gum Arabic with 

biocompatible properties were used as coating 

materials to produce microcapsules. Despite the 

protective effect of microencapsulation, serious 

oxidation may occur on the top of microcapsules 

because of high temperature exposure during the 

process. Residues on the top of microcapsules will 

have a damaging effect on the oxidation of 

microencapsulated active component. In the 

context, microencapsulation efficiency was used 

as a significant parameter to evaluate the quality 

of microencapsulated active components [22]. 

The purpose of the study is to research the effect 

of two different variables on microencapsulation 

efficiency using RSM, to prepare microcapsules 

and to perform the characterization of the 

microcapsules obtained. 

2. MATERIAL AND METHODS 

2.1. Materials 

Vitamin E was purchased from medicine in 

Isparta/Turkey. Gelatin and gum Arabic (Merck), 

sodium dodecyl sulfate (Merck), sodium 

hydroxide (Merck), n-hexane (Merck), acetic acid 

(Merck) and glutaraldehyde (Merck) were used 

during all experiments. 

2.2. Experimental design 

The optimization of vitamin E encapsulation was 

planned with central composite design (CCD). 

CCD is a 2k factorial design with central point and 

star points [23]. The response surface 

methodology (RSM) was performed to optimize 

the microencapsulation efficiency of vitamin E 

through two independent variables; amount of 

core material (g) and surfactant concentration 

(%w/v). To facilitate multiple regression analysis, 

independent variables are encoded (Table 1). The 

experimental design was generated using 

MINITAB 16 (Licensing: lifetime) software. The 

square polynomial regression model was 

presumed to predict the Y variable 

(microencapsulation efficiency). The model 

aimed to the response of Y fitted Eq. (1) as follows 

[22-25]: 

Y = β0 + β1X1 + β2X2 + β11X1
2+ β22X2

2+ 

β12X1X2+ ε 

(1) 

Where Y is response (efficiency of 

microencapsulated vitamin E, %). β0, β1, β2, β11 

and β12 are coefficients of intercept, linear, square 

and interaction terms, respectively. X1 and X2 are 

uncoded independent variables (amount of core 

material and concentration of surfactant). 
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Table 1 It is used to show coded levels for 

independent variables in experimental design for 

microencapsulation of vitamin E 

Variables Coaded level 

-1 +1 

Amount of core material (g) 2.00 6.00 

Concentration of surfactant (w/v%) 0.30 0.70 

2.3. Preparation of microcapsules 

Vitamin E particles covered by gelatin (GE) and 

gum Arabic (GA) have been prepared with 

complex coacervation method. Wall materials, 

aqueous solutions of GE and GA (2%, w/v) 

solutions were prepared separately. Then, 100 mL 

of an aqueous gelatin solution was warmed at 50 

°C – 55 °C with stirring for vitamin E (2.00 g – 

6.00 g) 15 min. For providing emulsifying, SDS 

solution (0.30% w/v – 0.70% w/v) was prepared 

and added. Finally, 100 mL of gum Arabic 

solution (2%, w/v) were added to the material and 

stirred for 30 min. Next, pH value of emulsion 

was adjusted to 4-4.5 with acetic acid (10%, v/v) 

which is the isoelectric point of gelatin and gum 

Arabic (at 1500 rpm, 45 °C, 90 min.). This 

mixture was transferred into 300 mL cooled 

deionized water. The temperature of the system 

was progresively decrease to 10 °C in an ice bath 

during the coacervation process. Glutaraldehyde 

solution was slowly added drop wise for cross-

linking the microcapsules and was stirred 2.5 

hours. Then pH system was adjusted to 9-9.5 with 

sodium hydroxide (10%, v/v). The mixture was 

allowed to stand for 1 day. The next day, the 

retiform microcapsules were splited by 

centrifugation for 5 mins at 1500 rpm and 25 °C, 

washed two times with deionized water and oven 

dried at 40 °C [26]. 

2.4. Microencapsulation efficiency 

Microencapsulation efficiency was calculated 

from the next equation based on similar studies 

Eq. (2) [22, 27, 28]. 

𝑀𝐸𝐸%

=
𝑇𝑜𝑡𝑎𝑙 𝑎𝑚𝑜𝑢𝑛𝑡 𝑣𝑖𝑡. 𝐸 − 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑣𝑖𝑡. 𝐸 𝑎𝑚𝑜𝑢𝑛𝑡

Total amount vit. E
 𝑥100 

(2) 

The total vitamin E amount in this equation 

represents the amount of vitamin E that is known 

to be used based on the experimental set, while 

the surface extract amount represents the amount 

of non-encapsulated extract that remains between 

the products and the surface. Capsule sample was 

put in an erlenmeyer flask containing 50 mL of n-

hexane and gently shaken for 5.00 minutes 

without capsule destruction while measuring the 

volume of surface extract. The solution was then 

filtered onto filter paper. A rotary evaporator was 

used to evaporate the n-hexane in the solution. 

After removing the n-hexane, the amount of 

vitamin E left was weighed and recorded [22, 27, 

28]. 

2.5. Characterization of microcapsules 

Morphological structure of the prepared 

microcapsules was examined by optical 

microscopy and scanning electron microscope 

(SEM). Optical images were taken with device of 

Boeco brand microscope. Microcapsules shape 

and morphology were measured from SEM 

images using Quanta FEG250 (Thermo Fisher 

Scientific). The chemical structures of samples 

were analyzed by a fourier-transform 

spectrometer. Samples were ground and mixed 

with KBr to make pellets, and FT-IR studies were 

performed on a Perkin Elmer Spectrum BX 

device.  

3. RESULTS AND DISCUSSIONS 

3.1. Experimental design and ANOVA results 

The experimental studies for optimization of 

microencapsulation conditions of vitamin E, a 

two factor CCD was adjusted on the principle of 

coded from two independent variables (Table 1) 

and thirteen simplified experimental sets were 

obtained (Table 2). The amount of core material 

vitamin E and surfactant concentration were 

researched in the ranges of 2.00 g – 6.00 g and 

0.30% w/v – 0.70% w/v, respectively.  
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Table 2 Central composite design for the optimization 

of vitamin E microencapsulation 
N

O 

Core 

Materi

al (A) 

Concentrati

on of 

Surfactant 

(B) 

Experiment

al 

Efficiency 

(%EE) 

Predicted 

Efficienc

y (%) 

1 4.00 0.50 89.75 91.40 

2 4.00 0.50 90.12 91.40 

3 4.00 0.50 91.38 91.40 

4 1.17 0.50 68.20 69.99 

5 2.00 0.70 69.27 68.65 

6 6.83 0.50 67.29 67.58 

7 4.00 0.50 93.42 91.40 

8 6.00 0.30 68.18 66.68 

9 2.00 0.30 72.28 69.76 

10 4.00 0.78 68.40 68.12 

11 4.00 0.50 90.57 91.40 

12 6.00 0.70 67.92 68.33 

13 4.00 0.22 65.37 67.73 

 

The response surface graphs for 

microencapsulation efficiency as a function of 

two selected parameters using important factors 

for microencapsulation efficiency are 

demonstrated in Fig.1. Each of the two parameters 

was observed to be effective on efficiency. 

Microencapsulation of vitamin E with the amount 

of core material concentration of 4.00 g and 

surfactant concentration 0.50% gave rise to the 

highest microencapsulation efficiency (93.42%) 

(Fig.1). 

Figure 1 Microencapsulation efficiency (Z), amount 

of core material (X), surfactant concentration (Y). 

According to RSM results, the ideal 

circumstances for microencapsulation of vitamin 

E aimed to be 4.00 g core material and 0.50% 

surfactant concentration where the 

microencapsulation efficiency was 91.38%. 

Response efficiency was determined under 

thirteen experimental circumstances; the 

regression coefficients were calculated. The 

model equation is shown in next Eq. (3): 

MEE% = -20.89 + 20.97*A + 

282.69*B – 2.78*A*A – 288.92*B*B + 

1.72*A*B 

(3) 

To determine the optimal state of 

microencapsulated vitamin E and the important 

variables, statistical analysis of ANOVA was 

carried out by the common test of two parameters 

(Table 3). 

Table 3 Regression coefficient values are calculated 

for the microencapsulation of vitamin E 

 DF Adj SS 

Adj 

MS 

F-

Value 

P-

Value 

Model 5 1591.74 318.348 83.74 0.000 

  Linear 2 5.80 2.901 0.76 0.501 

    A 1 5.67 5.673 1.49 0.261 

    B 1 0.13 0.129 0.03 0.859 

  Square 2 1584.05 792.024 208.34 0.000 

    A*A 1 861.31 861.307 226.56 0.000 

    B*B 1 929.16 929.163 244.41 0.000 

2-Way 

Interaction 

1 1.89 1.891 0.50 0.503 

    A*B 1 1.89 1.891 0.50 0.503 

Error 7 26.61 3.802   

  Lack-of-Fit 3 18.10 6.033 2.84 0.170 

  Pure Error 4 8.51 2.128   

Total 12 1618.35    

R2 R2(adj) R2(pred) 

98.36 97.18 91.22 

The model is significant (p<0.05). The model 

does not show linearity (p>0.05). Quadratic part 

of model is significant (p<0.05). Two-way 

interaction is not significant in the model (p> 

0.05). Lack-of-fit p value was found as 0.170. 

Hence the model matches the data. R2 value was 

found 98.36. The probability plot of residuals 

chart is given in Figure 2. 
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Figure 2 Probability plot of residuals graph 

In the analysis of the graph, the mean and standard 

deviation of the residuals were 0.0±1.489 (n = 

13). According to normality AD test, p=0.838. 

Residuals show normality (p=0.838). 

3.2. Morphological analysis of microcapsules 

The morphological characterizations of the 

microcapsules produced by considering the 

optimum conditions by RSM were performed 

with optic microscope and SEM images. Images 

of SEM analysis and optical microscopy showed 

that the microcapsules have a smooth shape and a 

flat shell structure. The optic microscope image 

which is taken from the highly efficient sample is 

shown in Fig.3. 

Figure 3 Optical microscope image of 

microencapsulated vitamin E 

The SEM image which is taken from the highly 

efficient sample is shown in Fig.4. 

Figure 4 SEM images of microencapsulated vitamin 

E 

The sphericity of the vitamin E microcapsules 

prepared by complex coacervation was good, and 

the particle size ranged from ~4 to ~80 µm. 

3.3. FT-IR analysis of microcapsules 

FT-IR spectrum of microcapsule produced was 

obtained. The comments were inferred utilizing 

the FT-IR analysis results of similar studies [29-

31]. Specific bands of core material and polymers 

(vitamin E) used in microencapsulation were 

observed in the FT-IR spectrum of microcapsules 

also (Fig.5). FT-IR results show that the values of 

some groups deviate when complex is formed. 

When the FT-IR spectra of gelatin and gum 

Arabic are examined, it is seen that some bands in 

these spectra form a are lost complexes. 

Esterification was formed as a result of the 

reaction of alcohol in the functional group of 

gelatin with the acid in the medium. This peak is 

seen in the FT-IR spectrum of the microcapsule at 

1600 cm-1. The peak between 2340 cm-1 and 2300 

cm-1 in the spectrum of microcapsules is the 

combination of C-N (amide I) stress peaks in 

gelatin and O-H stress peaks in gum Arabic. As 

seen from the microcapsule spectrum, ~1028 cm-

1 band is the characteristic band of Arabic gum. 

This shows that the gum Arabic was successfully 

put into the structure of microcapsule. The notable 

FT-IR bands for gelatin came out at 3001.2 cm-1, 

2340 cm-1, 1530 cm-1, and 1480 cm-1. From the 

spectrum of gum Arabic, OH stretching at ~2900 

cm-1, C-H stretching at ~2350 cm-1, and C=O 

stretching at ~1665 cm-1 were observed (Fig.5). 

From the spectrum of gelatin, O-H bonds at 
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~3500 cm-1, and C=O bonds at ~1678 cm-1 were 

observed. In the spectra, we confirmed the 

presence of -OH and -C-O-C- functional groups 

in the chromane ring of vitamin E at 1300-1750 

cm-1. FT-IR spectrum showed C=O streching 

vibration at around 700-1100 cm-1, C-O formation 

at 1220 cm-1, C=C formation at 1780 cm-1 and C-

H alkanes group at 2945 cm-1 [31]. According to 

FT-IR spectrum results, there were electrostatic 

interactions between gelatin and gum Arabic, and 

the vitamin E was in the microcapsule. 

Figure 5 Results of FT-IR spectrum analysis 

(spectrum of microcapsule; spectrum of vitamin E; 

spectrum of gelatin, spectrum of gum Arabic). 

4. CONCLUSION 

In this study, we have aimed at optimizing 

microencapsulation conditions for vitamin E by 

using response surface methodology (RSM). The 

efficiency of microencapsulated vitamin E was 

remarkably affected by amount of core material 

surfactant concentration. As a result of RSM, the 

best conditions for this experiment set, 

microencapsulation of vitamin E were found to be 

4.00 g core material and 0.50% surfactant 

concentration (%w/v). Microencapsulated 

vitamin E under optimized conditions showed 

93.42% efficiency. The microcapsules were 

prepared at the optimum conditions in RSM. It 

was found from the morphological analysis of 

microcapsules with optical microscope and SEM 

that microcapsules generally have a regular and 

similar size structure. The FT-IR spectrum 

showed that there were electrostatic interactions 

between gelatin and gum Arabic and that vitamin 

E was in microcapsules. In a similar different 

study [32], α-TP was encapsulated in 

gelatin/pectin wall material using tween 80 as 

surfactant. In the study, nano-sized capsules were 

produced with the help of an experimental set 

created by RSM and capsule size was used as 

response to response. In our previous study, we 

encapsulated vitamin E in micro size with the help 

of different variables. In this study, with the help 

of RSM, it is investigated the effect of core matter 

amount and surfactant substance concentration on 

the efficient obtained at the end of the experiment. 

The FT-IR results show similarity to our previous 

study [33]. With this study, vitamin E was 

successfully microencapsulated with complex 

coacervation method in an experiment set with 

RSM. 
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Voltage Stability Analysis of a Large Scale PV Plant for Different Control Options 

Bora ÇAVDAR1, Ömür AKYAZI1, Erdinc SAHIN*1, Fatih NUROGLU1 

Abstract 

The increasing integration of photovoltaic (PV) plants into conventional power systems has led 

to the need to examine the effects of these plants on the system dynamics. By considering this 

increasing integration rate, in this study, a well-known IEEE-9 bus power system is modified 

by adding a PV plant in DigSilent Powerfactory environment. Three different transient cases 

are tested by using PV plant control units designed by Western Electricity Coordinating Council 

(WECC). The effect of the load and line transient disconnections and 3-phase short circuit fault 

on modified power system are investigated as case-I, case-II, and case-III, respectively. In all 

cases, two sub-cases are considered according to the location as a distance factor. As a result, 

comparison of PV different control options (DCO) is done in terms of voltage stability for these 

3 cases and the obtained results are discussed in detail. 

Keywords: Reactive power control methods, IEEE-9 bus power system with large scale 

PV integration, voltage stability, 3-phase short circuit fault, transient line and load 

disconnection, distance factor 

1. INTRODUCTION

Due to the developing technology, increasing 

demand in energy consumption and the necessity 

of the clean energy of future, renewable energy 

sources expands their energy generation area day 

by day. Considering the part of energy production 

among the renewable energy sources, it can be 

definitely said that the PV power plants are one of 

the most popular source [1].  

Some differences between the PV plants and 

conventional energy sources in terms of energy 

generation methods occurs. There are some 

disadvantages of PV plants in energy generation 

such as the effect of reducing the total moment of 
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1 Karadeniz Technical University, University Mah., National Sovereignty Cad., Ortahisar, Trabzon, Turkey
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ORCID: https://orcid.org/0000-0002-0545-2925; https://orcid.org/0000-0001-6266-2323; https://orcid.org/0000-

0002-9740-599X; https://orcid.org/0000-0003-2530-8901.

inertia of the power system and being affected by 

weather conditions directly [2, 3]. On the other 

hand, their ability of distribute generation and 

voltage and frequency control through power 

electronic control units reveals the advantages of 

the PV plants. Therefore, it is important to 

examine the PV plant effects on the power system 

dynamics based on stability and sustainability.  

It is seen from the literature that there are stability 

studies containing the effect of the PV plants on 

the power systems for various type of situations. 

Generally, it is possible to classify these studies 

as frequency stability, rotor angle stability, and 

voltage stability [4, 5]. 
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In the investigation of the voltage stability of PV 

plants, it is generally studied that PV plants are 

integrated to traditional power systems [6-10]. On 

the other hand, integration of PV plant with wind 

power systems are also available [11-13]. Voltage 

stability studies of PV plant integrated power 

systems contain consideration of different 

reactive power support methods [8], solar 

radiation, temperature and load changes [9], 

conventional and developed dynamic voltage 

support (DVS) [10], low voltage ride through 

(LVRT) [14], different penetration levels [15, 16], 

central and distributed generation [16], different 

constant power factors and automatic voltage 

control [17], one or more PV plant with connected 

to the same bus [18], reactive power 

compensation system [19] and so on. Stability 

studies by comparing the DCO of the PV power 

plants designed by WECC is rarely analyzed in 

literature [7, 20]. In these studies, voltage stability 

in short circuit fault and small signal stability are 

investigated, respectively. 

The PV plants can be integrated to the power 

systems through WECC PV plant model [21]. It 

has been observed from the reported studies in the 

literature that there are limited studies to compare 

the DCO modeled by WECC. In the light of this 

motivation, the effect of DCO are need to be 

investigated in terms of voltage stability by 

considering different cases. 

In this study, the effects of PV plants on voltage 

stability for different control options have been 

analyzed in detail by considering different 

conditions such as transient disconnection of the 

load, transient disconnection of the line, and 3-

phase short circuit fault. In addition, the location 

of the fault with respect to the PV plant is also 

studied in this paper. In this manner, a well-

known IEEE 9-bus power system has been 

modified by connecting a PV plant instead of G3 

generator for the Bus-3. The whole power system 

is simulated in DigSilent Powerfactory program 

and the obtained results are discussed in detail in 

Section III and IV, respectively. 

The organization of this study is given as follows. 

Voltage stability analysis and modelling of the 

modified power system are presented in Section 

II. Considered cases and simulation results with 

comparative analysis are illustrated in Section III. 

Finally, conclusion is stated in Section IV. 

2. VOLTAGE STABILITY AND POWER 

SYSTEM MODELLING 

2.1. Voltage stability 

Voltage stability generally can be expressed as the 

ability of the power system to maintain the 

scheduled voltages of all buses in case of 

disturbance [5]. It depends on keeping the 

equilibrium between load demand and supply. 

The voltage stability criterion can be 

demonstrated as shown in Fig. 1 by separating 

active power and reactive power demands. In Fig. 

1, [𝑃𝐿(𝑉) ,𝑄𝐿(𝑉)] and [𝑃𝑆(𝑉), 𝑄𝑆(𝑉)] are the 

active and reactive power of the load and supply, 

respectively [22]. 

 
Figure 1 Equivalent circuit of the separated 

presentation of active and reactive power [22] 

In normal operating conditions, 𝑃𝐿(𝑉)  is equal to 

𝑃𝑆(𝑉) and 𝑄𝐿(𝑉) is equal to 𝑄𝑆(𝑉). However, the 

relationship between the reactive power of the 

load and supply can be considered separately for 

voltage stability analysis. It is also assumed that 

the load is not determined by the reactive power 

demand. The active and reactive power equations 

are given below. 

𝑃𝐿(𝑉) = 𝑃𝑆(𝑉) =
𝐸𝑉

𝑋
sin𝛿 (1) 

𝑄𝑆(𝑉) =
𝐸𝑉

𝑋
cos𝛿 −

𝑉2

𝑋
 (2) 

where E is the voltage of the supply, V is the 

voltage of the load, and X and 𝛿 are the total 

reactance and angle between the supply and load 

voltages, respectively. By considering (𝑠𝑖𝑛2𝛿 +
 𝑐𝑜𝑠2𝛿 = 1), (3) can be written by using (1) and 

(2). 
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(
𝐸𝑉

𝑋
)

2

= 𝑃𝐿
2(𝑉) + [𝑄𝑆(𝑉) +

𝑉2

𝑋
]2 (3) 

The final equation (4) which defines the reactive 

power-voltage characteristic can be obtained from 

(3) as follow [22]. 

𝑄𝑆(𝑉) = √[
𝐸𝑉

𝑋
]2 − [𝑃𝐿(𝑉)]2 −

𝑉2

𝑋
 (4) 

2.2. Power system modelling 

In this study, the IEEE 9-bus power system has 

been modified by integrating a PV plant to the 

Bus-3 in DigSilent Powerfactory simulation 

environment. The modeled power system 

schematic is shown in Fig. 2. In the modified 

model, G1 and G2 generators have a governor and 

automatic voltage regulator (AVR). The 

considered governor and AVR types are HYGOV 

and AVR EXAC1 for G1 generator, GAST and 

AVR IEEET1 for G2 generator, respectively. A 

detailed system model can be accessed in [23]. 

G2 PV

G1

1

4

65

7 9

8

2 3

Load A Load B

Load C

 
Figure 2 The modified IEEE 9-bus power system 

In the studied model, generator power and voltage 

values are given in Table 1 and load values are 

given in Table 2. The bus connected to the G1 

generator is selected as the slack bus, and the 

angle of the voltage of this bus is set to 0⁰. 

 

 

Table 1 Power and voltage values of the sources 
Sources Bus 

no 

Operating 

power 

(MW) 

Nominal 

power 

(MVA) 

Voltage 

(pu) 

G1 Bus 1 - 260 1.040 

G2 Bus 2 90 150 1.025 

PV Bus 3 140 150 1.000 

Table 2 Power values of the loads 
Load 

types 

Bus no Active power 

(MW) 

Reactive power 

(MVA) 

Load A Bus 5 160 260 

Load B Bus 6 80 150 

Load C Bus 8 140 150 

2.3. PV plant modelling for DCO 

The integration of PV power plants into the power 

systems is accomplished via control units. In the 

integration, the power capacity of the PV plant is 

an important issue for the control. Considering the 

capacities of the PV plants, three different types 

can be categorized as small scale, medium scale 

and large scale [24]. Large scale PV plants can 

produce more than 20 MW active power [24]. In 

this study, a large scale PV plant has been 

modeled using WECC control modules. The 

WECC control modules used in this study are 

Renewable Energy Generator Convertor 

(REGC_A), Renewable Energy Electrical Control 

(REEC_B), Renewable Energy Plant Controller 

(REPC_A) [25]. The structure of the control block 

diagrams with sub-control units are presented in 

detail in Fig. 3. 

There are different type DCO that can be applied 

by setting the flags on the WECC control 

modules. In order to set DCO, pfflag, vflag and 

qflag flags are arranged in REEC_B module, 

while refflag flag is set in REPC_A module. The 

most used DCO are tabulated in Table 3 [4] and 

the parameter and flag values of the REGC_A, 

REEC_B and REPC_A modules used in this 

paper are given in [26]. Also, LVRT is used in the 

PV plant model to ensure the connection of the 

power in case of a voltage drop [27]. In addition, 

the PV plant restores its active power at a rate of 

100% of its nominal active power per second after 

the fault is clear. To use this feature, the parameter 

rrpwr in the REGC_A module is set to 1. 
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Figure 3 Control block diagram of the WECC generic central station PV system model [25]. 
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Table 3 Type of the DCO. 
Required 

Models 

(CLPFC) (CLQC) (LVC) (LCQ/VC) (PLQC) (PLVC) (PLQC& 

LCQ/VC) 

(PLVC& 

LCQ/VC) 

Required 

Models 

REEC_B REEC_B REEC_B REEC_B REEC_B + 

REPC_A 

REEC_B + 

REPC_A 

REEC_B + 

REPC_A 

REEC_B + 

REPC_A 

pfflag 1 0 0 0 0 0 0 0 

vflag 1 1 0 1 1 1 1 1 

qflag 0 0 1 1 0 0 1 1 

refflag N/A N/A N/A N/A 0 1 0 1 

CLPFC: Constant local power factor control, CLQC: Constant local Q control, LVC: Local V control, LCQ/VC: Local coordinated 

Q/V control, PLQC: Plant level Q control, PLVC: Plant level V control, PLQC & LCQ/VC: Plant level Q control & Local 

coordinated Q/V control, PLVC & LCQ/VC: Plant level V control & Local coordinated Q/V control. (More detailed explanations 

are available in [25, 26, 28]

PV plants can inject reactive power to the system 

to prevent deterioration in short-term voltage 

stability [10]. This feature is defined as DVS. If 

the voltage values specified in the REEC_B 

module exceeds to its nominal value, DVS is 

activated. The kqv parameter should be adjusted 

to activate this feature. It is recommended to 

select kqv value between 0 and 10 in the module 

[29]. If kqv parameter is set to 0, the DVS is 

disabled. Higher selection of the kqv value results 

to decrease the voltage drop and to increase the 

overshoot value because of reactive power 

transfer during the transient event. Therefore, the 

kqv value is set to 2 in this study. In addition, over 

voltage (Vup) and under voltage (Vdip) points in 

this study are determined as 1.1 pu and 0.9 pu, 

respectively. The DVS is activated for all cases in 

this study. 

3. SIMULATION RESULTS 

While analyzing the effects of the power system 

components on the system dynamic, it is 

important to consider different type unexpected 

cases. In this manner, the effect of DCO of the PV 

plant for different cases have been observed in 

this study. In all cases, considered transient events 

are applied at t=1 s and ended at t=1.1 s. The 

investigated voltage stability for all cases are 

achieved with the voltage measurement on Bus-9 

which connected to PV plant via station 

transformer. The considered cases are given in 

Table 4. 

 

 

Table 4 The all cases on modified power system 

Case Transient event Location of the 

transient event 

I Disconnection of the load Load A 

Load B 

II Disconnection of the line Line 5-7 

Line 6-9 

III 3-Phase short circuit fault Bus 5 

Bus 6 

In the cases given in Table 4, 2 sub-cases of 3 

cases are investigated to observe the effect of the 

distance factor from the PV plant. The sub-cases 

are separately considered as given below. 

3.1. Case I: transient disconnection of the load 

In this case, the transient disconnection of the 

Load A and Load B shown in Fig. 2 has been 

analyzed. While Load A is located far away from 

the PV plant, Load B is located close to the PV 

plant. The reactive power demand of the Load A 

is twice of the Load B. In Fig. 4-5 and Fig. 6-7, 

voltage and reactive power with the transient 

disconnection of Load A and Load B are 

illustrated, respectively. 

It can be concluded from the Fig. 4-6 that the 

highest voltage is obtained in the order of PLQC, 

CLQC, CLPFC and PLVC control modes. The 

control modes with the lowest voltage are LVC, 

PLVC&LCQ/VC, LCQ/VC and 

PLQC&LCQ/VC, respectively. The control 

modes with the least voltage deviation are LVC, 

PLVC&LCQ/VC, LCQ/VC and 

PLQC&LCQ/VC, respectively. 
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Figure 4 Voltage of the Bus-9 under transient 

disconnection of the Load A 

 

Figure 5 Reactive Power of the PV Plant under 

transient disconnection of the Load A 

 

Figure 6 Voltage of the Bus-9 under transient 

disconnection of the Load B 

 

Figure 7 Reactive Power of the PV Plant under 

transient disconnection of the Load B 

The voltage response shown in Fig. 4-6 are 

provided by the reactive power response of the PV 

plant in Fig. 5-7 to control the voltage. It is clear 

from the figures that reactive power response of 

the PV plant deviates the most in the modes with 

the least deviation in voltage. 

As a result, the responses of the control modules 

in both load locations seem similar. However, the 

reactive power demanded by the loads is not equal 

and the maximum and minimum peak values are 

different from each other. 

3.2. Case II: transient disconnection of the line 

In this case, the transient disconnection of Line 5-

7 and Line 6-9 seen in Fig. 2 has been analyzed. 

While line 5-7 is far away from the PV plant, Line 

6-9 is located close to it. Voltage and reactive 

power responses under the transient 

disconnection of Line 5-7 is shown in Fig. 8 and 

9, respectively. 

In case of the disconnection of the Line 5-7, the 

reactive power supplied by G2 generator to Load 

A has been eliminated. As a result, the total 

reactive power supplied by the G2 generator 

during the transient event is dropped to 97.6% for 

the PV central reactive power control modes 

CLPFC, CLQC, PLQC and PLVC; 91.1% for 

LCQ/VC, PLQC&LVQ/VC and 

PLVC&LVQ/VC; 90.2% for LVC. On the other 

hand, G1 generator increases reactive power 
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generation to compensate the elimination of 

reactive power from Line 5-7. 

 

Figure 8 Voltage of the Bus-9 with the deactivation 

of Line 5-7 

 

Figure 9 Reactive power of the PV plant with the 

deactivation of Line 5-7 

In Fig. 8, the oscillation in the voltage response 

after the line disconnection is occurred due to the 

oscillation in the reactive power generation of the 

G2 generator. However, there is not much 

reactive power oscillation in the G1 generator. 

The effect of reactive power oscillation in the G2 

generator on the Bus-9 is responded by the 

reactive power modes LVC, LCQ/VC, 

PLQC&LVQ/VC and PLVC&LVQ/VC. It results 

that the voltage oscillation is reduced. In the other 

modes, more oscillation is observed as seen from 

the Fig. 8 and 9. 

 

Figure 10 Voltage of the Bus-9 with the deactivation 

of Line 6-9 

 

Figure 11 Reactive power of the PV plant with the 

deactivation of Line 6-9 

In Fig. 10 and 11, the voltage and reactive power 

in case of transient disconnection of the Line 6-9 

are given. With the disconnection of the Line 6-9, 

the reactive power supplied to Load B is 

eliminated. The G1 and G2 generators have 

performed more to balance the reactive power 

demand. After the transient event, there is not 

much oscillation in reactive power of the G1 and 

G2 generators. DCO of PV plant; LVC, LCQ/VC, 

PLQC&LVQ/VC and PLVC&LVQ/VC reacts 

against the decrease in the voltage response 

shown in Fig. 10 in order not to deviate the 

voltage from the nominal value. 

In Fig. 8 and 10, the control modes of which the 

voltage has the highest values are LVC, 
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PLVC&LCQ/VC, LCQ/VC and 

PLQC&LCQ/VC, respectively. The control 

modes with the lowest voltage value are PLQC, 

CLQC, CLPFC and PLVC, respectively. In 

addition, the control modes LVC, 

PLVC&LCQ/VC, LCQ/VC and 

PLQC&LCQ/VC provides the least voltage 

deviation. 

As a result, it has been observed that the response 

of the control modules with the disconnection of 

the close (Line 6-9) or remote (Line 5-7) lines to 

the PV plant under the fault seems similar. 

The disconnection of the remote line after the 

transient event causes oscillation in the voltage 

response. However, the close line almost causes 

any oscillation. 

In this sub-case, LVC, PLVC&LCQ/VC, 

LCQ/VC, and PLQC&LCQ/VC are performed 

more to balance the oscillation in voltage 

response. Because of the differences in the power 

flows and locations of the lines, it results to differ 

peak and deep values in the responses. 

3.3. Case III: 3-phase short circuit fault 

In this case, 3-phase short circuit fault in Bus-5 

and 6 shown in Figure 2 has been analyzed. The 

Bus-6 is located close to PV plant while the Bus-

5 is far from the PV plant. The voltage and 

reactive power responses with the considered 

fault in Bus-5 and Bus-6 are indicated in Fig. 12-

13 and Fig. 14-15, respectively. 

In Fig. 12 and 14, the control modes with the 

highest voltage value are obtained by LVC, 

PLVC&LCQ/VC, LCQ/VC and 

PLQC&LCQ/VC, respectively. On the other 

hand, the lowest voltage values are provided by 

PLQC, CLQC, CLPFC and PLVC, respectively. 

 

Figure 12 Voltage of the Bus-9 under the 3-phase 

short circuit failure in Bus-5 

 

Figure 13 Reactive power of the PV plant under the 

3-phase short circuit failure in Bus-5 

 

Figure 14 Voltage of the Bus-9 under the 3-phase 

short circuit failure in Bus-6 
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Figure 15 Reactive power of the PV plant under the 

3-phase short circuit failure in Bus-6 

It is known that the voltage value of the bus where 

3-phase short circuit fault occurs can drop to zero. 

Therefore, the fault in close bus (Bus-6) to the PV 

plant results further decrease in the voltage of the 

Bus-9. At this point, the PV plant provides more 

reactive power to the 3-phase short circuit fault in 

Bus-6. It causes the voltage value of the Bus-6 is 

higher than Bus-5 after the fault.  

In both short circuit faults on Bus-5 and Bus-6, 

since the voltage limit of DVS exceeds, DVS is 

activated. Therefore, the dynamic responses seem 

similar in all control modes. 

4. RESULTS 

Because of the increasing integration of the PV 

power plants into the conventional power 

systems, it becomes more important to analyze the 

effect of these plants on power systems. In this 

study, the effect of the DCO of the PV plant in 

terms of the voltage stability are investigated in 

IEEE 9-bus power system. Three cases with their 

two sub-cases are considered for the test system. 

The sub-cases are considered for the distance 

factor (close or remote to the PV plant). The 

obtained results of the studied cases are 

summarized below.  

• In case I, it is observed that the responses 

of the DCO according to the position of 

the load is similar. But the magnitude of 

the response changes with the size of the 

load. 

• In case II, it is seen that DCO show similar 

dynamic responses according to the 

position of the line during the considered 

transient event. After the transient event, 

the deviations in voltage are observed in 

remote location. Therefore, DCO 

incorporating local voltage control 

performs more to compensate the 

oscillation in the remote event. In 

addition, the difference in position has 

affected the maximum and minimum 

values of the voltage. 

• In case III, it is again observed that DCO 

show similar responses according to the 

location of the fault considered in this 

case. However, if the fault location is 

close to the PV plant, the voltage on Bus-

9 drops more. It results that the reactive 

power generation of the PV plant is 

increased more in remote fault (Bus-5). 

In addition, two highlighted results of this study 

are given as follows. 

• It is determined that DCO with local 

voltage control have more effective 

responses on voltage. 

• When the DVS is activated, all reactive 

power control modes behave similarly in 

dynamic response. 

 

Figure 16 The obtained peak and deep voltages in 

cases 
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Finally, the peak and deep voltage values of the 

considered cases are shown in Fig. 16. In Fig. 16, 

the minimum and maximum points do not deviate 

in Case I and II. However, in Case III, the voltage 

deviation is higher than the nominal value. 
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Buck-type Single-phase AC-AC Active Tracking Voltage Regulator Controlled by 

an Enhanced Hybrid Control Method 

Faruk YALÇIN*1, Felix HIMMELSTOSS2 

Abstract 

In this paper, a single-phase switch-mode buck-type AC-AC voltage regulator is presented with 

reduced numbers of elements which are used in the topology. Apart from similar studies in the 

literature, a new hybrid control method which is structured by the closed-loop PID controller 

and a new enhanced feedforward controller is used for the control of the regulator. The hybrid 

controller improves the active tracking capability of the reference to achieve an output voltage 

as close to the sine-wave with high quality. The input AC voltage may be an ideal sine wave or 

it may include harmonics. Both simulation and experimental tests are applied for the proposed 

regulator controlled by this control method. The experimental set-up for the regulator is 

designed for 0-200 Vp input voltage (50 Hz), 0-100 Vp output voltage, and 0.6 kW output 

power. The results proved the capability of the proposed buck-type switch-mode regulator to 

achieve the requested output voltage as near as possible to sine wave. The obtained output 

voltages for different load conditions and input-output parameters have less than 5% THD (total 

harmonic distortion) and high quality. 

Keywords: AC-AC regulator, active tracking, buck converter, single-phase, harmonics 

 

1. INTRODUCTION 

Increasing demand for electrical power causes 

many problems in power systems such as 

decreasing power quality for the AC consumers. 

AC devices must be supplied by an alternating 

supply voltage between a magnitude band that is 

generally very narrow for most of the sensitive 

devices. Various loadings in the distribution 

systems effect voltage sags/swells which are the 

main quality problem for the AC consumers. Also 

in some specific applications, some AC 
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consumers require adjustable voltage magnitudes 

different to the network voltage levels. Thus, AC 

voltage regulation becomes so important, that 

studies are published in increasing number. 

The regulation of voltage variations can be 

provided by the FACTS devices, such as voltage 

sag supporters [1,2], DVRs (dynamic voltage 

restorers) [3,4], voltage sag/swell compensators 

[5,6], and voltage conditioners [7,8] in 

distribution systems. The mentioned devices 

provide voltage regulation of the distribution line 
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to reach the desired network voltage levels. In this 

way, supply of the AC consumers which are 

connected to the distribution buses by the 

determined network voltages is provided. Thus, 

individual voltage regulation of each independent 

AC consumer cannot be possible in this way. On 

the other hand, these regulators based on FACTS 

devices require a coupling transformer in addition 

to a VSI (voltage source inverter). The VSIs, 

which are incorporated into the mentioned 

FACTS devices-based regulators, can be 

structured by either an AC-DC-AC converter or a 

DC-AC converter. VSIs based on a DC-AC 

converter demand capacitors and batteries which 

are independent external DC storage systems. 

Thus, robust compensation of voltage sags/swells 

cannot be provided by VSIs based on a DC-AC 

converter for long terms. Besides, the capabilities 

of the compensation are limited because of the 

external storage unit capacities. AC-DC-AC 

converter-based VSIs do not require any external 

storage systems, because these converters include 

an AC-DC structure in the converter topologies. 

Despite the mentioned advantage of AC-DC-AC 

converters, additional AC-DC sub-units cause 

increased losses of the FACTS devices. 

Voltage regulation of AC consumers can be 

provided by standalone AC-DC-AC based VSIs 

mentioned above instead of using the FACTS-

based voltage regulators [9,10]. On the other 

hand, individual voltage regulation of each AC 

consumer can be achieved from the constant 

distribution voltage level in this way. But, the AC-

DC stage of these VSIs causes loss increase of the 

complete AC-AC conversion. 

As mentioned above, direct VSI applications and 

the FACTS devices-based regulators have 

disadvantages and complexity problems. So, the 

direct AC-AC conversion method becomes the 

best solution. For this aim, various kinds of direct 

AC-AC regulators are studied in the literature. 

PWM-based traditional AC-AC choppers emerge 

as the simple and basic solution for the AC-AC 

regulation [11]. But these AC regulators cause 

high-level harmonics at the output, because of the 

chopping structure of the input sine-wave. Thus, 

these chopper regulators require additional 

filtering units, such as coupling transformers or 

passive filters. Buck [12-14], boost [15,16], and 

buck-boost [17,18] type switch-mode AC-AC 

regulators are studied increasingly for AC 

regulation in the literature in recent years. These 

switch-mode regulators do not need additional 

filtering units as in PWM AC choppers because of 

the switch-mode operation. Thus, obtaining close 

to sine wave output voltages with low THD can 

be achieved. These regulators have also a lower 

complex topology. The mentioned switch-mode 

AC-AC regulators are applied successfully to the 

AC regulation applications in the literature. But 

these studies have the lack that applying input AC 

voltages including harmonics is absent in these 

studies. In the literature, the existing similar 

studies consider pure sine-wave input AC 

voltages. But, many AC consumers may be 

supplied with non-sinusoidal voltages with 

different harmonics because of various distortions 

in application and in the mains. So, harmonic 

elimination capability of an AC-AC regulator is 

required in addition to the AC voltage regulation 

capability. According to the standards, supplying 

of the AC customers through high-quality AC 

voltages with THD less than 5% is so important 

[19]. 

In this study, a single-phase buck-type active 

tracking AC-AC voltage regulator is presented. 

Also, an improved control method is proposed for 

the active tracking of the desired reference output 

sine-wave. The presented topology (and other 

ones) of the regulator and the control method are 

patented by the co-author of this study [20]. The 

presented topology of the regulator incorporates 

moderate numbers of components, just one 

inductor, one capacitor, and four active switches. 

The buck-type structure of the presented regulator 

enables the achievement of a wide range of output 

voltage amplitude lower than the input voltage 

amplitude. Apart from similar studies in the 

literature, the proposed control method is a novel 

hybrid control method composed of a closed-loop 

PID controller and a new feedforward controller. 

By this way, active tracking of the reference sine-

wave output voltage is improved to achieve nearly 

close to sine-wave output voltage in the case that 

the input voltage is a pure sine or not. The 

presented regulator and control method is tested 

by both simulation and experimental studies. The 
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obtained results demonstrate that the proposed 

buck type switch-mode regulator has the ability of 

achieving the requested output voltage with 

reduced harmonics under 5% THD for different 

load conditions and input-output parameters. 

2. THE PROPOSED SINGLE-PHASE BUCK 

AC-AC REGULATOR 

This section describes the proposed buck-type 

single-phase AC-AC regulator topology, as well 

as the regulator's operation procedure and 

dynamic analysis. 

2.1. The Regulator Topology 

Figure 1 depicts the main circuit of the proposed 

buck-type single-phase AC-AC regulator [20]. 
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+

_
Vo

+

_

Vi(t)

(t)

iL(t) io(t)

 

Figure 1 General topology of the proposed buck-type 

single-phase AC-AC regulator 

Vi, Vo, L, and C represent input AC voltage, 

output AC voltage, inductor and capacitor, 

respectively in Figure 1. S1 and S2 are the 

bidirectional active switches. These bidirectional 

active switches are realized by MOSFETs in this 

study. Thus, the proposed regulator circuit with 

MOSFETs can be shown in Figure 2. 
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Figure 2 The proposed buck-type single-phase AC-

AC regulator with MOSFETs 

2.2. The Regulator Operation Procedure 

The proposed single-phase AC-AC regulator's 

operation is based on the well-known 

conventional buck converter. Instant input 

voltage Vi(t) is bucked as Vo(t) at the output 

depending on the control of PWM duty ratio (d) 

for S1.  Thus, the output voltage is obtained as an 

AC voltage with the same polarity as the input 

voltage, but with lower amplitude value than at 

the input. S2 acts as supplementary switch of S1. 

S2 is turned off when S1 is turned on. In this stage, 

Vi supplies the inductor, the capacitor and the 

output load. S2 is turned on when S1 is turned off. 

In this stage, the pre-energized inductor supplies 

both the capacitor and the output load. 

The polarity of Vi changes in each half period, 

because the input voltage Vi is an alternating 

voltage. So, the on-off states of the sub-active 

switches of the bidirectional active switches S1 

and S2 change for each half-period of the input 

voltage depending on the polarity. The control of 

the active switches S1 and S2 is summarized in 

Table 1. 

Table 1 Control signal of MOSFETs used in Figure 2 

as part of the bidirectional active switches S1 and S2  

State 

S1 S2 

Positive 

Half-

Wave 

Stage 

Negative 

Half-

Wave 

Stage 

Positive 

Half-

Wave 

Stage 

Negative 

Half-

Wave 

Stage 

S1a S1b S1a S1b S2a S2b S2a S2b 

ON on off off on off on on off 

OFF off off off off off off off off 

The MOSFETs’ switching pattern can be seen in 

Figure 3. 
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Figure 3 The switching pattern of the MOSFETs 

In Figure 4, the equivalent sub-circuits of the 

proposed regulator topology, which is shown in 

Figure 2, are given according to the proper control 

of the mentioned active switches for one cycle 

sine-wave input voltage. 

L

C Z
+

_
Vo

Vi

S1

S2

(t)

(t)

L

C Z
+

_
Vo

S1

S2
(t)

L

C Z
+

_
Vo

S1

S2
(t)

L

C Z
+

_
VoS2

(t)

(a) (b)

(c) (d)

+

_

Vi(t)

+

_

Vi(t)

+

_

Vi(t)

+

_

S1

a

b

a

b

a

b

a

b

a

b

a

b

a

b

a

b

 
Figure 4 The equivalent sub-circuits of the proposed 

buck-type regulator (a) Positive half-wave output 

stage, on mode (S1 is on, S2 is off), (b) Positive half-

wave output stage, off mode (S1 is off, S2 is on), (c) 

Negative half-wave output stage, on mode (S1 is on, 

S2 is off), (d) Negative half-wave output stage, off 

mode (S1 is off, S2 is on) 

Thus, producing of the output voltage for one 

cycle in the proposed regulator operation can be 

summarized in two main stages by Figure 3 and 

Figure 4 as follows. 

Stage 1 (0≤wt<π): Input AC voltage is in the 

positive half-wave in this stage. While the PWM 

on-stage of S1 (S2 is off), S1a is turned on, S1b is 

turned off and both S2a and S2b are turned off. 

While the PWM off-stage of S1 (S2 is on), both S1a 

and S1b are turned off, S2a is turned off, and S2b is 

turned on. The desired positive half sine-wave 

output voltage is produced by the input voltage 

based on the continuous proper control of d, 

which is the PWM duty ratio of S1. 

Stage 2 (π≤wt<2π): Input AC voltage is in the 

negative half-wave in this stage. While the PWM 

on-stage of S1 (S2 is off), S1b is turned on, S1a is 

turned off and both S2a and S2b are turned off. 

While the PWM off-stage of S1 (S2 is on), both S1a 

and S1b are turned off, S2a is turned on, and S2b is 

turned off. The desired negative half sine-wave 

output voltage is produced from the input voltage 

based on the continuous proper control of d, 

which is the PWM duty ratio of S1. 

2.3. The Regulator’s Dynamic Analysis 

In this section, the detailed dynamic analysis of 

the proposed buck-type single-phase AC-AC 

regulator is presented. In order to provide reliable 

analysis for real-time applications, real parasitic 

effects of the elements used in the topology are 

taken into account in the analysis. 

In Figure 5, the equivalent circuits of the proposed 

regulator for the positive half-wave input stage 

are demonstrated. In the given equivalent circuit 

the selected MOSFETs are identical. 

_
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Figure 5 The positive half-wave stage equivalent 

circuits of the regulator (a) on-mode – S1 is turned on 

and S2 is turned off, (b) off-mode – S1 is turned off 

and S2 is turned on 

The symbols io, iL, iC, VL, VC, VF, ron, rL, rC, and 

R represent the output current, inductor current, 

capacitor current, inductor voltage, capacitor 
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voltage, forward biasing voltage of the 

MOSFET’s anti-parallel diode, on-resistance of 

the MOSFET, equivalent series resistance (ESR) 

of the inductor, ESR of the capacitor, and output 

load resistance, respectively in Figure 5. 

The dynamic analysis of the regulator can be 

obtained for the positive half-wave input stage 

from Figure 5. As seen in Figure 5, the dynamic 

equations for the state variables inductor current 

and output voltage are obtained for the two 

modes: on-mode and off-mode. 

On-mode (S1 is on and S2 is off): For this mode, 

the state equations for the inductor current and the 

output voltage can be determined by Figure 5a, 

respectively as below. 

( )
( ) ( ) ( )

( )

1 1

1

L

L on L o

i F

di t
r r i t V t

dt L L

V t V
L

= − + −

+ −  

            (1) 

( )
( ) ( )

( )

( )
( )

1

1

o C
L on L

C

C
o

C

C
i F

C

dV t rR
r r i t

dt R r C L

rR
V t

R r L RC

r R
V t V

R r L

 
= − + +  

 
− + +  

+ −  +

       (2) 

Off-mode (S1 is off and S2 is on): For this mode, 

the state equations for the inductor current and the 

output voltage can be determined by Figure 5b, 

respectively as below. 

( )
( ) ( ) ( )

1 1 1
= − + − −

L

L on L o F

di t
r r i t V t V

dt L L L
 (3) 

( )
( ) ( )

( )

( )

1

1

o C
L on L

C

C
o

C

C
F

C

dV t rR
r r i t

dt R r C L

rR
V t

R r L RC

r R
V

R r L

   
= − +   +   

  
− +  

+   

−
+

   (4) 

The state-space model equation of the on-mode 

can be achieved by (1) and (2) as below, 

( )

( )

( )

( )

( )

( )

( )

1 1

1 1

1 1

L on

L L

C Co o
L on

C C

i

C C F

C C

r r
i t i tL L

r rR RV t V t
r r

R r C L R r L RC

V tL L

r rR R V

R r L R r L

•  
− + −    

 =   
       − + − +    + +    

 
−   

 +  
   −
 + + 

  (5) 

The state-space model equation of the off-mode 

can be achieved by (3) and (4) as below, 

( )

( )

( )

( )

( )

( )

( )

1 1

1 1

1
0

0

L on

L L

C Co o
L on

C C

i

C F

C

r r
i t i tL L

r rR RV t V t
r r

R r C L R r L RC

V tL

rR V

R r L

•  
− + −    

 =   
       − + − +   + +    

 
−   

 +  
   −
 + 

  (6) 

The above dynamic analysis is done for an input 

voltage during the positive half-wave. If a similar 

dynamic analysis is performed for the negative 

half-wave, the same state-space equations as 

given in (5) and (6) are obtained. So, this means 

that the state-space equations (5) and (6) are valid 

for both positive and negative half-wave input 

cases. 

Thus, the small signal transfer function between 

the output voltage and PWM duty ratio can be 

obtained by (5) and (6) as follows. 

( )

( ) ( )

^

2

( )
( )

( )

o
buck

gs ag cfV s
G s

d s s a e s ae bc

+ +
= =

+ + + −
  (7) 

The coefficients used in (7) are described as 

follows. 

( )L onr r
a

L

+
=                                                    (8) 

1
b

L
= −                                                             (9) 

Faruk YALÇIN, Felix HIMMELSTOSS

Buck-type Single-phase AC-AC Active Tracking Voltage Regulator Controlled by an Enhanced Hybrid Contr...

Sakarya University Journal of Science 25(4), 926-937, 2021 930



( )
1 C

L on

C

rR
c r r

R r C L

 
= − + +  

                       (10) 

1C

C

rR
e

R r L RC

 
= + +  

                                    (11) 

_

iV
f

L
=                                                             (12) 

( )

_
C

i

C

r R
g V

R r L
=

+
                                           (13) 

In (12)-(13), 
_

iV  represents the input voltage at the 

operating point. 

3. THE PROPOSED HYBRID CONTROL 

METHOD 

The proposed hybrid control method for 

controlling the proposed AC-AC regulator is 

presented in this section. The general control 

diagram of the proposed regulator is shown in 

Figure 6. 
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+
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Figure 6 The general control diagram of the proposed 

regulator 

The frequency of the input AC voltage is 

determined by the PLL, and the magnitude of the 

reference output AC voltage is described by Vr in 

Figure 6. Thus, the requested sine-wave reference 

output voltage can be defined as follows, 

( ) sinref rV wt V wt=  .                                     (14) 

The proposed hybrid controller is structured by 

two main units as seen in Figure 6. One of these 

units is the traditional closed-loop PID controller. 

The PID controller eliminates the error between 

the real output voltage and the reference output 

voltage, while satisfying the response 

performance according to the design criteria. The 

new developed feedforward controller, referred to 

as “control law (CL)” in Figure 6, is the other 

component of the hybrid controller. The CL has 

an open-loop controller structure and produces a 

PWM duty ratio according to the topology 

parameters as follows. 

( )
( )

( ) ( )( )
2 sin sin

sin

r r F

CL

i i r F S

L V wt V wt V
d wt

V wt V wt V wt V T R

+
=

− −
    (15) 

In (15), TS defines the PWM switching period. 

The PWM duty ratio produced by the CL as in 

(15) cannot directly provide the desired PWM 

duty ratio for achieving the reference output 

voltage. However, it will generate a duty ratio that 

is close to the actual one. As shown in (15), the 

duty ratio generated by the CL has a static 

structure which can be produced in a fast manner. 

Thus, the PID controller is supported by the CL to 

achieve the desired operating duty ratio with an 

improved response performance. Thus, the 

proposed hybrid control method ensures efficient 

and accurate active tracking of the reference 

output voltage to achieve sine-wave output 

voltage as close as possible and with low THD. 

Consequently, the desired operating PWM duty 

ratio is achieved by the PID controller and the CL 

which are part of the hybrid control method as 

follows. 

( ) ( ) ( )PID CLd wt d wt d wt= +                        (16) 

In this paper, discrete-time control is selected for 

the control of the regulator operation. Thus, the 

regulator’s control block diagram based on the 

proposed hybrid control method can be 

demonstrated in Figure 7. 
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Figure 7 The discrete-time control block diagram 

based on the proposed hybrid control technique for 

the buck-type regulator 

The relations between the control signals and the 

transfer functions of the discrete time control 

block diagram can be derived from Figure 7 as 

follow. 

1
( )

( )
CLG z

PWM z
=                                        (17) 

( ) ( ) ( )d CL PIDV z V z V z= +                                 (18) 

( ) ( ) ( ).dd z V z PWM z=                                (19) 

The transfer function of the discrete PID 

controller is defined in this paper as below, 

1
( )

1
PID P I D

z z
G z K K K

z z

−
= + +

−
               

(20) 

4. THE RESULTS OF THE STUDY 

In this section, the design steps, the simulation test 

results and the experimental test results of the 

proposed regulator study are presented. 

4.1. The Design Parameters of the Regulator 

Circuit and the Control Method 

A laboratory set-up is built for the proposed 

regulator's real-time experimental application. 

The set-up is designed for 0-200 Vp input voltage 

(50 Hz), 0-100 Vp output voltage, and 0.6 kW 

output power. IXFK98N50P3 type n-channel, 

high-speed, low on-resistance MOSFETs 

(VDSS=500 V, ron=50 mΩ, ID=98 A, VF=1.5 V) are 

selected for the active switches in the set-up 

topology. The values of the switching frequency, 

the inductor and the capacitor for the regulator 

circuit are determined as given in Table 2. 

Table 2 The selected values of the capacitor, inductor 

and switching frequency 
Switching 

Frequency      

fs (kHz) 

Capacitor Inductor 

C (µF) rC (mΩ) L (µH) rL (mΩ) 

50 3.3 180 47 130 

The determined operating point parameters which 

are used for the design of the discrete time PID 

controller are shown in Table 3. 

Table 3 The determined operating point parameters 

of the regulator operation 
_

iV (V) 
_

D  

_

oV (V) R (Ω) 

70 0.5 35 50 

The parameters of the PID controller defined in 

(20) are achieved through the design and 

performance criteria as follows. 

0.124, 0.052, 0.0086P I DK K K= − = =  (21) 

4.2. The Simulation Studies 

In order to validate the theoretical proposals of the 

study, simulation tests are applied to the proposed 

converter with the proposed hybrid control 

method. 

Three different simulation test cases given in 

Table 4 are applied to the regulator system in 

MATLAB Simulink. The wave form test results 

obtained from simulation studies are given in 

Figures 8-10. The detailed numerical results of the 

simulation tests for the output are also presented 

in Table 5. In Table 5, THDV and THDI determine 

the THD values for voltage and current, 

respectively. 

As seen from Figures 8-10 and Table 5, the 

proposed buck-type single-phase AC-AC 

regulator can provide the desired reference AC 

sine-wave voltages as close as possible and with 

low THD levels under 5% even in the case that 

the input AC voltages have harmonic 

components. Thus, both the wave form results in 

Figures 8-10 and the numerical results in Table 5 
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prove the accuracy and efficiency of the proposed 

hybrid control method for the active tracking of 

the reference output voltages. 

Table 4 Test cases for the simulation tests 

Test 

Cases 

No 

Vi 

Output 

Load  

Z 

Desired 

output 

fundamental 

sine-wave 

voltage  

Vo (V) 

1 
120V sine + 

LOH (f=50Hz) 

Resistive  

R=10Ω 
100 

2 
100V sine + 

HOH (f=50Hz) 

Inductive 

R=5Ω, 

L=47mH 

80 

3 
80V sine + 

fluct. (f=50Hz) 

Capacitive 

R=10Ω, 

C=1mF 

50 

fluct.: fluctuations, HOH: high order harmonics, LOH: 

low order harmonics  

 
Figure 8 The simulation results for test case-1 

 
Figure 9 The simulation results for test case-2 

 
Figure 10 The simulation results for test case-3 

 

Table 5 The obtained numerical simulation results of 

the test cases 

Test Case 

No 

Obtained 

Fundamental 

Vo (V) 

THDV (%) THDI (%) 

1 100.3 2.01 2.01 

2 80.2 1.97 1.91 

3 50.1 1.99 2.11 

4.3. The Experimental Studies 

In order to validate the real-time practical 

application of the study, experimental tests are 

applied to the proposed AC/AC buck converter 

with the proposed hybrid control method. The 

experimental set-up of the regulator system is 

given in Figure 11. 

 
Figure 11 The built experimental laboratory set-up of 

the regulator system 

Three different experimental test cases given in 

Table 6 are applied to the experimental set-up of 

the regulator system. The wave form test results 

obtained from experimental studies are given in 

Figures 12-14. The detailed numerical results of 

the experimental tests for the output are also 

presented in Table 7. 

As seen from Figures 12-14 and Table 7, the 

proposed buck-type single-phase AC-AC 

regulator can provide the desired reference AC 

sine-wave voltages experimentally as close as 

possible with low THD levels under 5%. Thus, 

both the wave form results in Figures 12-14 and 

the numerical results in Table 7 prove the 

accuracy and efficiency of the proposed hybrid 

control method for the active tracking of the 

reference output voltages in experiment. 

Table 6 Test cases for the experimental tests 
Test 

Cases 

No 

Vi 
Output 

Load-Z 

Desired output 

fundamental sine-

wave voltage-Vo (V) 

1 

100V 

sine 

(f=50Hz) 

Resistive 

R=15Ω 
70 

2 
70V sine 

(f=50Hz) 

Inductive    

R=25Ω, 

L=10mH 

55 

3 
85V sine 

(f=50Hz) 

Capacitive  

R=20Ω, 

C=0.33mF 

40 
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Figure 12 The experimental results for test case-1 

(V/div=A/div for Io) 

 
Figure 13 The experimental results for test case-2 

(V/div=A/div for Io) 

 
Figure 14 The experimental results for test case-3 

(V/div=A/div for Io) 

Table 7 The obtained numerical experimental results 

of the test cases 

Test Case 

No 

Obtained 

Fundamental 

Vo (V) 

THDV (%) THDI (%) 

1 69.8 2.19 2.15 

2 55.2 2.14 2.06 

3 40.1 2.08 2.21 

In order to prove the efficiency of the proposed 

hybrid control technique for active tracking of the 

reference output voltage, a comparative test study 

is performed. In this comparative test study, the 

proposed hybrid control technique and the 

standalone PID control are applied to the 

proposed regulator separately for the 

experimental test case-2. The achieved output 

voltage waveforms for the mentioned two 

separate applications are shown together in Figure 

15. The comparative numerical output THD 

results of the mentioned test cases are also given 

in Table 8. 

 
Figure 15 Comparative output voltage Vo wave form 

of the proposed hybrid control and the standalone 

PID control for test case-2 (20V/div, 2ms/div) 

As can be seen from Figure 15, active tracking of 

the reference output sine-wave voltage is 

provided by the proposed hybrid control 

technique better than with the traditional PID 

control. So, this proves that the developed CL 

supports the PID controller and improves the 

active tracking capability. The results of the 

output THD are given in Table 8 also shows the 

capability of the proposed hybrid control 

technique to achieve a better sine-wave output 

voltage with high quality and low THD values 

lower than 5%. 

Table 8 Comparative THD results for the proposed 

hybrid control and the standalone traditional PID 

control in the experimental test cases 

Test 

Case 

No 

THD (%) results of 

the proposed hybrid 

control method 

THD (%) results of the 

traditional standalone 

PID control 

THDV THDI THDV THDI 

1 2.19 2.15 2.31 2.30 

2 2.14 2.06 2.27 2.22 

3 2.08 2.21 2.22 2.38 

The efficiency of the proposed buck-type single-

phase regulator is achieved for different output 

power rates regarding the power rate, which is 

determined by the design criteria. The regulator’s 

efficiency curve is shown in Figure 16. The 

proposed regulator provides good enough 
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efficiency with an average 95%, where the 

regulator is loaded with above half output loading. 

 
Figure 16 Regulator efficiency curve for different 

output power rates 

5. CONCLUSION 

This paper presents a single-phase switch-mode 

buck-type AC-AC voltage regulator using 

reduced numbers of elements in the regulator 

topology. A new hybrid control method 

composed of a closed-loop PID controller and an 

enhanced feedforward controller is used for the 

regulator control, in order to improve the active 

tracking ability of the reference output voltage to 

obtain an output voltage as close to the sine-wave 

with high quality in the case either the input AC 

voltage is an ideal sine wave or it includes 

harmonic components. Both simulation and 

experimental test results prove the ability of the 

presented switch-mode buck-type regulator to 

obtain the desired output voltage as close to the 

ideal sine waveform for different operating 

conditions with lower than 5% THD. 

Acknowledgments 

The topology and control theory of the proposed 

AC regulator in this study are patented by the co-

author at the Austrian Patent Office as “Aktive 

Netzfilter” (patent no: AT 505460 B1, filed 

10.07.2007, applied 15.06.2012). 

Funding 

The authors received no financial support for 

research and publication of this article. 

The Declaration of Conflict of Interest/ 

Common Interest 

No conflict of interest or common interest has 

been declared by the authors. 

Authors' Contribution 

The authors contributed equally to the study. 

The Declaration of Ethics Committee Approval 

The authors declare that this document does not 

require an ethics committee approval or any 

special permission. 

The Declaration of Research and Publication 

Ethics 

The authors of the paper declare that they comply 

with the scie The authors of the paper declare that 

they comply with the scientific, ethical and 

quotation rules of SAUJS in all processes and 

declare that Sakarya University Journal of 

Science and its editorial board have no 

responsibility for any ethical violations that may 

be encountered, and that this study has not been 

evaluated in any academic publication 

environment other than Sakarya University 

Journal of Science. 

REFERENCES 

[1] D. M. Lee, T. G. Habetler, R. G. Harley, T. 

L. Keister, and J. R. Rostron, “A voltage sag 

supporter utilizing a PWM-switched 

autotransformer,” IEEE Transactions on 

Power Electronics, vol. 22, no. 2, pp. 626–

635, 2007. 

[2] S. Subramanian and M. K. Mishra, 

“Interphase AC-AC topology for voltage 

sag supporter,” IEEE Transactions on 

Power Electronics, vol. 25, no. 2, pp. 514–

518, 2010. 

[3] A. Moghassemi and S. Padmanaban, 

“Dynamic voltage restorer (DVR): a 

comprehensive review of topologies, power 

converters, control methods, and modified 

configurations,” Energies, vol. 13, no. 16, 

article number: 4152, 2020. 

[4] A. AbuHussein and M. A. H. Sadi, “Fault 

ride-through capability improvement of 

grid connected PV system using dynamic 

Faruk YALÇIN, Felix HIMMELSTOSS

Buck-type Single-phase AC-AC Active Tracking Voltage Regulator Controlled by an Enhanced Hybrid Contr...

Sakarya University Journal of Science 25(4), 926-937, 2021 935



voltage restorer,” Electric Power 

Components and Systems, vol. 48, no. 12-

13, pp. 1296–1307, 2020. 

[5] J. Kaniewski, P. Szczesniak, M. Jarnut, and 

G. Benysek, “Hybrid voltage sag/swell 

compensators a review of hybrid AC/AC 

converters,” IEEE Industrial Electronics 

Magazine, vol. 9, no. 4, pp. 37–48, 2015. 

[6] M. K. Nguyen, Y. C. Lim, and J. H. Choi, 

“Single-phase z-source-based voltage 

sag/swell compensator,” 2013 Twenty-

Eighth Annual IEEE Applied Power 

Electronics Conference and Exposition, pp. 

3138–3142, 2013. 

[7] H. Hafezi and R. Faranda, “Dynamic 

voltage conditioner: a new concept for 

smart low-voltage distribution systems,” 

IEEE Transactions on Power Electronics, 

vol. 33, no. 9, pp. 7582–7590, 2018. 

[8] R. Faranda, A. Bahrami, and H. Hafezi, 

“Fault current limiting investigation for a 

single-phase dynamic voltage conditioner,” 

2019 IEEE Milan Powertech, 2019. 

[9] R. Gupta and A. Kumar, “Control of multi-

cell AC/DC and cascaded H-bridge 

DC/AC-based AC/DC/AC converter,” 

IETE Journal of Research, early access, 

2020. 

[10] P. D. Singh and S. Gao, “Fuzzy based AC-

DC-AC converter controlled micro hydro 

renewable power generation using parallel 

asynchronous generators for remote areas,” 

International Journal of Renewable Energy 

Research, vol. 10, no. 1, pp. 260–273, 2020. 

[11] K. Venkatesha, H. A. Vidya, R. Sinha, and 

G. Jayachitra, “Experimental analysis of 

symmetrical & asymmetrical PWM based 

single phase AC chopper for power quality 

improvement using FPGA real time 

controller,” 2017 International Conference 

On Smart Grids, Power and Advanced 

Control Engineering, pp. 267–272, 2017. 

[12] Y. B. Wang, P. Wang, G. W. Cai, C. Liu, D. 

B. Guo, H. W. Zhang, and B. D. Zhu, “An 

improved bipolar-type AC-AC converter 

topology based on nondifferential dual-

buck PWM AC choppers,” IEEE 

Transactions on Power Electronics, vol. 36, 

no. 4, pp. 4052–4065, 2021. 

[13] S. Kim, D. Jang, H. G. Kim, and H. Cha, 

“Cascaded dual-buck AC-AC converter 

using coupled inductors,” 2018 

International Power Electronics 

Conference, pp. 2619–2624, 2018. 

[14] A. A. Khan, H. Cha, J. W. Baek, J. Kim, and 

J. Cho, “Cascaded dual-buck AC-AC 

converter with reduced number of 

inductors,” IEEE Transactions on Power 

Electronics, vol. 32, no. 10, pp. 7509–7520, 

2017. 

[15] A. Chakraborty, A. Chakrabarti, and P. K. 

Sadhu, “Analysis of a full-bridge direct AC-

AC boost converter based domestic 

induction heater,” Revue Roumaine Des 

Sciences Techniques - Serie 

Electrotechnique Et Energetique, vol. 64, 

no. 3, pp. 223–228, 2019. 

[16] H. Sarnago, O. Lucia, A. Mediano, and J. 

M. Burdio, “Direct AC-AC resonant boost 

converter for efficient domestic induction 

heating applications,” IEEE Transactions 

on Power Electronics, vol. 29, no. 3, pp. 

1128–1139, 2014. 

[17] H. F. Ahmed, H. Cha, A. A. Khan, and H. 

G. Kim, “A novel buck-boost AC-AC 

converter with both inverting and 

noninverting operations and without 

commutation problem,” IEEE Transactions 

on Power Electronics, vol. 31, no. 6, pp. 

4241–4251, 2016. 

[18] A. A. Khan and H. Y. Cha, “A novel highly 

reliable three-phase buck-boost AC-AC 

converter,” 2016 IEEE Energy Conversion 

Congress and Exposition, 2016. 

[19] F. Yalcin, U. Arifoglu, and I. Yazici, “A 

new single phase inverter based on buck 

Faruk YALÇIN, Felix HIMMELSTOSS

Buck-type Single-phase AC-AC Active Tracking Voltage Regulator Controlled by an Enhanced Hybrid Contr...

Sakarya University Journal of Science 25(4), 926-937, 2021 936



converter,” Sakarya University Journal of 

Science, vol. 24, no. 3, pp. 480–486, 2020. 

[20] F. Himmelstoss, “Aktive Netzfilter,” 

Austrian Patent, patent no: AT 505460 B1, 

filed 10 July 2007, applied 15 January 2012. 

Faruk YALÇIN, Felix HIMMELSTOSS

Buck-type Single-phase AC-AC Active Tracking Voltage Regulator Controlled by an Enhanced Hybrid Contr...

Sakarya University Journal of Science 25(4), 926-937, 2021 937



Sakarya University Journal of Science
SAUJS

ISSN 1301-4048 | e-ISSN 2147-835X | Period Bimonthly | Founded: 1997 | Publisher Sakarya University |
http://www.saujs.sakarya.edu.tr/

Title: Phytochemical and Bioactivity Analysis of Several Methanolic Extracts of Nine
Bryophytes Species

Authors: Ebru KOCADAĞ KOCAZORBAZ, Kerem TOK, Hichem MOULAHOUM, Rabia Nur ÜN

Recieved: 2021-01-26 20:17:34

Accepted: 2021-06-17 18:58:30

Article Type: Research Article

Volume: 25
Issue: 4
Month: August
Year: 2021
Pages: 938-949

How to cite
Ebru KOCADAĞ KOCAZORBAZ, Kerem TOK, Hichem MOULAHOUM, Rabia Nur ÜN; (2021),
Phytochemical and Bioactivity Analysis of Several Methanolic Extracts of Nine
Bryophytes Species. Sakarya University Journal of Science, 25(4), 938-949, DOI:
10.16984/saufenbilder.868944
Access link
http://www.saujs.sakarya.edu.tr/en/pub/issue/64755/868944

New submission to SAUJS
http://dergipark.gov.tr/journal/1115/submission/start



Phytochemical and Bioactivity Analysis of Several Methanolic Extracts of 

Nine Bryophytes Species 

Ebru KOCADAĞ KOCAZORBAZ1, Kerem TOK*1, Hichem MOULAHOUM1, 

Rabia Nur ÜN1 

Abstract 

Bryophytes are a class of organisms found all over the globe except the sea. They can grow on 

different surfaces and are known for their fragrant aromas and strongly hot and bitter taste. 

Bryophytes have been used in traditional Chinese medicine for the treatment of many 

pathological conditions. In the current study, we describe the bioactivities present in methanolic 

extracts obtained from 9 species of bryophytes. Plant samples were dried and extracted in a 

water/methanol solution which was explored for flavonoid and phenolic content. Afterward, 

the extracts were analyzed for their potential bioactivities including DPP4 inhibition, metal 

chelation, antioxidant, and antiglycation activities. Results indicate that the methanolic extracts 

of each species showed high effectiveness for different bioactivities. The current findings 

suggest these bryophytes as a promising source of therapeutics against oxidative stress, 

hypertension, and diabetes. 

Keywords: Bryophytes, bioactive molecules, diabetes, antiglycation, DPP-4 

1. INTRODUCTION

Bryophytes can be defined as an irregular group 

that includes three kinds of non-vascular land 

plants such as the hornworts, liverworts, and 

mosses. This division contains 1036 genera and 

about 18,409 species. The most important factor 

for these plants is the humid environment needed 

to live. Bryophytes are sometimes completely 

buried underwater, found on wet floors, humid 

environments, on soil and rocks, and tree trunks. 

The antioxidant activity of mosses has been 

reported to be higher than that of many 

vegetables. In research, the high antioxidant effect 

of moss has shown great importance in the 

preparation of drugs and cosmetic products. On 
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the other hand, moss species have been widely 

used to treat some diseases owing to their high 

phenolic content [1]. Bryophytes have been used 

to treat various diseases such as anti-leukemic 

activity, wound healing, heart disease, nervous 

prostration, diarrhea, cold and fever, microbial 

infectious, angina [2-4]. They are still using for 

antimicrobial agents, source of antibiotics, used 

for infections and swellings, growth of hairs, skin 

ailments, antipyretic, antidote, urinary difficulties 

[5-7].  

Diabetes mellitus (DM) is a multifactorial chronic 

metabolic disorder that is characterized by 

deteriorated carbohydrate metabolism. In addition 

to the metabolic problems of diabetes, long-term 

exposure to deteriorated metabolites leads to the 
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development of microvascular and macrovascular 

complications including nephropathy, 

neuropathy, retinopathy, and atherosclerosis. 

There are two types of diabetes. These are type 1 

(insulin-dependent, IDDM) and type 2 (non-

insulin-dependent, NIDDM) diabetes mellitus 

[8]. According to the International Diabetes 

Federation, there are 463 million diabetics in the 

world, and it is believed that this number will 

increase to 700 million in 2045. The number of 

people exposed to this disease is increasing daily, 

which makes prevention approaches and new 

treatment development a necessity. One of the 

diabetes outcomes is the formation of advanced 

glycation end products (AGEs) under 

hyperglycemic conditions. Non-enzymatic 

glycation occurs between glucose and the amine 

terminal side of proteins which results in Schiff-

base intermediates and eventually forms more 

stable Amadori compounds that later form AGEs. 

Accumulation of AGEs causes functional changes 

in tissue proteins [9]. These AGEs can cause 

various important diabetic complications such as 

rheumatoid arthritis, neurodegenerative diseases, 

cataract, Alzheimer’s disease, etc. [10]. For this 

reason, preventive approaches against AGE 

formation are of high interest. Hypertension is 

amongst the most widespread chronic diseases 

and is a risk factor for coronary heart diseases, 

congestive heart failure, stroke, and kidney 

diseases. Hypertension and diabetes are often 

associated and are risk factors for each other. 

Hypertension can be treated with antihypertensive 

medicines and changes in lifestyle [11]. 

α-glucosidase and α-amylase are enzymes 

responsible for the hydrolysis of disaccharides, 

trisaccharides, oligosaccharides, and starch. 

These enzymes are important for the regulation of 

blood glucose levels in diabetic patients. 

Inhibition of these enzymes decreases 

carbohydrate digestion and delays glucose 

absorption. The strategy of inhibiting these target 

enzymes is a key point in obesity and type 2 

diabetes treatments [12].  

There are approved various reactive oxygen 

species (ROS) such as superoxide radicals, 

hydrogen peroxide, etc., and free radicals in our 

body [13]. These factors affect serious diseases 

and systems such as the inflammatory and 

cardiovascular system, diabetes, stroke, and 

cancer diseases [14]. Currently, there are many 

useable synthetic molecules demonstrating 

important antioxidant activities. Yet, the problem 

in using these molecules has been linked with 

some levels of harm to the body [15]. Hence, the 

investigation of natural antioxidative molecules 

from living sources has been important. 

In this study, methanolic extracts of 9 types of 

mosses (T. barbuloides, B. stricta, L. sciuroides, 

F. antipyretica, M. polymorpha, A. californica, C. 

conicum, B. pomiformis, G. lisae) were evaluated 

for selected bioactivities such as α-glucosidase 

and Dipeptidyl peptidase 4 (DPP-4) inhibitory 

activities, anti-glycation activity, antioxidant and 

metal-chelating abilities. This study aims to 

propose these bryophytes as a source of natural 

bioactive compounds and their potential in 

medical approaches. 

2. MATERIAL AND METHODS 

2.1. Extraction of phenolics and flavonoids 

The plant samples were identified by Prof. Dr. 

Adnan ERDAG, and the voucher numbers were 

defined [16]. All plant samples have been dried 

and pulverized. A. californica (1.13 g), B. 

pomiformis (7.45 g), B. stricta (7.28 g), C. 

conicum (4.98 g), F. antipyretica var. gracilis 

(4.29 g), G. lisae (2.80 g), L. sciuroides (4.90 g), 

M. polymorpha (10.29 g), and T. barbuloides 

(2.06 g) were boiled with methanol/water (1:1) in 

soxhlet for 4-6 hours. The aqueous extract was 

filtered and evaporated at 45oC using Heidolph 

Laborota 4000. The samples were lyophilized and 

stored at 4°C for the upcoming tests. 

Table 1 Type, localization, and identification year of 

the various bryophytes used in the current work 

Plants name Localization 
Identification 

Year  

Antitrichia californica 

Sull. (Leucodontaceae) 

Aydın, 

Turkey 
03.02.1998 

Bartramia pomiformis 

Hedw. (Bartramiaceae) 

Aydın, 

Turkey 
10.03.1998 

Bartramia stricta Brid. 

(Bartramiaceae) 

Cine, Aydın, 

Turkey 
14.04.2000 
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Conocephalum conicum 

(L.) Underw. 

(Conocephalaceae) 

Bozdogan, 

Aydın, 

Turkey 

04.11.1999 

Fontinalis antipyretica 

Hedw. var. gracilis 

(Lindb.) Schimp. 

(Fontinalaceae) 

Besparmak 

dagı, Cavdar 

koyu, Aydın, 

Turkey 

05.03.1999 

Grimmia lisae De Not. 

(Grimmiaceae) 

Cavdar 

koyu, Aydın, 

Turkey 

27.01.1998 

Leucodon sciuroides 

(Hedw.) Schwägr. 

(Leucodontaceae) 

Cine, Aydın, 

Turkey 
09.04.2000 

Marchantia polymorpha 

L. (Marchantiaceae) 

Cine, Aydın, 

Turkey 
14.04.2000 

Timmiella barbuloides 

(Brid.) Mönk. 

(Pottiaceae) 

Cine, Aydın, 

Turkey 
14.04.2000 

2.2. Total phenolic content of extracts 

The total phenolic content of samples was 

analyzed by the Folin-Ciocaltaue method with 

slight modifications [17]. Standards (Gallic acid, 

range between 0.05-0.5 mg/mL) and plant 

extracts were prepared in methanol. Test tubes 

containing 0.5 mL sample with different 

dilutions, 2.5 mL Folin reagent (10% in water), 

and sodium carbonate (20% in water) were 

vigorously mixed and kept in dark for an hour. 

The color change was measured at 750 nm and 

results were given as gallic acid equivalent 

(µg/mL GAE). 

2.3. Total flavonoid content 

The total flavonoid content of the extracts was 

analyzed according to Arvouet-Grand et al. 

method [18]. Standards (Quercetin, 5.0-100 

µg/mL) and extracts were prepared in methanol. 

A reaction mixture consisting of a 1.0 mL sample 

of different dilutions and 1 mL AlCl3 (2.0% in 

water). The tubes were incubated at 25°C for 10 

min. The absorbance was read at 405 nm and 

results were given as quercetin equivalent (µg/mL 

QE). 

2.4. Antioxidant activity  

The evaluation of the anti-oxidant effects of the 

different plant extracts was determined by the 

CUPRAC method [19]. A mixture of CuCl2 (25 

μL, 10 mM), 7.5 mM neocuproine (prepared in 

EtOH), ammonium acetate buffer (1.0 M, pH 7.0) 

is deposited into a 96-well plate. 50 μL of the 

sample was added to the reaction mixture and 

incubated for 30 min at 37°C. The same procedure 

was applied for the standard curve using ascorbic 

acid (20-100 μmol/mL). The color changes were 

estimated at 450 nm and the antioxidant activity 

was calculated as mM ascorbic acid equivalent 

(AAE)/ μg phenolics. 

2.5. Metal chelation efficiency 

The samples were evaluated for their metal 

chelation efficiency via the Cu+2 chelation method 

[20]. The copper solution includes 10 mM 

hydroxylamine hydrochloride buffer (pH 5.0, 10 

mM KCl). The reaction consisted in mixing 50 μL 

of different sample dilutions, 50 μL of copper 

solution (0.25 mM), and 25 μL of murexide (1.0 

mM). The formed color was read separately at 

462 and 530 nm after 3 min incubation at 25°C. 

EDTA was also evaluated as a control molecule. 

Metal chelation efficiency was calculated 

according to the following formula: Metal 

chelation efficiency (%) = [1 − ((Asample − 

Ablank)/Acontrol)] × 100. 

2.6. DPP4 inhibition activity 

The DPP4 inhibition activity of extracts was 

analyzed via the method described before [21]. 

Briefly, equal volumes (10 μL) of the enzyme and 

the plant extracts were pre-incubated in a 96-well 

plate at 37oC for 15 minutes. Then, 90 μL of 0.1 

M Tris-HCl (pH 8.0) and 100 μL of the substrate 

(Gly-Pro-pNA, 2.0 mM) were added into the 

wells and incubated at the same conditions. 

Diprotin A was used as a positive reference 

control for DPP4 inhibition. The vivid yellow 

color of the end-product was analyzed at 405 nm 

and the results were given as inhibition 

percentage/μg phenolics. The inhibition 

percentage of samples was calculated with the 

following equation: % Inhibition = [(Acontrol – 

Asample)/Acontrol] × 100. 
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2.7. α-Glucosidase Inhibition activity 

The evaluation of α-glucosidase inhibition of 

plant extracts was determined according to 

Matsui et al. [22] with slight modifications. The 

first part of the reaction mixture contained 100 μL 

of 50 mM sodium phosphate buffer (pH 6.8), 50 

μL of the enzyme (prepared from yeast), and 25 

μL of plant samples or control drug, and pre-

incubated for 15 min at 37°C. 75 μL of 4-

Nitrophenyl α-D-glucopyranoside (4-NPGP, 2.0 

mM) was added to start the reaction and the 

change in absorbance was followed at 405 nm 

with a thermo-scientific microplate reader. 

Acarbose was used as a positive control for α-

Glucosidase inhibition. Results were presented as 

inhibition percentage/μg phenolics. The 

inhibition percentage of samples was calculated 

according to the following equation: % Inhibition 

= [(Acontrol – Asample)/Acontrol] × 100. 

2.8. Antiglycation activity 

The in vitro antiglycation model system was 

established with BSA (10 mg/mL in sodium 

phosphate buffer, pH 7.4) and 500 mM D-glucose 

(in the same buffer) [23]. Briefly, reaction tubes 

containing BSA (1.0 mL), D-glucose solution (1.0 

mL), 0.9 mL buffer, and 100 μL sample 

(dissolved in ddH2O), and tubes were incubated at 

60°C for 2 hours. Fluorescence of the advanced 

glycation end products (AGEs) was measured 

with an excitation wavelength of 370 nm and an 

emission wavelength of 440 nm. Aminoguanidine 

was also evaluated as a control molecule and. 

Antiglycation activity was calculated with the 

following formula: %inhibition = [(Acontrol - 

Asample)/Acontrol)] × 100. 

2.9. Statistics 

Bioactivity analyses were performed in triplicates 

and results are presented as mean ± SD. Statistical 

analysis was performed using Student’s t test 

(GraphPad Software, San Diego, CA). p<0.05 

was considered as statistically significant. 

 

 

3. RESULTS AND DISCUSSION 

Natural and plant-based remedies have seen a 

great interest in the recent years with the 

introduction of functional food stuff. They are 

very abundant and cheap to procure. However, 

several plant sources have not been explored for 

biomedical potential. Indeed, the phytochemistry 

data of bryophytes in the literature show a large 

number of bioactive compounds such as aromatic 

polyphenols, organic acids, acetogenins, 

phenylquinones, and terpenoids in their content 

that exhibit valuable potential bioactivities. 

However, scientific reports about these materials 

have been sporadic and scarce. For this reason, we 

aimed to explore a group of 9 bryophytes for their 

flavonoid and polyphenol content as well as 

measuring various disease-related activities in 

order to demonstrate the biomedical and 

therapeutic potential of these species.  

3.1. Flavonoid and phenolic contents 

Bryophytes are often associated with a distinctive 

smell that suggests the presence of aromatic 

molecules in their constitution such as phenolic 

compounds. One of the strategies to prevent or 

treat modern diseases is the use of flavonoids. 

Flavonoids are a major constituent of plant 

secondary metabolites with thousands of known 

structures that is both important to the physiology 

of plants but also possess a large medicinal 

application. They are found in vascular plants as 

well as bryophytes [24]. However, vascular plants 

have been receiving a great focus on their 

potential as flavonoid resources leading to 

bryophytes being less studied and only some 

sporadic reports can be found [25]. The lack of 

studies is mainly accredited to their small size 

which makes it is hard to collect in large enough 

amounts for chemical experiments such as 

flavonoids and phenolic compounds research 

[26]. Total flavonoid values provide insights on 

active substances with higher inhibitory activities 

present in plants. In the literature, the amount of 

flavonoids in plants has been reported between 95 

µg/g to 25 mg/g for spermatophyte species while 

it is higher than 50 mg/g for pteridophytes [27-

30]. Our results demonstrated total flavonoid 

content closer to spermatophytes values which 
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concur with previous studies on other bryophytes 

describing the same range of amounts [25]. 

Table 2 Total flavonoid and phenol amounts 

determined in different bryophytes species 
Types of 

Bryophytes 

Flavonoid content 

(µg QE/g plant) 

Phenolic content (µg 

GAE/g plant) 

T. barbuloides 34.8 ± 1.2 92.7 ± 1 

B. stricta 28.6 ± 0.7 88.7 ± 1.6 

L. sciuroides 19.1 ± 1.3 274 ± 5.7 

F. 

antipyretica 

41.1 ± 1.4 543 ± 6.2 

M. 

polymorpha 

37.8 ± 0.8 189 ± 3.3 

A. californica 46.7 ± 1.1 223.7 ± 1.9 

C. conicum 121.8 ± 3.9 222.7 ± 2.1 

B. pomiformis 106.8 ± 2.8 223 ± 2.7 

G. lisae 11.6 ± 0.5 96.4 ± 0.9 

Total phenolic content was explored to determine 

the active substances found in the different 

bryophytes methanolic extracts. The results were 

calculated and given as µg gallic acid equivalent/g 

plant (Table 2). The maximum values were seen 

in F. antipyretica, L. sciuroides, A. californica, C. 

conicum, and B. pomiformis reaching 543 ± 6.2, 

274 ± 5.7, 223.7 ± 1.9, 222.7 ± 2.1, and 223 ± 2.7 

µg GAE/g plant, respectively. Aslanbaba et al. 

[31] investigated the phenolic properties of plants 

belonging to the bryophytes family obtained from 

methanolic extraction. According to the results, 

the phenolic contents were found in T. 

tamariscinum 1075.15 µg gallic acid equivalent/g 

plant, P. riparioides 784.25 µg gallic acid 

equivalent/g plant. It has been shown in a recent 

study that phenolic extracts from T. tamariscinum 

and P. riparioides were associated with 

antioxidant activity providing a basis for potential 

application in medicine, cosmetics, and the food 

industry [31]. The results provide great evidence 

that F. antipyretica, L. sciuroides, A. californica, 

C. conicum, and B. pomiformis extracts have 

potential antioxidative activity. Phenolic 

molecules in these species consider providing 

significant antioxidant activity. 

3.2. Metal chelating activity 

Metal chelating activity is very important for 

determining the antioxidant capacity which holds 

metals that cause lipid peroxidation. For this 

reason, chelating compounds bind transition 

metals in the organism resulting in preventing 

radical formation. Thus, one of their function is 

preventing the damage caused by free radicals 

[32]. In this study, metal chelating capacity was 

evaluated using the CUPRAC method. Metal 

chelating properties of extracts were compared 

according to the quantities of their phenol 

compounds. According to the results of the study, 

the metal chelating activity of nine bryophytes 

was given in Table 3 The highest metal-chelating 

effect was observed in T. barbuloides, B. stricta, 

L. sciuroides, M. polymorpha compared to the 

reference molecule EDTA (2.19 %/µg phenolic), 

while C. conicum, and A. californica were less 

effective than the reference molecule. Molecules 

in the organism can be affected by reactive 

oxygen species which increases during metal 

abundance. Metal chelating properties of phenolic 

compounds are able to prevent some various 

damages related to these metals. Moreover, 

phenolics with metal chelating ability facilitate 

mineral bioavailability.  

Table 3 Biological activities of the different 

bryophytes extracts 

Types 

of 

bryop

hytes 

DPP-4 

inhibito

ry 

(%/μg 

phenol ) 

Anti-

glycat

ion 

(%/μg 

pheno

l) 

Metal 

chelat

ing 

(%/μg 

pheno

l) 

Antioxi

dant 

activity 

(mM 

AAE/ 

μg 

phenol) 

α-

Glucosi

dase 

inhibito

ry 

(IC50:μg

/mL 

phenol) 

T. 

barbul

oides 

0.44 ± 

2x10-2 c 

N.D. 7.94 ± 

0.9 c 

27.70 ± 

2.2 

N.D. 

B. 

stricta 

0.68 ± 

6x10-2 c 

0.22 ± 

1x10-3 

c 

3.95 ± 

0.3 c 

18.8 ± 

0.8 

114.1 ± 

5.7 c 

L. 

sciuro

ides 

0.15 ± 

3x10-3 c 

N.D. 3.76 ± 

0.4 c 

25.56 ± 

1.6 

713.3 ± 

3.9 c 

F. 

antipy

retica 

0.04 ± 

1x10-3 c 

0.74 ± 

0.1 c 

0.29 ± 

3x10-3 

c 

7.76 ± 

0.4 

N.D. 

M. 

polym

orpha 

1.0 ± 

1x10-2 c 

N.D. 3.44 ± 

0.2 c 

11.08 ± 

1 

63.5 ± 

2.8 c 

A. 

califor

nica 

1.21 ± 

7x10-2 c 

0.84 ± 

4x10-2 

c 

1.96 ± 

0.3 ns 

8.11 ± 

0.3 

161.3 ± 

3.1 c 

C. 

conicu

m 

0.06 ± 

2x10-2 c 

0.07 ± 

2x10-2 

c 

2.08 ± 

0.2 ns 

12.7 ± 

0.7 

62.66 ± 

2.4 c 

B. 

pomif

ormis 

0.09 ± 

3x10-2 c 

N.D. 0.55 ± 

0.1 c 

1.26 ± 

0.2 

N.D. 

G. 

lisae 

N.D. N.D. 1.51 ± 

0.1 b 

8.09 ± 

0.6 

123.8 ± 

3.9 c 
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N.D.: Not determined. 

ns: non-significant, bp<0.01, and cp<0.001 vs. different control 

molecules. Diprotin A was used as a control for DPP-4 

inhibitory activity; aminoguanidine for antiglycation activity; 

EDTA for metal chelating activity;  Ascorbic acid for 

antioxidant activity; and acarbose for α-Glucosidase inhibitory 

activity. 

3.3. DPP-4 inhibitory activity 

DPP-4 is a serine protease that cleaves N-terminal 

dipeptides from polypeptides. Its inhibitors not 

only stimulate insulin pancreatic β-cells but also 

helps in the regeneration and differentiation of β-

cells. Incretin hormones such as GLP-1 and GIP 

are releasing in response to meal ingestion. The 

problem is both these hormones have a short half-

life due to their rapid degradation by DPP-4. 

Inhibition of DPP-4 is necessary to maintain the 

endogenous inactive form of GLP-1 and its longer 

half-life.  

Most synthetic inhibitors are well tolerated, 

adverse side effects are known such as mild 

infections and headaches [33, 34]. Therefore, 

studies have been focused on discovering the 

natural DPP-4 inhibitors as alternative treatments 

for NIDDM [35]. Mosses are rich in phenolic 

compounds [36]. Many studies have shown the 

presence of DPP-4 inhibitory activity in many 

phenolic-rich extracts [37-40]. Also, medicinal 

plants with DPP-4 inhibitory activity such as O. 

europaea [41], C. australis [42], V. unguiculata, 

U. lobata, S. china, F. cretica, C. quinoa [43] play 

an important role in the management of NIDDM 

by delaying the development of disease, 

complications and correcting metabolic 

abnormalities. 

The phenolic extracts of different bryophytes 

were analyzed for their DPP4 inhibition activity. 

Results were evaluated according to the positive 

control molecule Diprotin A. The highest DPP-4 

inhibitory activity was observed for M. 

polymorpha and A. californica extracts with 1 ± 

1×10-2 %/μg phenol and 1,21 ± 7×10-2 %/μg 

phenol compared to 3.60%/μg phenol 

demonstrated by the control molecule (Table 3). 

The IC50 value of M. polymorpha was found as 

42,7 µg/mL and 93,25 µg/mL for A. californica 

extracts (Figure 1). Studies on anti-diabetic 

activity from bryophytes are very limited [36]. 

This is the first report on the DPP-4 inhibitory 

activity of the M. polymorpha and A. californica. 

In this experiment, the results showed that the M. 

polymorpha and A. californica contained 

potential inhibitors for this enzyme. Our results 

indicate that the phenolic content of bryophytes 

has an impact on DPP-4 inhibition. Hence, 

finding a novel and natural molecule that plays a 

role in DPP-4 inhibition would cure or lower the 

risks of diabetes mellitus.

 

Figure 1 IC50 for DPP4 inhibitory activity of a) M. polymorpha and b) A. californica 

3.4. Glucosidase inhibitory activity 

The inhibition of polysaccharide hydrolysis 

enzymes such as α-glucosidase and α-amylase in 

the digestive system delays glucose absorption 

[44]. Due to the storage conditions and side 

effects of synthetic original inhibitors, interest has 

been increased in the search for finding new and 

natural antidiabetic drugs or other alternatives. 

Therefore, there is growing interest in α-

glucosidase inhibition to develop novel 

pharmacological agents [45]. The effect of nine 

different bryophytes extracts on α-glucosidase 

activity was investigated. As shown in Table 3, M. 

polymorpha (IC50 = 63.5 µg/mL phenol) and C. 

conicum (IC50 = 62.66 µg/mL phenol) plants have 
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shown (Figure 2) the most effective α-glucosidase 

inhibitory activity compared to reference 

molecule acarbose (IC50 = 1.39 ± 0.23 mg/mL). 

Tran et al. investigated α-glucosidase inhibitory 

activity of n-hexane, chloroform, ethyl acetate, 

and ethanol extracts of the liverwort. They have 

found the ethyl acetate, ethanol, and n-hexane 

fractions of IC50 values 84.25, 361.40, and 11.89 

µg/mL, respectively [46]. Our results show that 

extract of M. polymorpha and C. conicum has 

better α-glucosidase inhibitory activity compared 

to others. Pant et al. have shown that 

miscellaneous medicinal plants and related 

species belonging to bryophytes (Asterella, 

Marchantia), pteridophytes (Adiantum, 

Oleandra, and Tectaria), and flowering plants 

(Hedychium, Rhus, Rubus, Smilax, and Sonchus). 

The highest percentage inhibition of α -

glucosidase found (81.13 ± 1.36) was showed 

from R. chinensis extracts [47]. This study 

suggests that M. polymorpha and C. conicum are 

promising sources of active compounds that can 

prevent the development of type 2 diabetes.  

 

Figure 2 IC50 for α-glucosidase inhibitory activity of 

a) M. polymorpha and b) C. conicum 

3.5. Antiglycation activity 

Advanced glycation end products (AGEs) are 

formed non-enzymatically under long-term 

chronic hyperglycemic conditions and affect 

protein structures and functions. Diabetic 

complications, age-dependent diseases, 

Alzheimer’s disease, rheumatoid arthritis, cancer, 

neurodegenerative diseases, cataract, and many 

others are associated with aggregates formed by 

AGEs [48]. Thus, the prevention of these 

aggregate formations is of great importance. It is 

very considerable to select a target for inhibiting 

glycation at distinctive stages such as Schiff base, 

advanced glycation end-products (AGE), and 

protein aggregation. It has been shown that 

liverworts (bryophytes) possess antidiabetic 

activities through the study of three species (P. 

striatus, P. epiphylla, and B. oshimensis) 

collected from Eastern Himalaya [49]. Brown 

algae extracts were shown to possess 

antiglycation effects in bovine serum albumin 

glycation models with fructose, glyoxal, and 

methylglyoxal. The antiglycative effect was 

associated with the presence of phenolic 

compounds in the extract (dieckol, 

phlorofucofuroeckol-A, and quercetin) [50]. Our 

results show that the F. antipyretica (0.74 ± 

0.1%/μg phenol) and A. californica (0.84 ± 4x10-

2 %/μg phenol) were very effective on 

antiglycation activity compared to control 

molecule Aminoguanidine (0.27 %/μg phenolic), 

and the B. stricta was similar to that of the control 

molecule. C. conicum antiglycation activity was 

insufficient. 

4. CONCLUSION 

In this study, different pharmacological activities 

(antiglycation, α-glucosidase and DPP-4 

inhibition, antioxidant, and metal chelating 

ability) associated with diabetes were investigated 

in nine types of bryophytes methanolic extracts. 

To the best of our knowledge, this is the first 

report describing the bioactivity of these nine 

bryophytes and their potential as antidiabetics, 

antioxidants, and phenolic reservoirs. Bryophytes 

are poorly investigated compared to vascular 

plants which are exploited commercially. The 

production of active compounds obtained from 

bryophyte species can have a tremendous impact 

on commercial and medical applications 

especially in the fields of food, medicine, and 

pharmacy. 
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Spatial Appraisal of Seasonal Water Yield of the Sokoto-Rima Basin 

Saheed Adekunle RAJI*1, Shakirudeen ODUNUGA2, Mayowa FASONA3 

Abstract 

Understanding the dynamics of water yield related to water balance is vital for the functioning 

of ecosystems and model-based computation of their respective ecosystem services. This is 

important for valuable water resource planning and management in dryland regions, such as the 

Sokoto-Rima basin. In this study, we assess the spatiotemporal dynamics of quickflow (QF), 

local recharge (LR), and baseflow (B) between 1992 and 2015 with the use of the Seasonal 

Water Yield (SWY) model of InVEST (Integrated Valuation of Ecosystem Service and 

Tradeoffs) software. Pre-classified landcover, rainfall, satellite-derived evapotranspiration, 

digital surface topography, and HYSOGs 250m soil datasets were used as software input. The 

result of the study showed that QF, LR, and B depict similar spatial distribution with peak 

values generated within water-bearing landcover areas, particularly water bodies and wetlands. 

QF was highest in 2002 (1,293.6 mm), and the subsequent years – 2012 and 2015 had 

reductions. Similar patterns were observed in LR and B with much lower values. The temporal 

trend for the 23-year period of the study showed that QF had an increasing rate of 85.331 mm 

while decreasing rates of 56.131 mm and 27.597 mm were detected for LR and B, respectively. 

Three essential parameters – alpha (α), beta (β), and gamma (γ) showed evidence of sensitivity 

to changes in seasonal water yield values. These water balance transactions provided an 

opportunity to review the impact of the sensitivity of the landcover, climate, and 

hydrogeological factors on water resources management, mainly freshwater accounting in the 

Sokoto-Rima basin of the northwestern part of Nigeria. 

Keywords: Quickflow, local recharge, baseflow, InVEST, ecosystem services.  

1. INTRODUCTION

Ecosystem services are, in many ways more than 

one, connected to freshwater systems and, by 

extension, convolutedly linked to socioeconomic 

development and human welfare [1-3]. This is 
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because of the inevitability of water for food, 

medicine, and other human consumptive 

purposes, industrial heating and cooling, 

irrigation and other agrarian purposes, habitat for 

different species, support wetland functioning, 

and assessment of environmental dynamics [1-5]. 
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One of the natural attributes that can be used to 

define freshwater ecosystem services is water 

yield [6-8]. Water yield defines the amount of 

water available in a particular area regarding 

provisioning and regulatory functions; 

consequently, it is correlated with land use 

dynamics [6-7]. This is why the quantitative 

assessment of water yield is a valuable tool for 

expressing the nexus between populace and 

water. In addition, quantitative assessment of 

water yield can help in effective surveillance and 

management of water resources, particularly in a 

well-defined hydrological basin, by tracking 

changes and ensuring sustainability [4,5-8]. Key 

environmental factors such as precipitation, 

evapotranspiration, soil-water interrelations, 

terrain configuration and geology, vegetation and 

land use dynamics are measured [6-8]. 

Combining these factors to estimate water yield 

can be laborious, especially in data-scarce 

jurisdictions where data on environmental 

monitoring and hydrologic changes are 

unavailable, and inconsistent collection 

approaches were accessible [6]. Models are often 

used to resolve these challenges in which the 

environmental factors formed the foundational 

model inputs [7]. However, the paucity of suitable 

data typologies and formats can render the 

anticipated assessment sought by the model 

implausible. Reliance on satellite data sources and 

those generated using spatial statistics have been 

utilised to provide spatial visualisations of water 

yield. 

Since models are a systematic replica of the 

natural world, the uncertainty of parameters 

measured from their outputs is vital [6, 7]. As 

regards freshwater ecosystem services, model 

estimates are often defined based on water inputs 

and output pathways in consideration of localised 

environmental conditions. Analysis of these 

uncertainties of these parameters via sensitivity to 

changes will help measure place-specific 

quantification assessments to identify controlling 

factors and influence on water yield. Also, this 

performance assessment will provide a good rank 

of parameters connected to local processes and 

controls on water yield. Literature on the 

application of these measures within the semi-arid 

ecosystem of West Africa remains a rarity. 

Existing measures are often based on non-spatial 

hydrological assessments such as [8-10]. 

Even though Nigeria is moderately water rich 

with per capita annual water availability value of 

1,158 m3 [11], this is spatially restricted to the 

south with a high all-year-round water density. İn 

the north, including the Sokoto-Rima basin, 

optimal functioning of freshwater ecosystem 

service complexes remains seasonal hence the 

heavy reliance on dams and irrigation projects to 

supply urban and agrarian purposes. However, 

researches on water yield have often concentrated 

on annual water yield [8-10, 12-13], while a few, 

such as [6-7], considered the import of seasonal 

water yield. These studies have shown that 

seasonal water yield is sufficient to capture the 

value of seasonal differences in water resource 

management, particularly for irrigation 

management, water requirements for crops, and 

urban water supplies in arid zones. However, 

these latter studies showcased the essence of 

seasonal water yield for dryland hydrological 

settings such as the Sokoto-Rima basin, existing 

studies such as [8, 10] focussed on a fraction of 

the issue. Questions on the dynamics and 

influence of seasonal water fluctuations remain 

largely unanswered. Knowing this will help 

address localised water scarcity issues as seasonal 

water deficit within the semi-arid is largely place-

based. 

In this research, the InVEST (Integrated 

Valuation of Ecosystem Services and Tradeoffs) 

seasonal water yield (SWY) model was employed 

in the Sokoto-Rima basin of the northwestern axis 

of Nigeria. Three water yield outputs, namely 

quickflow, baseflow and local recharge, were 

computed spatiotemporally. Notably, the SWY 

model was created by the Natural Capital Project 

(www.naturalcapitalproject.stanford.edu) based 

on the water-balance concept [19]. Also, the 

sensitivity of the vital parameters was assessed. 

The study results are expected to apply to other 

semi-arid areas in northern Nigeria and West 

Africa at large. 
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2. MATERIAL AND METHODS 

2.1. The Study Area 

The Sokoto-Rima basin is a transnational 

hydrological basin of West Africa that covers 

Nigeria, Benin and Niger. Nevertheless, this 

section of the study falls within the Nigeria 

section, which swaths within Latitudes 10˚32'35'' 

N to 13˚32'55'' N and Longitudes 3˚30'30'' E to 

8˚1'15'' E with a total land area of 94,026.50 km2 

(Figure 1). Based on climate, the mesoscale 

convective processes associated with the tropical 

savanna climate of West Africa [14] directly 

influenced the research area. Two highly 

distinguished climatic seasons - wet and dry 

subsists with clearly defined rainfall and 

temperature variations. Mean annual rainfall 

ranges from 350 mm to 895 mm from north to 

south, increasing the spatial index. Mean 

temperature annually averages 30 0C with 

substantial variability where the value increases 

during the wet and post-dry seasons and low 

during the dry season [15]. 

Rivers and streams that flow under the influence 

of relief and elevation characterized freshwater 

systems of the Sokoto-Rima basin. The critical 

river systems are the Sokoto and Rima, where the 

basin derives its name. It flows from westwards 

with a series of confluences with Rivers Zamfara, 

Ka, Bunsuru, Maradi, Gagere, Konni and others. 

The relief rises from the eastern basement 

complex rocks with an elevation of 802 m above 

sea level and reduced to the lowest around the 

Niger plain south of the study area. The 

surrounding wetlands and plains have been 

subjected to extensive cultivation defining the 

agrarian nature of the Sokoto-Rima basin. Water-

sensitive crops such as rice, millet, sorghum, 

maize have been cultivated with cattle, ram, sheep 

and goat domestically reared. 

 

Figure 1 Location of the Sokoto-Rima basin in context of northern Nigeria with relief and the network of rivers and 

streams defining the basin 

2.2. Data Sources and Characteristics 

Multi-sourced spatial data with unique 

characteristics were used in this study. As shown 

in Table 1, we sourced these datasets from various 

archives and existed as texts, tables, raster and 

vector data files. So, to avoid computational 

incompatibilities, all the datasets were converted 
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using Geographical Information Systems (GIS) 

software to raster datasets, re-sampled to 100 

metres spatial resolution and projected to 

Universal Transverse Mercator Zone 31 North 

(UTM Zone 31 N), where the study area is 

located. The associated data sources and other 

details are concisely presented in Table 1.  

Table 1 Data characteristics and sources used in this study 
s/N Data Resolution Year Data Source 

1 

CCI-LC 

Climate Change 

Initiative 

Landcover 

300  metres 

1992 

2002 

2012 

2015 

European Space Agency (ESA) Climate Change Initiative 

(CCI) Data Viewer at 

http://maps.elie.ucl.ac.be/CCI/viewer/profiles.php   

2 

Evapotranspiration 

(Eta version 4) v4 

data 

250 metres 

1992 

2002 

2012 

2015 

USGS Famine Early Warning System (FEWS) Data for 

West Africa 

https://earlywarning.usgs.gov/fews/product/451 

3 TAMSAT  0.0375° (~ 4 km) 
1983-

2019 

Tropical Applications of Meteorology using Satellite data 

and ground-based observations https://www.tamsat.org.uk  

4 

Shuttle Radar 

Topography 

Mission (SRTM) 

4.1 

90 metres; 

vertical accuracy 

of 16 metres 

2014 
CGIAR Consortium for Spatial Information 

https://srtm.csi.cgiar.org/  

5 
HYSOG Soil 

Group 
250 metres 2015 

United States Oak Ridge National Library Distributed 

Active Archive Centre (ORNL DAAC) 

https://daac.ornl.gov/cgi-bin/dsviewer.pl?ds_id=1566  

6 
eMODIS NDVI 

Data 
250 metres 

2002 

2012 

2015 

USGS Famine Early Warning System (FEWS) Data for 

West Africa 

https://earlywarning.usgs.gov/fews/product/451  

7 
Curve number 

(CN) 

Dimensionless 

with range (0-

100) 

2007 

Handbook of the United States Department of Agriculture 

(USDA) accessed online at 

https://directives.sc.egov.usda.gov/OpenNonWebContent.as

px?content=22526.wba  

8 
Crop/vegetation 

coefficient (Kc) 

Dimensionless 

with range 

(0.114–0.689) 

1998 

Monthly crop factor values generated from the archives of 

the Food and Agriculture Organization of the United 

Nations (FAO) available online at the webportal: 

http://www.fao.org/3/x0490e/x0490e00.htm  

The pre-classified and pre-processed Climate 

Change Initiative (CCI) landcover data of the 

European Space Agency (ESA) was used as the 

central data spine of the study. It has a spatial 

resolution of 300 meters and a 32-bit quantisation 

level sufficient to detect homogenous landcover 

classes. Its pre-processed nature ensures that 

edge-matching errors constraining large-scale 

utility have been eliminated. The period 1992, 

2002, 2012 and 2015 were acquired based on data 

available from the data download portal 

http://maps.elie.ucl.ac.be/CCI/viewer/profiles.ph

p. 

Satellite-derived actual evapotranspiration (ETa) 

data for the periods 1992, 2002, 2012 and 2015 

were sourced from the portal of the United States 

Geological Survey (USGS) Famine Early 

Warning Systems Network (FEWSNET) and 

produced using the Moderate Resolution Imaging 

Spectroradiometer (MODIS). The datasets were 

generated through the operational simplified 

surface energy balance (SSEBop) model 

advanced by [16] with a spatial resolution of 250 

metres. 

Also, rainfall datasets were generated from the 

Tropical Applications of Meteorology using 

Satellite data and ground-based observations 

(TAMSAT) specifically for Africa. The data was 

sourced from https://www.tamsat.org.uk/. It has a 

medium resolution of 0.0375° (roughly 4 km), 

suitable for defining long-term tropical 

climatology, particularly from a monsoon region. 

The acquired data was presented in netCDF 

format, which is suitable for GIS-based 
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application. Further details of satellite 

characterisation and ex-situ processing of 

TAMSAT data are available in [17]. 

Digital surface topography data was sourced from 

the Shuttle Radar Topography Mission (SRTM), 

having 90-metre (3-arc-second) spatial resolution. 

The data was acquired from the CGIAR 

Consortium for Spatial Information (CGIAR-

CSI). It has a minimum vertical accuracy of 16 m 

which is suitable for the study. 

Global Hydrologic Soil Groups (HYSOGs250m) 

data sourced from NASA’s Distributed Active 

Archive Centre for Biogeochemical Analysis 

(DAAC) data employed in the study was via 

https://daac.ornl.gov/SOILS/guides/Global_Hydr

ologic_Soil_Group.html. İt has a spatial 

resolution of 0.002083° (250 m). The data is vital 

for ecohydrological modelling at a regional scale 

[18]. 

Other datasets acquired for the study include 

landcover sensitive CN (curve number), a 

pragmatic variable used to estimate direct 

hydrologic runoff or infiltration from excess 

precipitation. The values used in this study were 

extracted from the handbook of the United States 

Department of Agriculture (USDA). The monthly 

crop/vegetation coefficient (Kc) values for 

different landcover typologies within a cultivated 

semi-arid zone of the tropics were referenced 

from the archives of the Food and Agriculture 

Organization Food and Agriculture Organization 

of the United Nations (FAO).   

2.3. Description of the InVEST Seasonal 

Water Yield (SWY) Model 

Spatially explicit models are essential for 

estimating hydrological patterns, particularly in 

areas characterised by low and inconsistent data 

availability. These models are often used to 

augment data gaps for spatial planning of water 

ecosystem services and related resource 

management. This study adopted the InVEST 

SWY model because of its low data requirements, 

inherent spatially explicit nature of depicting 

water routing, and adoption of a streamlined water 

balancing approach [19]. The latter, however, has 

some level of uncertainty whose influence on 

water appraisal ability must be determined.  

A comprehensive description of the InVEST 

SWY model can be found in [19]. The main 

computational procedure and the essential 

variables thereof are presented in this study, as 

shown in Figure 1. Four segmentation levels can 

be identified in the model. First, it computes 

quickflow (QF) at the interannual (monthly) level 

per pixel of the multispectral space. This is based 

on the NRCS curve number method, which 

calculates approximately interannual direct runoff 

using monthly precipitation and the number of 

rain events per period [28]-[34]. This is defined 

as: 

𝑄𝐹𝑖,𝑚 = 𝑛 𝑚 ((𝑎𝑖,𝑚 − 𝑆𝑖) 𝑒𝑥𝑝 (−
0.2𝑆𝑖

𝑎𝑖,𝑚
) +

𝑆𝑖
2

𝑎𝑖,𝑚
𝑒𝑥𝑝 (

0.8𝑆𝑖

𝑎𝑖,𝑚
) 𝐸1 (

𝑆𝑖

𝑎𝑖,𝑚
)) (25.4 [

𝑚𝑚

𝑖𝑛
])         (1) 

𝑄𝐹𝑖 = ∑ 𝑄𝐹𝑖,𝑚
12
𝑚=1     (2) 

where: 𝑆𝑖 latent highest soil moisture holding 

sequel to water flow; 𝐶𝑁𝐼 is the curve number for 

pixel i; ai, m is the mean rain depth on a rainy day 

at pixel i on month m; 𝐸1 is the change integral 

function; and t is study period. 

Second, the model segregates monthly available 

water between local recharge and 

evapotranspiration. On a particular pixel, this 

division is affected by factors that influence the 

availability of subsurface water for 

evapotranspiration, namely by up-slope recharge 

and α, β and γ parameters. Thus, 

evapotranspiration is defined as: 

𝐴𝐸𝑇𝑖,𝑚 = min (𝑃𝐸𝑇𝑖,𝑚; 𝑃𝑖,𝑚 − 𝑄𝐹𝑖,𝑚 +
𝛼𝑚𝛽𝐿𝑠𝑢𝑚.𝑎𝑣𝑎𝑖𝑙,𝑖)      (3) 

where 𝐿𝑠𝑢𝑚.𝑎𝑣𝑎𝑖𝑙,𝑖 is the sum of upslope 

subsurface water that is hypothetically accessible 

at pixel i, 𝛽 is a spatial accessibility parameter that 

ranges between 0–1 and influenced by local 

terrain characteristics, and 𝛼𝑚 is the portion of the 

(annual) upslope water support that is accessible  

in a given month m. The γ parameter, though 

optional, is a defined as a function of recharge at 
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a given pixel level within the multispectral space 

that is accessible and not lost to pixels at the 

downslope level. Third, the model computes the 

local recharge (LR) on a given pixel, which 

denotes the probable subsidy to aggregate annual 

baseflow: 

𝐿𝑖 = 𝑃𝑖 − 𝑄𝐹𝑖 − 𝐴𝐸𝑇𝑖   (4) 

where: 𝐿𝑖  is the index of LR 𝑃𝑖 annual 

precipitation of pixel i, 𝑄𝐹 is the yearly 

quickflow, 𝐴𝐸𝑇𝑖 actual evapotranspiration 

aggregated from monthly levels. Finally, index of 

Baseflow (B), i.e. the amount of water that gets to 

the stream, is computed as: 

𝐵𝑖 = 𝐵𝑠𝑢𝑚,𝑖 ∗
𝐿𝑎𝑣𝑎𝑖𝑙,𝑖

𝐿𝑠𝑢𝑚,
    (5) 

given that: 𝐿𝑠𝑢𝑚,𝑖 = 𝐿𝑖 + ∑ 𝐿𝑠𝑢𝑚,𝑗
𝑖
𝑗 ∗ 𝑃𝑗𝑖 (6) 

where 𝐵𝑖 is baseflow of pixel i, 𝐿𝑠𝑢𝑚,𝑖 is 

cummulative upstream recharge of pixel i. 

 
Figure 2 The InVEST Seasonal Water Yield model hydrologic channelling system depicting the pixel-based one-

dimensional water flow path primed upon the simplified water balance approach   (Source: [7]) 

2.4. Sensitivity Analysis of the InVEST SWY 

Model 

The sensitivity of the critical variables of the 

SWY model was tested singularly as a measure of 

model performance and robustness. This analysis 

also provides an opportunity for testing the 

flexibility of the vital model-defining parameters 

per pixel within the multispectral space. The 

tested parameters were coefficients embedded in 

the model as provided by [19]. Notably, the 

variation of α showcases the import of interannual 

precipitation changes coupled with the possible 

unchanged local regime for a semi-arid area 

where water recharge is essential for different 

uses. Also, β is influenced by terrain 

characteristics, specifically soil typology and 

geology; hence, it is often less dynamic. Storage 

capacity, up-slope subsidy, and up-slope area are 

essential considerations when setting the 

numerical influence of β within the model. g 

parameter is also terrain influenced as observed 

with β but more on edaphic controls such that 

level of permeability often affects seasonally 

available water within a region. Due to the large-

scale uniformity of soil-water context, the g 

parameter is often unchanged over the landscape. 

V parameter is the number of up-slope pixels that 
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contribute to a stream's definition in a given pixel. 

As a result, V is a function of SRTM data, and 

improvement in resolution characteristics could 

influence the expression of stream pixels within 

the multispectral space. V, α, β, and g parameters 

were adjusted by ±50% due to the possible nature 

of water fluctuation in a typical semi-arid region 

where there is established interannual water 

fluctuation. Expressly, V was varied from the 

default value of 1,000 to 500 and 1,500. The α 

parameter was also adjusted from the default 

value of 1/12 (indicating annual fluctuation) to 

1/6 (biannual) and 1/24 (biennial). At the same 

time, both β and g were varied from the default 

value of 1 to ½ and 1½ each. 

3. RESULT AND DISCUSSION 

3.1. Spatiotemporal Dynamics of Quickflow in 

the Sokoto-Rima basin 

The spatial distribution of quickflow, which is the 

hydrological response to direct water input from 

rainfall leading to increase river runoff within 

short intervals, is depicted in Figure 3. At the 

same time, the status levels were presented in 

Table 2. Five status levels were detected 

throughout the study periods, with fluctuating 

maximum and minimum values. This is not 

uncommon as quickflow characterisation is never 

highly dynamic [29]. However, the quickflow of 

the Sokoto-Rima basin is dominated by low flow 

levels with very low and low statuses. For 

instance, in 1992, the very low flow status 

occupied 38.15% (35,868.32 km2) by the year 

2015, it falls to 28.17% (26,490.24 km2), while 

very high flow status improved from 9.07% 

(8,529.15 km2) to 11.65% (10,950.54 km2) 

suggesting that more areas received post-rainfall 

flow within 23 years. Also, the pattern of the shift 

in the amount of quickflow though 

disproportionate, shows increases over the years. 

Specifically, 38.5% increase in the low flow and 

a 19.63% upsurge in the magnitude of high flow. 

The associated temporal trend as displayed in 

Figure 6 portrays an increasing magnitude of 

quickflow with increasing rate of 85.331 mm per 

pixel with a pixel-based mean of 858.128 mm 

within the study period.  

These intermittently high values of quickflow 

were spatially restricted to the headwaters located 

in the eastern part of the Sokoto-Rima basin 

(Figure 3). From these headwaters, quickflow was 

distributed spatially to other parts of the Sokoto-

Rima basin. High quickflow values were also 

detected at the wetlands areas of the southern axis. 

The high quickflow observed within the 

downstream is partly due to its inherent landcover 

as mainly extensive wetlands of the Niger plain. 

As shown in Figure 3, the spatial pattern of 

quickflow distribution showed diverse values for 

each study period (a function of rainfall and other 

environmental factors). As shown in Figure 3, 

there is a south-north decreasing pattern of 

quickflow with exceptions in water-bearing 

landcover themes such as rivers, streams, lakes 

and dams in locations such as Sokoto, Goronyo, 

Talata-Mafara, Yauri, Maradi Argungu and 

Gusau, amongst others. 

 

Table 2 Quickflow dynamics and relations in the Sokoto-Rima basin

1992 2002 2012 2015 

Status/ 

Modelled 

QF (mm) 

Land 

area 

(km2) % 

Status/ 

Modelled 

QF 

Land 

area 

(km2) % 

Status/ 

Modelled 

QF 

Land 

area 

(km2) % 

Status/ 

Modelled 

QF 

Land 

area 

(km2) % 

Very low  

(0-98.97) 

35,868.

32 38.15 

Very low  

(0-151.11) 

26,33

8.26 28.01 

Very low  

(0-130.86) 

30,60

7.87 32.55 

Very low  

(0-137.07) 

26,49

0.24 28.17 

Low  

(98.98-

267.06) 

20,182.

86 21.47 

Low  

(151.12-

411.23) 

28,22

9.01 30.02 

Low  

(130.87-

363.79) 

24,47

1.20 26.03 

Low  

(137.08-

385.93) 

29,56

5.14 31.44 

Moderate  

(267.07-

453.42) 

16,589.

86 17.64 

Moderate  

(411.24-

671.35) 

15,37

2.18 16.35 

Moderate  

(363.80-

596.72) 

16,71

6.83 17.78 

Moderate  

(385.93-

617.32) 

13,46

2.24 14.32 

High  

12,856.

32 13.67 High  

15,37

0.37 16.35 High  

14,17

7.96 15.08 High  

13,55

8.34 14.42 
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(453.43-

643.43) 

(671.35-

905.97) 

(596.73-

805.89) 

(617.32-

796.32) 

Very high  

(643.44-

924.8) 

8,529.1

5 9.07 

Very high  

(905.98-

1293.6) 

8,716

.68 9.27 

Very high  

(805.90-

1205.2) 

8,052

.64 8.56 

Very high  

(796.33-

1106.3) 

10,95

0.54 11.65 

Total 

94,026.

5 
100 

Total 

94,02

6.5 
100 

Total 

94,02

6.5 
100 

Total 

94,02

6.5 
100 

 

Figure 3 Spatial dynamics of quickflow of the Sokoto Rima basin for the year 1992 (A), 2002 (B), 2012 (C) and 

2015 (D) 

The spatial perspective of quickflow of the 

Sokoto-Rima basin for the study typified specifics 

that affirm the geography of post-floodwater 

distribution in the area. as displayed in Figure 4, 

the period 1992–2002 placed the marker for 

north-south change such that increases were 

detected in most parts of the south while decrease 

in quickflow was seen in the north. However, 

some areas of the west returned unchanged. The 

pattern changed significantly for the period 2002-

2012: sustained increases were detected in some 

parts of the north that previously recorded 

decreases; similar patterns were also detected 

along the Sokoto River, particularly in parts of 

Kebbi; and a mosaic of decrease and unchanged 

patterns was detected in other parts of the study 

area. The period 2012-2015 showed the 

expansion of unchanged pattern, the dominance 

of declines in the east and increases in the west. 

On the whole, quickflow decreased northwards 

for the entire period of study, with local 

exceptions in some areas with specific socio-

environmental influences. 

These observations are not unexpected in dryland 

where rainfall drives hydrological response such 

that ephemeral streams become active and flash 

floods occur [9, 14-15]. Several factors have 

alluded to this. For instance, [8] asserted that 

water yield is a function of a consistent increase 

RAJI et al.

Spatial Appraisal of Seasonal Water Yield of the Sokoto-Rima Basin

Sakarya University Journal of Science 25(4), 950-968, 2021 957



in the amount of rainfall received per time in the 

Sokoto-Rima basin. [29] stated that apart from 

precipitation dynamics, landcover, change in 

vegetation could affect water yield, out of which 

quickflow is significant. [29] further affirmed that 

quickflow in low rainfall grassland area of Tibet 

contributes roughly 5% to water yield. 

The contribution of quickflow in the expression 

of water yield remains critical, especially for 

semi-arid zones and for data-sparse regions where 

water availability data remain a daunting 

challenge [33, 31-33]. Quickflow is directly 

proportional to the amount of rainfall and 

landcover typologies. As a result, quickflow is a 

crucial factor in defining hydrological ecosystem 

services of the Sokoto-Rima basin. Quickflow is 

a vital index that aids water management for food 

security by boosting agriculture and ensuring 

energy security [33]. Therefore, consistent 

assessment of quickflow as a component of water 

yield is inevitable for the sustenance livelihoods 

and ecosystem services of the Sokoto-Rima basin.   

 

Figure 4 Pattern of spatiotemporal change in quickflow (QF) in the Sokoto Rima basin for the period 1992 to 2015

3.2. Spatial Variation of Local Recharge 

As conceptualised in this study, variations in local 

recharge explain the pattern of changes in the 

potential contribution of rainfall (per pixel) in the 

basin to baseflow as influenced by the regional 

water balance. This shows that local recharge is 

directly proportional to excess rainfall feeding the 

groundwater and a significant factor in 

groundwater flow and characterisation. The 

spatiotemporal distribution of local recharge of 

the Sokoto-Rima basin for the study period is 

depicted in Figure 5, while the range of detected 

status is presented in Table 3. The concomitant 

temporal trend 6 portrays a decreasing magnitude 

of local recharge with rate of 56,131 mm per pixel 

with a pixel-based mean of 210,198 mm from 

1992 to 2015 (Figure 6). 

As shown in Table 3, local recharge is 

substantially low, averaging 46% very low status 

throughout the study. The very high grade 

recorded a meagre average of 0.025%, indicating 

a consistently low proportion and area extent. 

Overall, 71% of the low status were recorded 
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through strengthening the fact that the Sokoto-

Rima basin is characterised by the low amount of 

water available per pixel. As depicted in Figure 5, 

the spatial equivalence of this shows that the 

south-north increasing index detected for the 

quickflow also subsists, though with periodic 

differentiations. Precisely, areas with a high 

amount of local recharge correlate directly with 

the extensive Niger plains. At the same time, 

moderate values were spatially delimited to some 

wetland areas while some of the permanent rivers 

and streams recorded the least importance. This 

scenario was detected in the baseline year (1992). 

By 2002, some wetlands in parts of the Sokoto-

Shuni axis of the north recorded high values 

ranging from 311 to 931 mm, indicating an 

increase over time. This further expanded in 2012 

to some parts of the headwaters of the northeast 

and the floodplains of the south. The trend persists 

till 2015, where roughly 13% of the landscape 

recorded a low amount of local recharge. The 

cumulative impact of the spatial distribution high 

amount of local recharge will lead to hydrological 

enrichment of the Sokoto-Rima basin, 

particularly wetlands and floodplains.

Table 3 Dynamics of Local Recharge characterisation in the Sokoto-Rima basin 

1992 2002 2012 2015 

Status/ 

Modelled 

LR (mm) 

Land 

area 

(km2) 

% 

Status/ 

Modelled 

LR (mm) 

Land 

area 

(km2) 

% 

Status/ 

Modelled 

LR (mm) 

Land 

area 

(km2) 

% 

Status/ 

Modelled 

LR (mm) 

Land 

area 

(km2) 

% 

Very low  

(0-12.98) 

45,61

1.11 

48.5

1 

Very low  

(0-61.29) 

41,825.

41 

44.4

8 

Very low  

(0-39.04) 

41,883.

66 
44.54 

Very low  

(0-44.74) 

41,867.

93 

44.

53 

Low  

(12.99-

82.54) 

27,33

9.87 

29.0

8 

Low  

(61.3-

180.02) 

20,726.

95 

22.0

4 

Low  

(39.05-

141.66) 

20,887.

66 
22.21 

Low  

(44.75-

143.96) 

15,632.

56 

16.

63 

Moderate  

(82.55-

169.48) 

17,70

3.36 

18.8

3 

Moderate  

(180.03-

311.94) 

24,723.

36 

26.2

9 

Moderate 

(141.67-

257.11) 

23,453.

13 
24.94 

Moderate  

(143.97-

243.18) 

25,166.

36 

26.

77 

High  

(169.49-

604.19) 

3,347.

04 
3.56 

High  

(311.95-

931.98) 

6,730.9

1 
7.16 

High  

(257.12-

872.84) 

7,781.8

2 
8.28 

High  

(243.19-

725.11) 

11,329.

21 

12.

05 

Very high  

(604.20-

2273.5) 

25.12 0.03 

Very high  

(931.99-

2620.6) 

19.87 0.02 

Very high  

(872.85-

2527.6) 

20.22 0.02 

Very high  

(725.12-

2567.8) 

30.44 
0.0

3 

Total 
94,02

6.5 
100 Total 

94,026.

5 
100 Total 

94,026.

5 
100 Total 

94,026.

5 
100 
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Figure 5 Spatial dynamics of local recharge of the Sokoto Rima basin for the years 1992 (A), 2002 (B), 2012 (C) 

and 2015 (D)

Relative to water balance, the amount of local 

recharge represents 2.5%, 5.1%, 2.6 and 2.3% of 

rainfall for 1992, 2002, 2012 and 2015, 

respectively. These are in concordance with [22], 

which computed that recharge rates for the 

Sokoto-Rima basin range between 2-7% of 

annual precipitation. It should be noted that 

hydrogeological factors influence the local 

recharge of a tropical basin such as the Sokoto-

Rima. [23] affirmed that spatial distribution of 

artesian aquifers in locations such as Gundumi, 

Rima and Gwandu with varying depths influence 

available recharge. This is also to a great extent, 

geological age and associated constituents such as 

lithology, nature of deposits, and age range from 

the Cretaceous to Eocene. However, these 

aquifers are extensively confined apart from the 

open water bodies whose storage capacities with 

apparent seasonal climatic variations. 

Marked distinctions exist within the spatial 

variations in local recharge of the Sokoto-Rima 

basin, as shown in Figure 7. This is obviously an 

accumulated characterisation of the observed 

spatiotemporal dynamics in local recharge 

relations and factors of change. The period 1992-

2002 showed that wetland areas abutting the 

major rivers and streams recorded mixed increase 

and no change patterns throughout the study area. 

Decreases, however, were recorded in major 

rivers such as Sokoto, Rima, Ka, Maradi, and 

Zamfara. However, these observations flipped by 

the decade 2002-2012, where the increase was 

detected along with the water bodies, indicating 

ceteris paribus substantial water input. Minute 

instances of unchanged local recharge amounts 

were also detected all over the Sokoto-Rima 

basin. The period 2012-2015 witnessed few 

decreases and increase with no change dimension. 

For the entire study period, the magnitude of local 

recharge remained largely a mosaic of decrease 

interspersed with no change. 

As shown in this study, local recharge (the 

proportion of local water balance that potentially 

feeds the baseflow) is a function of landcover, 
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precipitation and terrain characteristics. The 

result of the study also tallies with those of semi-

arid areas of Ethiopia, particularly the Wabe 

Catchment of East Africa, with a similar 

spatiotemporal trend [32].

 
Figure 6 Temporal trend of quick flow, local recharge, and baseflow of the Sokoto-Rima basin for the period 1992, 

2002, 2012 and 2015.

 

Figure 7 Pattern of spatiotemporal change in local recharge (LR) in the Sokoto Rima basin for the period 1992 to 

2015 
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3.3. Baseflow Characteristics in the Sokoto-

Rima 

As developed in this study, Pixel-based baseflow 

is the actual contribution of a defined location in 

multispectral space to the amount of water that 

reaches a stream or a river [7, 19]. This shows that 

the equation of seasonal water yield is incomplete 

without the quantitative expression of baseflow. 

Spatial dynamics of baseflow in the Sokoto-Rima 

basin within the study period are presented in 

Table 4 and illustrated in Figure 8. Approximately 

50% of the land area returned low baseflow status 

throughout the study period, while the proportion 

of high flow is <5% apart from 2002, which 

returned 5.4%. However, the proportion of 

moderate status has progressively increased from 

18.27% (17,276.06 km2) in 1991 to 26.28% 

(24,710.46 km2) in 2015.  

The associated spatial details revealed that the 

maximum baseflow level in 1992 was 4,723.43 

mm; by 2002, it increased to 7.127.96 mm by a 

proportion of 50.91%. As shown in Figure 8, this 

change is primarily noticeable around water 

bodies and wetlands with substantial 

proportionate increases. The pattern observed in 

2012 and 2015, as observed in Figure 8C and 

Figure 8D, showed a maximum of 6,771.24 mm 

and 5,888.58 mm, respectively depicting a 

gradual reduction by 5% and 17.39% from 2002 

levels. Thus, the peak baseflow level of 7,127.96 

mm was recorded in 2002. Decadal differences 

from 2002 to 2012 with reductions in the amount 

of baseflow, however, set regional delineations as 

decreases were recorded in the western part 

compared to increases in the west of and some 

parts of the northern section Sokoto-Rima basin. 

The temporal trend of baseflow in the Sokoto-

Rima basin is shown in Figure 6 with decreasing 

pattern. Specifically, the trend showed a 

decreasing rate of 27.597 mm with an average 

yearly value of 180.189 mm within the period of 

study. 

This correlates with the observation of quickflow 

and local recharge dynamics, particularly in 

locations where increases were detected. The 

further reductions noted in 2015 compared to 

2012 mainly were detected in a few places in the 

east, while most of the study witnessed averagely 

unchanged values. The aggregate changes from 

1992 to 2015 returned meagre changes over most 

of the Sokoto-Rima basin, while reductions in 

baseflow were observed in the north while 

wetlands of the central area had a tiny increase. 

Table 4 Dynamics of Baseflow characterisation in the Sokoto-Rima basin 

1992 2002 2012 2015 

Status/ 

Modelled 

B (mm) 

Land 

area 

(km2) 

% 

Status/ 

Modelled 

B (mm) 

Land 

area 

(km2) 

% 

Status/ 

Modelled 

B (mm) 

Land 

area 

(km2) 

% 

Status/ 

Modelle

d B 

(mm) 

Land 

area 

(km2) 

% 

Very low 

(0-98.97) 

49,925.

61 

53.1

0 

Very low 

(0-151.11) 

39,967.

39 

42.5

1 

Very low 

(0-130.86) 

42,568

.89 

45.2

7 

Very low 

(0-

137.07) 

39,495.

79 

42.

00 

Low 

(98.98-

267.06) 

24,475.

97 

26.0

3 

Low 

(151.12-

411.23) 

28,242.

14 

30.0

4 

Low 

(130.87-

363.79) 

28,100

.93 

29.8

9 

Low 

(137.08-

385.93) 

25,342.

58 

26.

95 

Moderate 

(267.07-

453.42) 

17,276.

06 

18.3

7 

Moderate 

(411.24-

671.35) 

20,067.

47 

21.3

4 

Moderate 

(363.80-

596.72) 

19,684

.30 

20.9

3 

Moderate 

(385.93-

617.32) 

24,710.

46 

26.

28 

High 

(453.43-

643.43) 

2,330.8

4 
2.48 

High 

(671.35-

905.97) 

5,074.1

9 
5.40 

High 

(596.73-

805.89) 

3,654.

51 
3.89 

High 

(617.32-

796.32) 

4,396.6

4 

4.6

8 

Very high 

(643.44-

924.8) 

18.02 0.02 

Very high 

(905.98-

1293.6) 

675.30 0.72 

Very high 

(805.90-

1205.2) 

17.88 0.02 

Very 

high 

(796.33-

1106.3) 

81.03 
0.0

9 

Total 
94,026.

5 
100 Total 

94,026.

5 
100 Total 

94,026

.5 
100 Total 

94,026.

5 
100 
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Figure 8 Dynamics of baseflow of the Sokoto Rima basin for the years 1992 (A), 2002 (B), 2012 (C) and 2015 (D) 

There is some degree of spatial disparities in the 

pattern of baseflow of the Sokoto-Rima basin 

across this study. These observed variations are 

mapped and displayed in Figure 9, indicating non-

linear dynamics in change patterns. The decade 

1992-2002 showed that most of the study area 

recorded a mixed bag of dwindling and no-change 

pattern. There are exceptions of increase in 

wetland areas adjoining the major water bodies 

and woodlands where edaphic storage was 

detected to range between increase and zero 

variation. A completely different pattern was 

detected in the subsequent decade 2002-2012. An 

upsurge was noticed, obviously driven by 

cumulative precipitation input, with few 

exceptions in some of the north-western locations. 

The period 2012–2015 had minute decrease 

variations in some parts of the east and north 

while water bodies and floodplain of the Niger 

recorded no change. The aggregated spatial 

variation showed that a decrease in baseflow was 

detected in water bodies while the contiguous 

wetlands increased the quantum of baseflow.   

Previous studies in the semi-arid areas of northern 

Nigeria, the nature and dynamics of groundwater 

characterization. [24] stated that the groundwater 

of the semi-arid northern Nigeria is generally 

available in small quantities, which to a 

considerable degree is the major source of potable 

water for its population. LR falls within the 

shallow groundwater, which is the main water 

point for the agricultural population of the 

Sokoto-Rima basin. Further, [24] opined that 

recharge from aquifer sources in the Sokoto-Rima 

basin is strongly influenced by geology. The 

Basement complex formation contributes an 

average of 40 mm/year, while others are affected 

by seasonal rainfall and proximity to water bodies 

ranged from 1 to 34 mm/year. However, it is 

anticipated that increasing demand for diverse 

water sources, majorly from municipal, agrarian, 

aquaculture and livestock coupled with climate 

change, sustainability of the current supply stock 

is vital. Thus projected that reliance on freshwater 

supplies from groundwater will increase by 

almost four-fold by 2030 [24-25].
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Figure 9 Pattern of spatiotemporal change in baseflow (B) in the Sokoto Rima basin for the period 1992 to 2015

3.4. Sensitivity Analysis of the SWY Model in 

the Sokoto-Rima basin 

The set of equations used to typify the InVEST 

SWY model in terms of quickflow, local 

recharge, and baseflow are linear. Some of the 

associated variables nevertheless present a high 

possibility of sensitivity to changes in 

computational values. For instance, Figure 10 

shows that a proportionate ±50% change in the 

critical parameters of θ, α, β, and γ can alter the 

amount of baseflow available per pixel within the 

multispectral space of the Sokoto-Rima basin. 

The least sensitive of the parameters assessed is f. 
Although this is analogous to the spatial 

resolution, it shows that threshold accumulation 

has a limited influence on baseflow. Thus, 

upslope relations and downslope reception exert 

limited influence on stream development. This is 

primarily related to the nature of the terrain as the 

Sokoto-Rima basin is geomorphologically a plain 

with exceptions along the eastern end where most 

of the rivers originate. The γ parameter returns 

some slight sensitivity with an average ±5.7% 

response to the proportionate adjustment. This 

sensitivity is a reflection of possible soil-water 

contexts under the influence of relief. This shows 

that soil-water relations are a local relief factor for 

baseflow availability annually. In addition, the 

soil characterisation contributes significantly to 

this extent of changes within the aquifer and 

groundwater traits possible within the semi-arid 

zone of Nigeria. The α and β parameters 

obviously influence baseflow as shown in Figure 

10 with ±19% and ±15.7% response to 

adjustments, respectively. These are anticipated 

to drive increases and decreases in line with other 

covariates of water balance in the Sokoto-Rima 

basin and other similar semi-arid areas of West 

Africa. The shape and pattern of the response of 

these are also influenced to some degrees by 

landcover. For instance, [24] stated that baseflow 

characterisation is influenced by land 

characteristics, seasons and hydrogeological 

factors. α and β are direct correlates of these 

RAJI et al.

Spatial Appraisal of Seasonal Water Yield of the Sokoto-Rima Basin

Sakarya University Journal of Science 25(4), 950-968, 2021 964



factors integrated into the water balance 

computations enshrined into the InVEST SWY 

model. Local peculiarities are therefore critical in 

weighing the spatial performance of the InVEST 

SWY model.

 

Figure 10 Pixel-based sensitivity test of the baseflow component of the SWY model as expressed by by f 
(Threshold accumulation), α (alpha parameter), β (beta parameter) and γ (gamma parameter) 

3.5. Conclusion 

Model-based computation of water yield using 

the tools of geographical information system is a 

burgeoning enterprise. In this research, we 

employed the SWY model in computing the 

quickflow, local recharge and baseflow using the 

InVEST software package for the semi-arid 

ecosystem of the northwestern part of Nigeria. 

The outcome mirrors some existing studies, 

particularly in terms of hydrogeological 

characteristics, seasonality and climate change on 

the computation of local recharge and baseflow, 

which are groundwater components of the study. 

This study becomes essential for the rational and 

deductive management of scarce water resources 

of the grasslands and savanna regions of the world 

where the Sokoto-Rima basin lies [26-27]. This 

will help policymakers use outputs of 

hydrological science as the basis for freshwater 

planning and management. 

In addition, covariates of the adopted model 

require place-based sensitivity assessment to 

reflect data validation and model review areas. 

This has been tested for in the study, and the 

results showed that important covariates of 

baseflow exert significant influence on the 

aggregate quantity of SWY in the basin. Studies 

on landcover based scenarios on seasonal water 

yield on drylands such as the Sokoto-Rima basin 

help unveil context-specific factors influencing 

seasonal water yield and, to a large extent, the 

water balance relations. 
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A New Approach to 𝑘−Jacobsthal Lucas Sequences 

Hakan AKKUŞ1, Rabia Nagehan ÜREGEN*1, Engin ÖZKAN1 

Abstract 

In this study,  Catalan transformation 𝐶𝑆𝑘,𝑛 of 𝑘−Jacobsthal-Lucas sequences 𝑆𝑘,𝑛  is defined. 

In addition, the transformation of C𝑆𝑘,𝑛 is written as the product of the Catalan matrix C which 

is the lower triangular matrix and the 𝑆𝑘 matrix of type 𝑛 𝑥 1, and the Hankel transformations 

of some 𝑘−Jacobsthal-Lucas numbers is found. 

Keywords: 𝑘−Pell sequences, 𝑘−Lucas sequence, 𝑘−Fibonacci sequence, Catalan Transform, 

Hankel Transform 

1. INTRODUCTION

For any integer 𝑛, it is called a generalized 

Fibonacci-type sequence in the following form 

𝐺(𝑛+1)=𝑎𝐺(𝑛)+𝑏𝐺(𝑛−1), 𝐺(0)=𝑚,𝐺(1)=𝑡 ,where 

𝑚,𝑡,𝑎 and 𝑏 are any complex numbers. There is 

an extensive work in the literature concerning 

Fibonacci-type sequences and their applications 

in modern science (see e.g.[1-8]). The known 

Jacobstahal-Lucas numbers have some 

applications in many branches of mathematics 

such as group theory, calculus, applied 

mathematics, linear algebra, etc. [9-12]. There 

exist generalizations of the Jacobsthal-Lucas 

numbers. This study is an extension of the papers 

[13-15].  

In this paper, we put in for Catalan transform to 

the 𝑘−Jacobsthal-Lucas sequence and present 

application of the Catalan transform of the 

𝑘−Jacobsthal-Lucas sequence. In section 2, we 

introduce some fundamental definitions of 𝑘–

* Corresponding author: rabia.uregen@erzincan.edu.tr
1 Erzincan Binali Yildirim University, Institute Of Natural And Applied Sciences, Center, Turkey.

E-Mail: hakanakkus024@gmail.com; eozkan@erzincan.edu.tr

ORCID: https://orcid.org/0000-0001-9716-9424; https://orcid.org/0000-0002-6824-4752; https://orcid.org/ 0000-

0002-4188-7248

Jacobsthal-Lucas sequences and some basic 

theorems. In Theorem 2.1, we obtain Binet’s 

formula of 𝑘−Jacobsthal-Lucas sequences and in 

Theorem 2.2, we give the relationship between 

positive and negative terms of 𝑘−Jacobsthal-

Lucas numbers. In Theorem 2.3, we get Cassini 

identity for this sequence. In section 3,  Catalan 

transform of 𝑘−Jacobsthal-Lucas sequence is 

given. Hankel transform of Catalan 

transformation of 𝑘−Jacobsthal-Lucas sequence 

is obtained in section 4. 

2. 𝑘−JACOBSTHAL-LUCAS SEQUENCES

Let k be any positive real number. Then the 𝑘-

Jacobsthal-Lucas sequences is defined  

𝑆𝑘,𝑛+1 = 𝑆𝑘,𝑛 + 2𝑘. 𝑆𝑘,𝑛−1  for  𝑛 ≥1 with the 

initial values 𝑆𝑘,0 =  2 and 𝑆𝑘,1 = 1. 

Sakarya University Journal of Science 25(4), 969-973, 2021



When 𝑘=1, the known Jacobsthal-Lucas 

sequences is obtained. Characteristic equation of 

the sequence is  

𝑟2−𝑟−2k =0.  

Its characteristic roots are 

r1 =
1+√1+8k

2
  

and 

r2 =
1−√1+8k

2
  

Characteristic roots verify the properties 

𝑟1 + 𝑟2 = 1, 𝑟1. 𝑟2 = −2𝑘 

𝑟1 − 𝑟2 = √1 + 8𝑘 

Binet’s formula for 𝑆𝑘,𝑛 is 

𝑆𝑘,𝑛 =𝑟1
𝑛 + 𝑟2

𝑛 . 

𝑘−Jacobsthal-Lucas sequences as numbered; 

𝑆𝑘,𝑛+1 = 𝑆𝑘,𝑛 + 2𝑘. 𝑆𝑘,𝑛−1 

Sk,0 = 2  

𝑆𝑘,1 = 1 

𝑆𝑘,2 = 𝑆𝑘,1 + 2𝑘. 𝑆𝑘,0 = 4𝑘 + 1 

𝑆𝑘,3 = 𝑆𝑘,2 + 2𝑘. 𝑆𝑘,1 

        = 4k+1+2 k. 1 

        = 6𝑘 + 1. 

𝑆𝑘,4 = 𝑆𝑘,3 + 2𝑘. 𝑆𝑘,2 

        = 6k+1+2k. (4k+1) 

         = 8𝑘2 + 8𝑘+1. 

𝑆𝑘,5 = 𝑆𝑘,4 + 2𝑘. 𝑆𝑘,3 

        = 8𝑘2 + 8𝑘 + 1 + 2k. (6k+1) 

         = 20 𝑘2 + 10𝑘 + 1. 

𝑆𝑘,6 =  𝑆𝑘,5 + 2𝑘. 𝑆𝑘,4 

        = ( 20𝑘2 + 10𝑘 + 1 ) + 2k. ( 8𝑘2 + 8𝑘+1) 

        = 16𝑘3 + 36𝑘2 + 12𝑘 + 1. 

𝑆𝑘,7 = 𝑆𝑘,6 + 2𝑘𝑆𝑘,5 

       = 16𝑘3 + 36𝑘2 + 12𝑘 + 1+ 2k. (20 𝑘2 +
10𝑘 + 1) 

      = 56𝑘3 + 56𝑘2 + 14𝑘 + 1. 

Theorem 2.1. Binet’s formula of 𝑘−Jacobsthal-

Lucas sequences are obtained from the relations. 

 𝑆𝑘,𝑛 = 𝑟1
𝑛 +  𝑟2

𝑛  

Proof.  

The solutions of the characteristic equation are      

 𝑟2 − 𝑟 − 2𝑘 = 0 ,  

𝑟1 = 
1+√1+8𝑘

2
  and  𝑟2= 

1−√1+8𝑘

2
 . 

𝑆𝑘,𝑛 = 𝑐. 𝑟1
𝑛 + 𝑑. 𝑟2

𝑛 

for n = 0, it is 𝑆𝑘,0= 2 and for n=1, it is  Sk,1 = 1. 

Thus c = 1 and d =1 are obtained. So, the proof is 

completed.  

Theorem 2.2. For the 𝑘−Jacobsthal-Lucas 

numbers, the following identity holds for:  

 𝑆𝑘,𝑛 = (−2𝑘)𝑛. 𝑆𝑘,−𝑛 . 

Proof. By virtue of Binet’s formula, we find that 

         Sk,−n = r1
−n +  r2

−n 

                  = 
1

r1
n +  

1

r2
n 

                  = 
 r1

n+r2
n

(r1.r2)n
     ( (r1. r2)

n = (−2k)n)  

                  =
Sk,n

(−2k)n
  . 

          Sk,n= (−2𝑘)𝑛.𝑆𝑘,−𝑛. 
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Theorem 2.3. (Cassini identity) For the 

𝑘−Jacobsthal-Lucas numbers, the following 
equailty holds:  

        𝑆𝑘,𝑛+1.𝑆𝑘,𝑛−1- 𝑆𝑘,𝑛
2 = (−2𝑘)𝑛−1.(8k+1)   

Proof. By using the Binet’s formula, we have 

 𝑆𝑘,𝑛+1.𝑆𝑘,𝑛−1-𝑆𝑘,𝑛
2 = 

(𝑎𝑛+1 + 𝑏𝑛+1). (𝑎𝑛−1 + 𝑏𝑛−1)- (𝑎𝑛 + 𝑏𝑛)2 

= 𝑎2𝑛 + 𝑎𝑛+1. 𝑏𝑛−1 + 𝑎𝑛−1. 𝑏𝑛+1 + 𝑏2𝑛 −
𝑎2𝑛 − 2𝑎𝑛𝑏𝑛 − 𝑏2𝑛                                                

= (𝑎𝑏)𝑛 𝑎

𝑏
 + (𝑎𝑏)𝑛 𝑏

𝑎
 -2.(𝑎𝑏)𝑛  

= (𝑎𝑏)𝑛[
𝑎

𝑏
+

𝑏

𝑎
− 2] 

 = (−2𝑘)𝑛(
4𝑘+1

−2𝑘
− 2) 

 = (−2𝑘)𝑛−1. (8𝑘 + 1). 

3. CATALAN NUMBERS 

For n ≥0, the 𝑛𝑡ℎ Catalan number [13] is defined 

as follows   

𝐶𝑛 =
1

𝑛+1
(2n,n) or  𝐶𝑛 =

(2𝑛)!

(𝑛+1)!.𝑛!
   

Its generating function is given by      

C( x) = 
1−√1−4𝑥

2𝑥
 . 

The first Catalan numbers are 

{1,1,2,5,14,132,429,1430,4862, …}. 

3.1. Catalan Transform of the 𝑘−Jacobsthal-

Lucas sequences 

We define the Catalan transform of the 

𝑘−Jacobsthal-Lucas sequences { 𝑆𝑘,𝑛} as 

C𝑆𝑘,𝑛= ∑
𝑖

2𝑛−𝑖
(
2𝑛 − 𝑖
𝑛 − 𝑖

)𝑛
𝑖=0 𝑆𝑘,𝑖 , 𝑛 ≥ 1 with  

C𝑆𝑘,0 = 0. 

We can give the first few of Catalan transform of 

the first 𝑘−Jacobsthal-Lucas numbers. These are 

the polynomials in k: 

𝐶𝑆𝑘,1 = ∑
𝑖

2 − 𝑖
(
2 − 𝑖
1 − 𝑖

)

1

𝑖=0

𝑆𝑘,𝑖 

           =1. 𝑆𝑘,1 = 1, 

 𝐶𝑆𝑘,2 = ∑
𝑖

4 − 𝑖
(
4 − 𝑖
2 − 𝑖

)

2

𝑖=0

𝑆𝑘,𝑖 

          = 
1

3
(
3
1
) 𝑆𝑘,1 + (

2
0
) 𝑆𝑘,2 

          = 4k +2. 

𝐶𝑆𝑘,3 = ∑
𝑖

6 − 𝑖
(
6 − 𝑖
3 − 𝑖

)

3

𝑖=0

𝑆𝑘,𝑖 

        = 
1

5
(
5
2
) 𝑆𝑘,1+ 

2

4
(
4
1
) 𝑆𝑘,2+ 

3

3
(
3
0
) 𝑆𝑘,3 

       =
1

5
 .10. 1 + 

2

4
. 4. (4𝑘 + 1) + 

3

3
. 1. (6𝑘 + 1)   

          = 14𝑘 + 5. 

𝐶𝑆𝑘,4 = ∑
𝑖

8 − 𝑖
(
8 − 𝑖
4 − 𝑖

)

4

𝑖=0

𝑆𝑘,𝑖 

          = 
1

7
(
7
3
) 𝑆𝑘,1 + 

2

6
(
6
2
) 𝑆𝑘,2+ 

3

5
(
5
3
) 𝑆𝑘,3 + 

4

4
(
4
0
) 𝑆𝑘,4 

         = 
 1

7 
. 35.1 + 

2

6
 . 15 . (4𝑘 + 1) + 

3

5
 . 5. 

(6𝑘 + 1) + 
4

4
. 1. (8𝑘2 + 8𝑘 + 1 )  

         = 8𝑘2 + 46𝑘 + 14. 

𝐶𝑆𝑘,5 = ∑
𝑖

10 − 𝑖
(
10 − 𝑖
5 − 𝑖

)

5

𝑖=0

𝑆𝑘,𝑖 

=
1

9
(
9
4
) 𝑆𝑘,1 +

2

8
(
8
3
) 𝑆𝑘,2 +

3

7
(
7
2
) 𝑆𝑘,3 +

4

6
(
6
1
) 𝑆𝑘,4 +

5

5
(
5
0
) 𝑆𝑘,5 

                =
1

9
. 126.1 +

2

8
. 56. (4𝑘 + 1) + 

3

7
. 21. 

(6k+1) + 
4

6
 . 6. ( 8𝑘2 + 8𝑘 + 1) + 

5

5
. 1. (20𝑘2 +

10𝑘 + 1) 
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             =52𝑘2 + 152𝑘 + 42. 

    CSk,6 = ∑
i

12 − i
(
12 − i
6 − i

)

6

i=0

Sk,i    

        =
1

11
(
11
5

) Sk,1 +
2

10
(
10
4

) Sk,2 +
3

9
(
9
3
) Sk,3 +

4

8
(
8
2
) Sk,4 +

5

7
(
7
1
) Sk,5 +

6

6
(
6
0
) Sk,6 

       =
1

11
. 462. 1 +

2

10
. 210. (4𝑘 + 1) + 

3

9
. 84. (6𝑘 + 1) + 

4

8
. 28. (8𝑘2 + 8𝑘 + 1)+ 

5

7
. 7. ( 20𝑘2 + 10𝑘 + 1) +

6

6
. 1. ( 16𝑘3 +

56𝑘2 + 14𝑘 + 1) 

       = 16𝑘3 + 268𝑘2 + 512k +132. 

We can show {𝑆𝑘,𝑛} as the n x 1 matrix 𝑆𝑘 and the 

product of the lower triangular matrix C as 

[
 
 
 
 
𝐶𝑆𝑘,1

𝐶𝑆𝑘,2

𝐶𝑆𝑘,3

𝐶𝑆𝑘,4

⋮ ]
 
 
 
 

=

[
 
 
 
 
1
1
2
5
⋮

 
1
2
5
⋮

1
3
⋮

1
⋮

 …
…
…
…
⋱ ]

 
 
 
 

[
 
 
 
 
𝑆𝑘,1

𝑆𝑘,2

𝑆𝑘,3

𝑆𝑘,4

⋮ ]
 
 
 
 

 

So, we have 

[
 
 
 
 

1
4𝑘 + 2
14𝑘 + 5

8𝑘2 + 46𝑘 + 14
⋮ ]

 
 
 
 

 

=

[
 
 
 
 
1
1
2
5
⋮

 
1
2
5
⋮

1
3
⋮

1
⋮

 …
…
…
…
⋱ ]

 
 
 
 

[
 
 
 
 

1
4𝑘 + 1
6𝑘 + 1

8𝑘2 + 8𝑘 + 1
⋮ ]

 
 
 
 

. 

4. HANKEL DETERMINANT OF THE 

CATALAN 𝑘−JACOBSTHAL-LUCAS 

SEQUENCES 

The Hankel matrix H of the integer sequence 𝐴 =
{𝑎0, 𝑎1, 𝑎2 …} is the infinite matrix 

Hn = ||

𝑎0

𝑎1

𝑎2
𝑎3

⋮

 𝑎1 
 𝑎2

 𝑎3
 𝑎4

⋮

 

𝑎2

𝑎3

𝑎4 
𝑎5

⋮

𝑎3

 𝑎4

𝑎5
𝑎6

⋮

 …
…
…
…
⋱

|| 

with elements ℎ𝑖,𝑗 = 𝑎𝑖+𝑗−1 . The Hankel matrix 

𝐻𝑛 of order n of A is the upper-left nxn submatrix 

of H, and ℎ𝑛, the Hankel determinant of order n 

of A, is the determinant of the corresponding 

Hankel matrix of order n, ℎ𝑛 = det (𝐻𝑛) [14,15]. 

In addition, by applying Hankel determinant 

return to the C𝑆𝑘 polynomials we obtain; 

𝐻𝐶𝑆1 = 𝐷𝑒𝑡[1] = 1 

𝐻𝐶𝑆2 = |
1 4𝑘 + 2

4𝑘 + 2 6𝑘 + 1
| 

          = 6𝑘+1 – (16𝑘2 + 16𝑘 + 4) 

          = - 16𝑘2 − 10𝑘-3. 

𝐻𝐶𝑆3=

 |
1 4𝑘 + 2 14𝑘 + 5

       4𝑘 + 2 14𝑘 + 5 8𝑘2 + 16𝑘 + 14           
14𝑘 + 5 8𝑘2 + 16𝑘 + 14 52𝑘2 + 152𝑘 + 42

| 

       =-384𝑘4 − 3232𝑘3 + 2024𝑘2 + 2282𝑘 −
255. 

5. CONCLUSION 

We introduced Catalan transformation of 

𝑘−Jacobsthal-Lucas sequences and Hankel 

determinant of the Catalan 𝑘−Jacobsthal-Lucas 

sequences. 
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Investigation of Origami Inspired Sub-6 GHz Accordion Monopole Antenna for 

5G Applications 

Duygu Nazan GENÇOĞLAN1, Şule ÇOLAK*1 

Abstract 

This study presents an origami inspired sub-6 GHz accordion monopole antenna for 5G 

applications. Parametric study is performed by varying monopole height, fold width and bevel 

angle to examine the antenna performance in the 1 GHz - 6 GHz frequency range. The proposed 

antenna is designed with the values that yield the best performance in accordance with the 

results of parametric study. Antenna behavior is then evaluated in terms of Return Loss, gain 

and radiation pattern. The proposed antenna operates in 1.22 GHz - 6 GHz frequency range 

which covers almost the entire sub-6 GHz range with an approximate impedance bandwidth of 

132%. Hence, the designed antenna structure has a good performance in the sub-6 GHz and it 

is a promising design for 5G applications. 

Keywords: Accordion monopole antenna, communication systems, origami, sub-6GHz, 5G 

1. INTRODUCTION

The millimeter-wave (mm-Wave) bands provide 

large bandwidths which contribute higher data 

transmission rate via Fifth Generation (5G) 

applications. Therefore, new challenges and 

demands have emerged by up to date applications 

[1-16]. The main purpose of 5G communication 

systems is to assure people’s interaction, device 

interconnection, and connection of people to 

devices [17-19].  

5G services are generally categorized as enhanced 

mobile broadband, mission-critical control, and 

massive Internet of Things (IoT) [3]. The IoT 

phenomena are generally associated with smart 

devices such as wireless communication systems, 

sensors and RFID systems [20]. Wireless 

* Corresponding author: sulecolak@gmail.com
1 Adana Alparslan Türkeş University of Science and Technology, Sarıçam, Adana, Turkey.

E-Mail: dngencoglan@atu.edu.tr

ORCID: https://orcid.org/0000-0002-9529-4544; https://orcid.org/0000-0001-5014-9514

communication systems with 5G applications 

consist of several components including batteries, 

sensors, actuators, interconnections and antennas 

[3-10, 14, 20]. Due to the compactness of IoT 

structure and high-speed data rate for wireless 

communication, antennas should be miniaturized 

with improved performance. Ramos et al. 

designed multilayer Yagi with compactness for 

IoT sensors whose operating frequency is 24 

GHz. The proposed structure has been compared 

with the conventional planar type of Yagi-Uda 

version. The results showed that the prototype 

provided higher gain and larger bandwidth as 

compared to the conventional planar type [3].  

Sanam et al. proposed a basic SRR loaded, dual-

band UWB MIMO antenna for IoT applications 

with miniaturized antenna size. Additionally, 

SRR has been performed as a decoupling element 

Sakarya University Journal of Science 25(4), 974-983, 2021



for creating notch band feature between C-band 

and X-band range. The simulation and 

experimental results were compatible with each 

other [4]. Hassan et al. proposed dual band-

notched structure with large bandwidth and 

compact size for IoT applications [5]. Similarly, 

there are many such studies on antenna design for 

5G/IoT applications in the literature [6-15]. 

Origami is a kind of art which provides to fold the 

paper to obtain a shape corresponding to an 

object. This popular folding technique has 

recently been getting attention by the scientists 

and mathematicians [21-27]. This miracle work of 

art has also provided insight into electromagnetic 

system designers for a variety of applications as 

antennas [28-43] and absorbers [44], in the 

last few years.  

Recently, implementation of smart devices such 

as electro-textiles and wearable antennas with IoT 

kits has been getting attention due to the 

advantages as small dimensions, lightweight, and 

flexibility [45-54]. Telecommunication operators 

generally prefer to employ their base station sites 

at the 3.5 GHz frequency band in order to employ 

5G technology easily. Hence, the sub-6 GHz band 

by using the frequency of 3.5 GHz has been 

allocated as a candidate band for communication 

technology of 5G since 2018 [55-59].  

In this study, an accordion monopole antenna is 

presented and analyzed in the sub-6 GHz 

frequency range for 5G applications. Section 2 

depicts the design of the antenna by using 

Antenna Magus [60] and CST Microwave 

Studio Programs [61]. Additionally, parametric 

study is carried out by means of monopole height, 

fold width and bevel angle to obtain the best 

performance in the related frequency range. Then, 

in Section 3, proposed antenna is designed with 

selected values in accordance with the results of 

parametric study. Antenna performance with 

these specified dimensions is evaluated in terms 

of Return Loss, gain and radiation pattern in the 1 

GHz - 6 GHz range. Finally, concluding remarks 

are discussed in the last part.  

2. ANTENNA DESIGN 

The accordion monopole antenna is analyzed by 

using Antenna Magus [60] and CST 

Microwave Studio Program [61]. Initially, 

broadband characteristic is considered for 

selecting the antenna structure via extensive 

database of Antenna Magus so to speed up the 

design [60]. Antenna physical dimensions are 

calculated considering the frequency range of 

sub-6GHz [60]. Then, the obtained antenna 

structure with its parameters is exported to CST 

MWS to determine the best antenna parameters. 

The proposed structure is obtained by folding a 

beveled metal plate into accordion shape, and 

placing it vertically on metal ground plane. The 

geometry of the designed structure is shown in 

Fig. 1. The proposed antenna is fed by 50 Ω 

coaxial cable. Copper is selected as the 

conducting material. Dimensions of antenna 

parameters are tabulated in Table-1. 

  
(a) 

 
(b) 

  
(c) 
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(d) 

Figure 1 Geometry of origami inspired accordion 

monopole antenna with different views 

Table 1 Physical Dimension Parameters of the 

Antenna  
Parameters Dimension and Units 

Monopole fold width(W) 16 mm to 20 mm 

Height of pin (Hp) 0.5 mm 

Monopole height (Hm) 25 mm to 65 mm 

Metal thickness 50 µm 

Ground plane width 194.8 mm 

Ground plane length 194.8 mm 

Feed width 1 mm 

Feed pin diameter (Df) 0.8 mm 

Coaxial length 9 mm 

Coaxial diameter 1.84 mm 

Bevel angle (θ) 5 to 28 

Base width 4 mm 

2.1. The Effect of Monopole Height on 

Antenna Performance 

Due to the origami inspired structure, the 

designed antenna may show different 

performances with different monopole heights. 

That’s why, the monopole height effect on the 

antenna characteristics is examined by using 

parameter sweep tool in CST MWS program. 

Parametric analysis of Return Loss for different 

heights are illustrated in Fig. 2. It is apparent from 

Fig.2 that the monopole height is changed, the 

resonance frequencies are shifted.  

In Fig. 2a, when the monopole height is 25 mm, 

the bandwidth covers only a fraction of the sub 6 

GHz range. As the monopole height is increased 

to 35 mm, the bandwidth increases slightly too. 

However, it still covers some part of the range. 

However, when monopole height is increased to 

45 mm, the bandwidth is improved significantly 

and it covers almost the entire sub-6GHz band. In 

fact, the bandwidth in this case is 4.77 GHz, 

ranging from 1.22 GHz to 6 GHz.  

In Fig. 2b, bandwidth increases slightly when the 

monopole height is increased gradually from 45 

mm to 65 mm. The minimum Return Loss is 

achieved when monopole height is 65 mm. On the 

other hand, with 65 mm monopole height, the 

antenna has a larger size, which is a disadvantage 

for applications that require compact structures. 

Therefore, it is a trade-off that should be 

considered when designing the antennas. In other 

words, to achieve larger bandwidth, monopole 

height needs to be increased. Likewise, with a 

more compact antenna, the bandwidth is reduced. 

Considering this trade-off, monopole height is 

selected as 45 mm to obtain wideband 

characteristic and more compact size in the study.  

 
(a)

 
(b) 

Figure 2 Return Loss plots for monopole heights of a) 

25 mm, 35 mm, 45 mm, b) 45 mm, 55 mm, 65 mm 

2.2. The Impact of Monopole Fold Width (W) 

on Antenna Characteristic 

In this section, the fold width (W) impact on the 

proposed structure is examined by means of 

parametric study in CST MWS. Return Loss plots 

for different widths are illustrated in Fig. 3. In 

these figures, although there are slight differences 

in the bandwidths, 16 mm fold width yields better 

bandwidth with more compact size. Therefore, 

this value is selected for the proposed antenna. 
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Figure 3 Antenna Return Loss plots for W= 16 mm, 

18 mm, 20 mm 

2.3. The Effect of Bevel Angle on Antenna 

Performance 

Fig. 4 illustrates Return Loss graphs for six 

different bevel angles. According to the figures, 

the antenna with 15 and 20 bevel angles 

accomplish the -10 dB Bandwidth characteristics. 

However, the best Return Loss characteristic is 

achieved by the bevel angle of 20. Therefore, 

bevel angle is selected as 20 for the proposed 

antenna. 

 
(a)

 
(b) 

Figure 4 Antenna Return Loss plots for bevel angles 

of a) ⎯⎯ 5, ------ 10,  15, b) ⎯⎯ 20, ------ 

24,  28 

3. CHARACTERISTICS OF DESIGNED 

ANTENNA WITH PROPOSED 

DIMENSIONS 

According to the results of parametric study, 

proposed antenna is designed with selected 

values, that is, monopole height of 45 mm, fold 

width of 16 mm and bevel angle of 20. The 

Return Loss plot of the proposed structure, 

simulated by CST MWS is illustrated in Fig. 5. It 

is apparent from this figure that the bandwidth is 

4.78 GHz ranging from 1.22 GHz to 6 GHz. 

Hence, it covers almost the entire sub-6 GHz band 

with an impedance bandwidth of 132%. The 

minimum Return Loss value is -28.20 dB, which 

occurs at the resonance frequency of 3.25 GHz.  

 
Figure 5 The Return Loss performance analysis of 

the proposed structure with determined dimensions 

Radiation pattern characteristics of the proposed 

structure are depicted at different frequencies 

including the resonance frequency of 3.25 GHz, 

the lower frequency (1.22 GHz), and 6 GHz.  Fig. 

6 illustrates the far field 2D polar pattern and Fig. 

7 shows 3D Gain of the antenna. It is seen from 

the figures that at lower frequencies, the antenna 

has omnidirectional radiation pattern. However, 

this characteristic tends to deteriorate with 

increasing frequency. 

 
a) f = 1.22 GHz 

 
b) f= 3.25 GHz 
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c) 6 GHz 

Figure 6 2D Polar Pattern of the designed antenna at 

a) 1.22 GHz  b) 3.25 GHz and c) 6 GHz  

 
a) 1.22 GHz                       b) 3.25 GHz 

 
c) 6 GHz 

Figure 7 3D Gain of the designed antenna at a) 1.22 

GHz, b) 3.25 GHz, and c) 6 GHz 

Fig.8 depicts the gain (dBi) and 3-dB beamwidth 

plots of the proposed antenna structure over the 

frequency range from 1.2 GHz to 6 GHz. It is 

deduced from the graphs that the gain increases 

while the 3 dB-Beamwidth decreases with 

increasing frequency.  

 
a) 

 
b) 

Figure 8 a) Max Gain and b) 3 dB width of the 

proposed antenna versus frequency 

This proposed antenna structure is compared with 

other origami based antenna structures in terms of 

operating frequency, bandwidth, and gain 

parameters as tabulated in Table 2. It is apparent 

from Table 2 that the proposed structure has 

broader bandwidth and higher gain. It is worth 

noting that the proposed design has promising 

performance as compared to the literature. 

Additionally, it has also acceptable characteristic 

for sub-6 GHz 5G communication systems. 

Table 2 Origami Based Antenna Structures  

Ref. 
Origami Based 

Structures 

Operating 

Frequency 
Bandwidth 

Max 

Gain 

[28] 
Bi-Directional 

Loop Antenna 

1.29 -1.54 

GHz 

1.31 -1.45 

GHz 

1.32 -1.48 

GHz 

250 MHz 

140 MHz 

160 MHz 

2.91 

dBi 

5.14 

dBi 

5.91 

dBi 

[29] 

Quasi-Yagi 

Monopole 

Antenna 

1.65- 

2.05 

GHz 

400 MHz 
7.3 

dBi 

[42] 

UWB Planar 

Monopole 

Antenna 

689 -

3460 

MHz 

2.77 GHz NA 

[43] 

Metal-Plate 

Monopole 

Antenna 

2.18 -

6.59 

GHz 

4.41 GHz 
<3 

dB 

This 

Work 

Accordion 

Monopole 

Antenna 

1.23 -6 

GHz 
4.77 GHz 

7.72 

dBi 

4. CONCLUSIONS 

In this research, an origami inspired accordion 

monopole antenna is examined in the sub-6 GHz 

range for 5G applications. A parametric study is 

performed by means of monopole height, fold 

width and bevel angle to achieve the best antenna 

performance in the related frequency range. 

According to simulation results, as the monopole 

height increases, bandwidth also increases. 
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However, since antenna size increases with 

height, it becomes a disadvantage for applications 

requiring compact structures. On the other hand, 

the bandwidth is slightly reduced with a more 

compact antenna. Therefore, there is a trade-off in 

terms of antenna size and bandwidth. 

Accordingly, the antenna with monopole height 

of 45 mm is proposed in this study that achieves a 

wider bandwidth and more compact size for 5G 

applications. Then, the effect of fold width of the 

monopole is examined on antenna characteristics. 

According to obtained results, bandwidth is 

decreased as the fold width is increased, and a 

better bandwidth is achieved with 16 mm fold 

width. Lastly, antenna behavior is examined by 

varying the bevel angle and it is seen that 200 

bevel angle gives the best Return Loss 

characteristics. Finally, the performance of the 

proposed antenna with these specified dimensions 

is evaluated in terms of Return Loss, gain, and 

radiation pattern in the 1 GHz - 6 GHz range by 

using CST MWS Program. According to obtained 

result, the designed antenna covers almost the 

entire sub-6GHz band from 1.22 GHz to 6 GHz 

with an impedance bandwidth of 132%, and it has 

a good performance in the sub-6GHz range for 5G 

applications. 
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Investigation of The Effects of Diaminopyridine and o-Vanillin Derivative Schiff 

Base Complexes of Mn(II), Mn(III), Co(II) and Zn(II) Metals on The Oxidative  

Bleaching Performance of H2O2 

Murat TUNA*1, Tuğba UĞUR1 

Abstract 

Catalytic applications are widely used in industrial and individual applications today due to 

their many advantages, especially the energy and time they provide. For this purpose, many 

coordination compounds have been synthesized, and their catalytic performances have been 

investigated in recent years. In this study, the Schiff base ligand, (N,N’-bis(2-hydroxy-3-

methoxyphenylmethylidene)-2,6-pyridinediamine, BHMP), was synthesized with 2,6-

diaminopyridine with o-vanillin. Mn(II), Mn(III), Co(II), Zn(II) complexes were obtained with 

the synthesized ligand. Spectroscopic methods such as FT-IR, 1H-NMR, UV-vis, Mass, and 

melting point determination methods were used for the structure elucidation of the synthesized 

compounds. The performances of the obtained complexes as bleach catalysts, which are an 

important application area of Schiff base complexes, were investigated. According to the 

bleaching measurement results, the highest catalytic effect on the bleaching performance of 

H2O2 in pH 10.5 buffer at 25 °C under homogeneous conditions was obtained with Co(II) 

complex. It was understood that this complex was followed by Mn(II), Mn(III), and Zn(II) 

complexes, respectively. 

Keywords: Schiff base, o-vanillin, metal complexes, bleach catalyst 

 

1. INTRODUCTION 

The literature in which some metal complexes of 

Schiff bases are used as catalysts is expressed in 

thousands of publications in the last five years. 

These complex molecules are used as catalysts in 

many of these publications and have started to 

gain importance in industrial applications [1-6]. 

In addition to these application areas, these 

complexes have an important place in biological 

activities such as antibacterial, antifungal, and 

antitumor, analytical chemistry, paints, polymer 
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industries, applications of vitamins and enzymes 

[7-12]. 

Mainly, manganese and iron Schiff base 

complexes used as oxidation catalysts have found 

a wide area of use in industrial and domestic 

laundry due to their catalytic effect, being 

harmless to the environment, and effective use on 

the bleaching potential of hydrogen peroxide. 

These complexes have played an important role in 

textile applications by preventing damage to the 

washed fabric while ensuring the bleaching of 
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stains, especially at low temperatures [13-14]. 

With this advancing technology, besides the 

ability to wash at low temperatures in washing 

machines, methods that can bleach using less 

water and include short-term washing programs 

are being developed [15-16]. Bleaching or 

whitening is defined as the de-coloration reaction 

by degrading the molecules that give color as a 

dye or paint-like by oxidation reaction [15-18]. 

For the bleachers containing hydrogen peroxide, 

the effective use temperature was reduced from 

90 °C to less than 40 °C by using 1-5% of these 

molecules as activators in a washing period [15-

16]. Due to the use of activators, both time and 

energy savings have been achieved. With the 

efforts to develop transition metal complexes as 

activators to replace the metal salts - due to the 

difficulty of use in alkaline conditions and its 

adverse effects on the fabric - proposed in the 

1980s, the catalysts compatible with laundry and 

dishwashing detergents have been developed for 

the last decade [19-20]. Metal ions in most metal-

containing catalysts as coordination compounds 

have partially empty orbitals in the d orbitals. 

These somewhat empty orbitals can be used in the 

resulting oxidation mechanisms. The ions of 

transition elements, such as especially 

manganese, iron, cobalt, nickel, palladium, 

platinum, tungsten, silver, and copper, have 

frequently been used in different oxidation 

numbers in obtaining these catalysts [21-27]. 

In this study, the Schiff base ligand, N,N’-bis(2-

hydroxy-3-methoxyphenylmethylidene)-2,6-

pyridinediamine, BHMP), was synthesized with 

2,6-diaminopyridine with o-vanillin. Mn(II), 

Mn(III), Co(II), Zn(II) complexes were obtained 

with the synthesized ligand. Spectroscopic 

methods such as FT-IR, 1H-NMR, 13C-NMR, 

UV-vis, Mass, AAS, and melting point 

determination methods were used for the structure 

elucidation of the synthesized compounds. The 

performances of the obtained complexes as bleach 

catalysts, an important application area of Schiff 

base complexes, were investigated. 

2. EXPERIMENTAL STUDIES 

2.1. Materials and Devices 

The materials used in this study were obtained 

from companies such as Merck, Fluka, and 

Aldrich. During chemical experiments; 2,6-

Diaminopyridine, o-vanillin, Ethanol (EtOH), 

Methanol (MeOH), Dichloromethane (DCM), 

Acetone, Sodium carbonate (Na2CO3), Sodium 

bicarbonate (NaHCO3), Dimethylformamide 

(DMF), Tetrahydrofuran (THF), Hexane, Nitric 

acid (HNO3), Hydrochloric acid (HCI), 

Chloroform (CHCl3), Deuterochloroform 

(CDCl3), Hexadeutero-dimethyl sulfoxide (d6-

DMSO), Manganese(II) chloride hexahydrate 

(MnCl2.6H2O), Cobalt(II) chloride hexahydrate 

(CoCl2.6H2O), Zinc chloride (ZnCl2), Sodium 

hydroxide (NaOH), Oxygen (O2), Silica gel, 

Morine, Hydrogen peroxide (H2O2) and purified 

water are used. 

For spectroscopic characterization of synthesized 

substances; Infrared Spectrometer ((Perkin Elmer 

Spectrum Two (PerkinElmer UATR Two 

diamond ATR)), 1H-NMR Spectrometer, (Varian 

Mercury Plus 300 MHz Spectrometer), Bruker 

Microflex LT MALDI-TOF-MS Spectrometer 

(Gebze Technical University), UV-vis 

Spectrophotometer (Hitachi UV-2900 

Spectrophotometer) and Melting Point Tester 

(Stuart SMP-10) were used.  

2.2. Synthesis Studies 

According to the literature data, the synthesis of 

the Schiff base ligand was carried out first [28-

30]. Complexes were synthesized after it was 

understood that the structural characterization 

data of the obtained ligand molecule were 

compatible with the literature data. The synthesis 

plan is given in Scheme 1. 
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Scheme 1 The synthesis plan of Schiff base 

complexes 

2.2.1. Synthesis of BHMP as a ligand 

The Schiff base ligand, N,N’-bis(2-hydroxy-3-

methoxyphenylmethylidene)-2,6-

pyridinediamine, was prepared according to the 

references [28-30]. 

2.2.2. Synthesis of metal complexes 

2.2.2.1. Synthesis of the Schiff base 

Manganese(II) complex 

0.5 mmol (0.189 g) Schiff base ligand was 

dissolved in 20 mL THF. The temperature was 

fixed at 55 °C, and 0.5 mmol (0.063 g) MnCl2 was 

added dropwise. The reaction mixture was cooled 

to room temperature after three hours, and the 

solvent was removed by a rotary evaporator. 

Afterward, chloroform washing, the solid product 

was obtained by centrifugation and kept waiting 

in a vacuum oven overnight. Yield: 0.127 g 

(58.79%), m.p. > 300 °C. FT-IR (PIKE 

MIRacleTM ATR) max, cm-1:  3063 (Ar, C−H), 

2975 (aliph., C−H), 1630 (C=N), 1549 (C=C), 

1442 (C−N), 1065 (C−O). MALDI-TOF-MS, 

(m/z): Calculated: 430.34; found: 430.11 [M+]. 

2.2.2.2. Synthesis of the Schiff base 

Manganese(III) complex 

1 mmol (0.378 g) Schiff base ligand was 

dissolved in 20 mL ethanol. 1 mmol (0.126 g) 

MnCl2 solution in 20 ml ethanol was added. After 

starting the reaction at room temperature for 10-

15 minutes, a solution of 0.002 mol (0.08 g) 

NaOH in a small amount of pure water was added 

to the mixture. The reaction mixture was 

continued the stirring at 80 °C for 2 hours. Then, 

O2 gas was passed into the reaction medium with 

the help of a pump, and the reaction was 

continued for three hours. The resulting mixture 

was filtered, and the crude product was washed 

with hot ethanol. The precipitate was left to dry in 

the vacuum oven overnight. Yield: 0.31 g 

(71.59%), m.p. > 300 °C.  FT-IR (PIKE 

MIRacleTM ATR) max, cm-1:  3079 (Ar, C−H), 

2935 (aliph., C−H), 1605 (C=N), 1549 (C=C), 

1436 (C−N), 1065 (C−O). MALDI-TOF-MS, 

(m/z): Calculated: 430.34; found: 429.98 [M+].  

2.2.2.3. Synthesis of the Schiff base Cobalt(II) 

complex 

0.5 mmol (0.189 g) of Schiff base ligand was 

dissolved in 40 mL of methanol. After the 

temperature was fixed at 55 °C, a 0.5 mmol (0.065 

g) CoCl2 solution in 10 mL of methanol was 

added dropwise. After the reaction was continued 

for three hours, vacuum distillation was carried 

out, and after washing with chloroform, filtration 

was carried out to obtain a solid product. The 

precipitate was left in a vacuum oven overnight. 

Yield: 0.152g (69.72%), m.p. > 300 °C. FT-IR 

(PIKE MIRacleTM ATR) max, cm-1:  3060 (Ar, 

C−H), 2935 (aliph., C−H), 1630 (C=N), 1477 

(C=C), 1436 (C−N), 1062 (C−O). MALDI-TOF-

MS, (m/z): Calculated: 434.31; found: 466.09 

[M++CH3OH+2].  

2.2.2.4. Synthesis of the Schiff base Zinc(II) 

complex 

0.5 mmol (0.189 g) Schiff base ligand was 

dissolved in 50 mL ethanol. After the temperature 

was fixed at 55 °C, a solution of 0.5 mmol (0.068 

g) ZnCl2 metal salt in 10 mL of ethanol was added 

dropwise. After the reaction was continued for 

three hours, vacuum distillation was carried out, 

and after washing with chloroform, filtration was 

carried out to obtain a solid product. The 

precipitate was left in a vacuum oven overnight. 

Yield: 0.121 g (54.75%), m.p. > 300 °C. FT-IR 

(PIKE MIRacleTM ATR) max, cm-1:  3050 (Ar, 

C−H), 2972 (aliph., C−H), 1599 (C=N), 1480 

(C=C), 1436 (C−N), 1068 (C−O). MALDI-TOF-
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MS, (m/z): Calculated: 439.05; found: 531.21 

[M++2C2H5OH]. 

2.3. Measuring the Effects of Molecules on 

Bleaching Performance 

Bleaching activities for Morin dye of synthesized 

Schiff base metal complexes as oxidative bleach 

catalyst were tested to determine using UV-vis 

Spectroscopy. Morin is a dye in which the 

bleaching effects of the substances whose 

oxidative catalyst effect can be examined can be 

seen easily. Hydrogen peroxide (H2O2) was used 

as a bleacher in the kinetic analysis. The 

bleaching effect of hydrogen peroxide; is based 

on its decomposition, mainly depending on the pH 

value and hydrogen and perhydroxyl ion (HOO−). 

This perhydroxyl ion then reacts with a hydrogen 

peroxide molecule to form the superoxide radical 

anion. Since hydrogen peroxide is a stable 

compound under acidic conditions, the 

perhydroxyl ion formation starts with the addition 

of alkali necessary for the initiation of 

decomposition. Perhydroxyl ion (HO2•) behaves 

like weak dibasic acid in an aqueous solution, and 

degradation continues [31]. The bleaching rate 

and the changes in absorbance versus time 

obtained as a result of the process that proceeds in 

this direction were graphed and it was 

investigated whether the complexes showed 

catalytic effects. It was provided to monitor the 

spectral changes and determine the bleaching rate 

of the dye as a percentage. 

In order to carry out the analysis, 10 mg of the 

synthesized products were taken and completed 

with 10 mL of DMF. NaHCO3 / Na2CO3 (pH: 

10.5) was used and the buffer solution was 

prepared and placed in a quartz cuvette. Pure 

water was added to the reaction vessel on the 

heater and its temperature was kept at 25 °C. A 

magnetic stirrer was placed in the reaction vessel 

to ensure continuous mixing. After removing the 

baseline of the device, the initial absorbance of 

the Morine in the buffer solution was measured 

before the catalyst and hydrogen peroxide were 

added. Then 900 μL of Morine (in two parts), the 

calculated amount of catalyst for each complex 

and 480 μL H2O2 were added respectively. A 

peristaltic pump was used to transfer the reaction 

solution to the quartz cuvette in the UV-vis 

Spectrophotometer. In the spectrophotometer, 11 

spectral values were recorded at 5-minute 

intervals with the kinetic-scanning program. The 

obtained values were converted into graphics for 

kinetic interpretation. 

Morine bleaching was then followed as 

reductions in 411 nm absorbance, and the 

percentage of bleaching was calculated using the 

following equation depending on the change in 

absorbance values obtained [32]. 

𝐵𝑙𝑒𝑎𝑐ℎ𝑖𝑛𝑔 (%) =
(𝐴0 − 𝐴𝑡)

𝐴0
𝑥100 

in the formula, A0 = absorbance at zero time; At = 

absorbance at specific time. 

3. RESULTS AND DISCUSSIONS 

3.1. Structural Characterization 

Common spectroscopic methods such as FT-IR, 
1H-NMR, UV-vis, and MS were used for the 

characterization of the synthesized compounds, 

and the results confirmed the expected results for 

the structures. 

In the structural characterization of the 

synthesized BHMP ligand and its some metal 

complexes, FT-IR, 1H-NMR, and MS methods 

were primarily used. In this context, since the 

ligand molecule was synthesized before, FT-IR, 

NMR, and mass analysis were carried out to 

compare with the literature data. It was seen that 

the data obtained from the measured spectra are 

in complete agreement with the literature data. 

It has been observed that the wavenumber values 

of the peaks of OH, aromatic C=C, C=N, O-CH3 

functional groups seen in the FT-IR spectra are 

compatible with the literature data. In addition, 

NMR spectroscopy was used to characterize the 

ligand molecule, and the shifts in the NMR 

spectra obtained supported the FT-IR data and 

were observed to be compatible with the 

literature. Structural characterization of the ligand 

molecule was completed by mass spectroscopy, 

and it was observed that [M+] = 379.47 m/z peaks 
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in the mass spectra (Fig. 3). In addition, the peaks 

seen in 395.30 m/z and 411.56 m/z in the mass 

spectra were interpreted as belonging to 

[H2L+H2O
+] and [H2L+2H2O

+] molecules, 

respectively. This situation is also supported by 

the spring peak seen at 3484 cm-1 in the FT-IR 

spectra, and this situation arising from the 

structural properties of the synthesized Schiff 

base ligand has also been demonstrated in the 

literature data (Fig. 2) [28]. 

 
Figure 1 FT-IR spectra of synthesized ligands and 

complexes 

The most basic functional group sought in the 

FTIR analysis of Schiff base ligands and their 

complexes is the peak of the C = N group seen in 

the range of approximately 1600-1700 cm-1. 

While the peak in the FTIR spectrum of the ligand 

was observed at 1602 cm-1, in the FTIR spectra of 

the metal complexes of the ligand, this peak was 

observed in the range of 1599-1630 cm-1 and the 

shift was interpreted that was due to metal-ligand 

bonding. On the other hand, a similar situation has 

been observed in the ligand molecule, which 

belongs to the C = N bond in pyridine, and the C 

= N stretching peak seen at 1561 cm-1 is in the 

range of 1542-1558 cm-1. The decrease in the % 

transmittance values of these peaks was 

interpreted as the N atom coordinated with the 

metal atoms (Fig. 1) [28, 33, 34]. 

Peaks for phenolic hydroxyl groups, one of the 

most specific functional groups for the 

synthesized ligand molecule, were observed in the 

range of 3463-3194 cm-1 as expected, while the % 

transmittance changes seen in the FTIR spectra of 

the relevant metal complexes were interpreted as 

due to the hydroxyl group coordinated with the 

metal atoms. However, bound water in molecules 

in the synthesized complex molecules can be seen 

in FTIR spectra and mass spectra (Fig. 1) [28, 33, 

34]. 

Another functional group-specific for the 

synthesized ligand molecule is the methoxy 

group. The O-C peak, one of the two critical peaks 

of this group, was observed in the range of 1062-

1065 cm-1. The other significant peak is the 

aliphatic C-H peak of the CH3 group, and this 

peak was observed at approximately 2850 cm-1 in 

accordance with the literature data (Fig. 1) [35]. 

 

Figure 2 MS spectra of synthesized ligands and complexes 

Mass spectra of synthesized Schiff base ligand 

and its metal complexes were taken in MALDI-

TOF spectrometer and the presence of DMSO 

solvent. In the mass spectra, molecular ion peaks 

were observed at 379.467 and 430.110 m/z values 

for the ligand molecule and Mn(II) complex, 

respectively. On the other hand, for the Mn(III) 

complex, instead of the molecular ion peak, the 

peak ([MnL]+-1) was observed at 429.981 m/z in 

the mass spectrum. In the mass spectra of the 

Co(II) and Zn(II) complexes; molecular ion peaks 

were not observed, and it was concluded that 

these complexes interacted with solvent 

molecules and, as a result, peaks with values of 

468.0895 and 531.20577 m/z, respectively, were 
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the peaks of [CoL+2CH3OH+2]+ and 

[ZnL+C2H5OH]+ molecules (Fig. 2) [36,37]. 

1H-NMR spectra of the ligand molecule were 

taken in the presence of DMSO solvent. In the 

proton NMR spectrum were obtained signals, in 

consistent with the literature, 2.48 (6H), 3.82 

(6H), 6.89 (2H), 7.08 (2H), 7.21 (2H), 7.41 (2H), 

8.28 (H), 9.31 (2H), and 10.25 (2H) ppm, 

respectively [28]. 

As can be seen from Fig. 3, the Schiff base 

attached to the benzene ring showed a broad and 

strong absorption peak at 434 nm due to the n-p* 

transition with the unbounded electron pair 

electrons located on the nitrogen atom in the C=N 

group. In addition, a second peak was observed at 

374 nm belonging to the ligand molecule and was 

thought to originate from the methoxy group 

attached to the benzene ring. Because the said 

peak was observed exactly in the complex 

molecules and it did not undergo any change, 

which strengthened this prediction. The peak 

Mn(II) Co(II) complexes of the azomethine group 

observed at a wavelength of 434 nm showed a 

blue shift at the wavelengths of 408 nm and 406 

nm, respectively. It was observed that the said 

shift shifted more specifically at 382 nm in the 

Mn(III) complex.  

 

Figure 3 UV-vis spectra of synthesized ligands and 

complexes 

On the other hand, in the Zn(II) complex, the 

azomethine peak in question is red-shifted and 

observed at a wavelength of 450 nm. The red shift 

was observed in Zn(II) complexes with fully 

occupied d orbitals, where the d orbitals in metal 

atoms depend on the presence of electrons, while 

the most prominent blue shift was observed in the 

Mn(III) complex with the poorest d orbital 

electrons. The weak peaks observed in the spectra 

of the ligands and their complexes in the range of 

about 270-360 nm are attributed to the p– 

conjugation and n–* transition between the lone 

pair electrons of the phenolic hydroxyl oxygen 

atom and the benzene ring, and the -* transition 

of the large conjugated bond in the benzene ring 

[28,38]. 

3.2. Bleaching Performances of The 

Complexes 

Bleaching processes have been one of the main 

processes in today's industrial applications, 

especially in textiles, in all sectors where there is 

a need to eliminate the adverse effects of 

chromophores. For these processes, hydrogen 

peroxide, etc., bleaching agents are used. These 

agents act through a mechanism that provides the 

degradation of chromophore molecules with an 

oxidative effect. However, the improvement of 

the conditions of use has been the subject of 

research for a long time since the effects of these 

agents are shown depending on the need for a long 

time and high temperature. For this purpose, 

tetraacetylethynediamine (TAED) and 

nonanoxybenzene were synthesized as the first 

bleaching agent activator and started to be used in 

laundry detergents. In this way, it is ensured that 

the oxidation agents, which are effective above 60 

°C, show the same performance below 40 °C. 

According to these results, the energy savings 

achieved have drawn attention to the importance 

of bleach activators. It has been tried as a complex 

molecular bleaching catalyst synthesized with 

many transition metal complexes. The main goal 

in these studies is to provide oxidation of 

chromophore groups in a shorter time and at low 

temperatures (preferably at room temperature) 

[39]. 

It is seen that very different complexes have been 

synthesized, especially in activator researches on 

hydrogen peroxide activators. However, when 

these studies are examined, it is seen that 

phthalocyanine complexes and Schiff base 

complexes show remarkable results [40,41]. For 

these reasons, in this study, the bleaching 

performance of the complexes obtained with the 

synthesized ligand molecule was investigated 
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against Morin dye. Morin dye was chosen here 

because of the polyphenolic chromophore 

properties of flavonoids as model markers for 

wine stains. In order to determine the 

decomposition rate of Morin dye at 25 °C, the 

complexes were prepared with carbonate buffer, 

and pH value of 10.5 was followed over the 

absorption values of Morin dye at 411 nm under 

homogeneous catalysis conditions with hydrogen 

peroxide. The measurements were made by 

measuring absorption every five minutes for 50 

minutes. 

The obtained spectral results are given 

graphically in Fig. 4. In the figure, it is seen that 

all complex molecules have an effect on the 

bleaching rate of hydrogen peroxide and a 

positive effect on the decomposition rate of 

Morin. However, the said effect did not occur at 

the same rate in the complex molecules, and it was 

observed that the Zn(II) complex, especially with 

the d10 electron structure, showed a relatively 

lower catalytic effect (Fig. 4.-IV). Similarly, it has 

been determined that the Mn(III) complex also 

functions as a lower activator compared to other 

complexes. It has been interpreted that the reason 

for this is that the catalytic effect is weakened, 

contrary to what is expected, with the effect of 

electrons coming from the helper ions bound into 

the molecular structure and the ligands to the 

empty d orbitals on the Mn(III) atom (Fig. 4.-II). 

Co(II) and Mn(II) complexes showed an effective 

catalytic effect in the degradation of Morin dye 

and it was observed that it caused an effective 

degradation in the first 5 minutes (Fig 4.-I and 

III). When the % bleaching performance of all 

complexes is examined, it is seen that the Co(II) 

and Mn(II) complexes reach a degradation rate of 

over 75% within the first 10 minutes.  

Although the maximum effect was reached in the 

15th minute for both complexes, it is seen that the 

Co(II) complex has a faster catalytic effect than 

the Mn(II) complex (Fig. 4.-V). When the final 

bleaching performances obtained as a result of the 

application were examined, it was observed that 

the highest performance as of 50 minutes 

belonged to the Co(II) complex with 87.44%. 

This is followed by Mn(II) with 85.23%, Mn(III) 

with 71.95% and Zn(II) with 53.98%, 

respectively. 

 

Figure 4 UV-vis spectral changes of Morin dye for 

bleaching experiments; (I) Mn(II) complex, (II) Mn(III) 

complex, (III) Co(II) complex, (IV) Zn(II) complex, and 

(V) under homogeneous conditions % bleaching 

performance 

Table 2 The effects of complexes used as activators on % 

bleaching performance 

Activator 

(Catalyst) complex 

% Bleaching 

25. min 50. min 

Mn(II) 85.09 85.23 

Mn(III) 41.87 71.95 

Co(II) 86.76 87.44 

Zn(II) 18.57 37.84 

In addition, it was observed that the same 

performance values had the same order at 25 

minutes of the measurements (Table 2). When the 

literature data is examined, the % bleaching 

performance remained at the level of 3.2% in 20 

minutes and 5.26% in 45 minutes when the 

catalyst is not used (only H2O2 is used) under the 

same conditions, revealing the catalytic effects of 

the synthesized complexes. On the other hand, 

when the commercially used TAED molecule is 

compared with the bleaching performance in the 

literature, similar results are seen. The bleaching 

applications with TAED show a performance of 

19.21% in 20 minutes and 42.68% in 45 minutes 

[39]. 
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4. CONCLUSION 

According to the results obtained from this study; 

the synthesis of transition metal complexes with 

the catalytic activity that can be considered 

effective in homogeneous conditions was carried 

out, and it was observed that especially Co(II) and 

Mn(II) complexes caused the bleaching 

performance of H2O2 to be realized at a very high 

rate in a concise time. In addition, according to 

other results obtained during the study; It is 

understood that it does not show the expected 

catalytic effect due to the occupied d orbitals in 

the Zn(II) complex and the side groups 

coordinated to the cavities in the Mn(III) 

complex. 

One of the most important results obtained here is 

that the catalytic properties of Schiff base 

complexes are greatly affected by the interaction 

between ligand molecules and metal atoms. It was 

observed that especially the side groups 

coordinated with the molecule greatly affected 

this effect. According to all the activation results 

obtained, Co(II) complex was the catalyst with the 

highest activation. It has been clearly seen that the 

results obtained from this application show a 

highly effective catalytic effect when compared 

with commercially used TAED and only H2O2; 

thus, it will save both time and energy due to the 

application temperature.  
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Treatability of Synthetic Wastewater Containing Reactive Yellow 145 Dyestuff by 

Ozonation Process 

Pınar Nazire TANATTI*1 

Abstract 

When the textile industry wastewater volume and considering the composition appears to be 

one of the most environmentally hazardous industries. Due to textile dyeing industry 

wastewater's basic properties, additional precautions are required besides conventional 

wastewater treatment to remove color. The most basic approach is to remove the wastewater 

colour and break down the chromophores and double bonds that make up the color by oxidative 

means. In this study, the treatability of wastewater containing Reactive Yellow 145 (RY 145) 

dyestuff by ozonation process has been investigated. The initial concentration of the wastewater 

containing RY 145 is 50 mg / L. In the study, pH, O3 dose and reaction time parameters have 

been studied in RY 145 dye removal. The most appropriate removal of RY 145 from wastewater 

have occurred at pH 5, 0.05 g / L.h O3 dose and 10 minutes reaction time. The removal 

efficiency of RY 145 has obtained as 99.07% under optimum conditions. 

Keywords: Reactive Yellow 145, ozone, ozonation, advanced oxidation process 

 

1. INTRODUCTION 

Industrial growth and urbanization cause 

complexity in the structure of the wastewater 

discharged into the environment and an increase 

in its volume [1]. Today one of the most critical 

global challenges have water pollution from dyes 

[2]. These dyes and pigments are widely used as 

colorants in textiles, paints and cosmetics [3]. A 

large amount of wastewater is generated at the end 

of the production process in which dyes and 

chemicals, most of which are auxiliary chemicals 

and surfactants, are used in the textile industries 

[4]. The resulting wastewater is dangerous and 

toxic because it contains compounds known to be 

carcinogenic, such as various chemicals and large 

amounts of dyes, usually organic compounds of 

complex structures [5,6]. Dyestuffs used in the 
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textile industry are classified depending on the 

chemical structure and dyeing properties [7].  In 

the chemical structures of dyestuffs, nitro (-NO2), 

nitroso (-N = O), azo (-N = N-), carbonyl (-C = 

O), ethenyl (-C = C-) and thiocarbonyl (-CH = S) 

contain groups [8]. 

 

These dyes used in the textile industry cause 

significant environmental effects. If  water rich in 

dyestuffs is discharged without treatment, this 

waters will have negative effects on the receiving 

environment. Dyeing wastes given to the 

receiving environment from the textile industry 

cause the receiving water to change colour and 

become dyed. Depending on the dye used, they 

have a toxic effect on plant and animal life, 
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prevent the river's self-purification capacity 

(assimilation capacity), cause the receiving water 

to color, reduce the light transmittance of the 

water, and decrease the photosynthesis rate of the 

aquatic flora. Therefore, in terms of ecology color 

removal processes enter into an important role in 

the treatment of wastewater containing high 

amounts of dyestuffs. Membrane [9], adsorption 

[10], electrochemical oxidation [11], coagulation 

[12], flocculation [13] and oxidation [14] methods 

were applied in the treatment of dye containing 

wastewater. 

In the treatment of wastewater containing azo 

dyes, advanced Oxidation processes (AOPs) 

change the chemical structure of the azo dye and 

even break it down completely [15]. Ozonation, 

one of the AOPs, has high purification 

efficiencies in dye removal. Ozone is a strong 

oxidizer (redox potential 2.07 V) and reacts 

rapidly with organic and inorganic substances in 

aqueous solutions with its special dipole structure 

[16]. Ozone reacts with organic materials in two 

ways, directly in aqueous solutions and indirectly 

through hydroxyl radicals formed by its 

decomposition. Hydroxyl radicals have higher 

oxidisation compared to ozone (redox potential 

2.33 V) and oxidize pollutants in water to the 

mineralization stage without any discrimination 

[17-19]. The ozone molecule selectively reacts 

with compounds containing C = C bonds, some 

functional groups (OH, CH3, OCH3) and anions 

(N, P, O, S) [20] but OH· oxidation is not 

selective [21]. As a result of the electrophilic 

nature of ozone, it generally reacts with aromatic 

rings by electrophilic substitution or 1,3-dipolar 

organic replacement reactions [22]. Many 

pollutants such as textile wastewater [23], water 

containing dyestuffs [24], water containing 

diethyl phthalate [25], water containing organic 

micropollutants [26], biodiesel wastewater [27], 

water containing Bisphenol A [28] and 

pharmaceutical wastewater [29] are treated from 

wastewater with the ozonation process. 

In this study, dye removal has been investigated 

by using the ozonation method in waters 

containing RY 145. Dye is one of the most 

important problems processes from textile 

industry processes. Especially, there is a very 

dense dye material from the dying tank. It has 

been aimed to determine the optimum conditions 

by examining the pH, ozone (O3) dose and 

reaction time parameters in the water with an 

initial RY 145 concentration of 50 mg / L. By 

using the ozone process, dye removal was 

achieved with less chemicals and  shorter reaction 

time. 

2. MATERIAL AND METHODS 

2.1. RY 145 Sample Preparation and 

Measurement Method 

Commercially available RY 145 

(C28H20ClN9O16S5 Na4) [30] dye has been used in 

the experiments. The molecular structure of RY 

145 is shown in Fig. 1 [31]. 1 L stock solution 

containing 1000 mg/L RY 145 was prepared. By 

using the prepared stock solution, synthetic water 

with a total volume of 3 L and a concentration of 

50 mg/L was obtained. Then,   experiments have 

been conducted with solution containing an initial 

concentration of 50 mg / L RY 145 dye. All 

experiments have been performed on a synthetic 

water sample containing RY 145. In order to 

measure the values of RY 145 solution before and 

after treatment, the λmax value of the dye has 

determined by spectrum scanning. The λmax value 

of RY 145 has been found to be 413 nm after 

spectrum scanning. 

 

Figure 1 Molecular structure of RY 145 

The calibration curve was prepared by taking 

measurements of the solutions prepared between 

0.1 mg / L and 50 mg / L at 413 nm for the 

measurement of the dye with λmax value during 

treatment. The regression coefficient (R2) of the 

calibration curve obtained has found to be 0.9936. 

The line equation obtained from the calibration 

curve is given in Equation (1). 

Pınar Nazire TANATTI

Treatability of Synthetic Wastewater Containing Reactive Yellow 145 Dyestuff by Ozonation Process

Sakarya University Journal of Science 25(4), 995-1002, 2021 996



RY 145 (mg/L)  =  
ABS

0,0135
   (1) 

2.2. Experimental reactor desing 

Ozone is a very strong oxidant (E ° = + 2.07 V). 

Organic pollutants are oxidized by direct reaction 

(pH ≤ 2) with molecular ozone or indirect 

reactions (pH ≥ 7) from OH· resulting from ozone 

decomposition under alkaline conditions [32,33]. 

The reactor used for RY 145 removal is given in 

Figure 2. SABO brand ozone generator with a 

capacity of 15 g / L.h has been used in the 

experiments. Experiments have carried out using 

a 250 mL glass reactor as the reactor. 

 

Figure 2 Ozonation reactor 

3. RESULTS AND DISCUSSION 

3.1. Effect of initial pH 

The direct ozone reaction occurs at acidic pHs and 

in the presence of inhibitory scavengers that cause 

ozone degradation. OH· has a high-speed and non-

selective nature. Therefore, the indirect reaction 

occurs predominantly under radical type chain 

reaction or alkaline conditions and in the presence 

of solvents that trigger OH· formation [21,34].  In 

addition, at low ozone dosages, due to radical 

scavengers such as carbonate and bicarbonate in 

wastewater, oxidation with molecular ozone 

occurs as a more dominant mechanism [35]. The 

direct and indirect reactions of ozone are given in 

the equations below [36]. 

Direct reactions: 

O3 + R → Products                           (2) 

Indirect reactions: (total reaction) 

     3𝑂3 + 𝐻2𝑂 → 2𝑂𝐻. + 4𝑂2                    (3)  

In order to investigate the effect of pH on dye 

removal efficiencies in wastewater with an initial 

concentration of 50 mg / L RY 145, a dose of 

0.025 g / L.h O3 and pH 3,5,7,9 and 11 at a 

reaction time of 5 minutes have been studied. RY 

145 removal efficiencies are given in Figure 3. 

RY 145 removal efficiencies at pH 3, pH 5, pH 7, 

pH 9 and pH 11 have been found to be 49.93%, 

69.66%, 57.90%, 55.02% and 66.62%, 

respectively, under the specified experimental 

conditions. The lowest removal efficiency has 

obtained at pH 3 in the ozone method. RY 145 

removal efficiencies are high at pH 5 and pH 9. 

However, the highest removal efficiency is 

obtained at pH 5. In addition, considering that the 

initial pH of the solution is 6.86 and the highest 

RY 145 removal efficiency was obtained at pH 5, 

the most suitable pH was determined as 5. 

 

Figure 3 The effect of pH on RY 145 removal 

efficiency (O3 dose: 0.025 g / L.h; Reaction time: 5 

min) 

The treatability of wastewater containing 500 mg 

/ L RY 145 has investigated by ultraviolet-

enhanced ozonation process and then pH 8 was 

determined as the optimum pH. In addition, RY 

145 removal efficiency is around 80% in 150 

minutes reaction time [37]. In addition, the 

optimum pH of RY 145 was obtained in the 

treatment of H2O2 / UV AOP. The removal 

efficiency of RY 145 in 1 hour reaction time was 

found to be 99% [30]. It is clear that there is RY 

145 removal in both ozonation and H2O2 / UV 

process. However, in this study, both the removal 
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efficiencies are high in RY 145 removal by 

ozonation, and the reaction time is short. In 

addition, the optimum pH value found in the 

treatment of RY 145 by ozonation is the value that 

should not be spent too much chemical for its 

adjustment, considering the initial pH of the 

water. 

3.2. Effect of O3 dose 

In order to examine the removal efficiency of 

wastewater containing RY 145 dye, O3 dose has 

been studied between 0.0125 g / L.h and 0.125 g / 

L.h. Ozone solubility levels was measured in 

water and the concentration depending on the 

flow rate is given in the Table 1. 

Table 1 The ozone concentration in water depending 

on the flow rate 

Flow rate 

(g/L.h) 

0.0125 0.05 0.075 0.1 0.15 0.3 

Ozone 

concentration 

(mg/L) 

0,19 0.64 1.08 1.3 1.8 2.6 

While investigating the effect of O3 dose on 

removal efficiencies by ozonation method, 

studies have been conducted at pH 5 and 5 min 

reaction time. Figure 3 shows The effect of O3 

dose on RY 145 removal efficiency. In the 

beginning, while the removal efficiency of RY 

145 increases with the increase of O3 dose, Figure 

4 is shown that there is a slow increase in removal 

efficiency after 0.05 g / L.h O3 dose. RY 145 

removal efficiency has obtained 26.25% at a dose 

of 0.0125 g / L.h O3, while RY 145 removal 

efficiency at a dose of 0.125 g / L.h O3 has 

achieved 96.93%. At the ozone dose of 0.05 g / 

L.h, a rapid decrease in the removal efficiency 

after RY 145 removal has been determined. RY 

145 removal efficiencies have been found 

95.36%, 96.79% and 96.93% at 0.05 g / L.h, 0.1 

g / L.h and 0.125 g / L.h O3 doses. Although the 

ozone dose concentration increases from the 

ozone dose of 0.05 g / L.h, the increase in removal 

efficiency is approximately 1.5%. For this reason, 

the most suitable ozone dose has been determined 

as 0.05 g / L.h on the most suitable RY 145 

removal efficiency. 

 

Figure 4 The effect of O3 dose on RY 145 removal 

efficiency (pH 5; Reaction time: 5 min) 

Even if there is an increase in the ozone dose, the 

amount of ozone dissolved in the wastewater may 

have reached saturation, so the increase in 

removal efficiency is gradually [38].  

3.3. Effect of reaction time 

The effect of reaction time on RY 145 removal 

efficiency has been investigated at pH 5 and 0.05 

g / L.h O3 dose. Removal efficiencies for RY 145 

are given in Figure 5. 

As seen from Figure 5, dye removal efficiencies 

increase as the reaction time increases. RY 145 

removal efficiencies have been studied at reaction 

times of 1 min to 15 min. Ozone acts to break 

down compounds with high electron density, such 

as C = C bonds, activated aromatic systems, and 

protonated amines [39]. RY 145 removal 

efficiency has been found 41.59% at 1st min and 

99.23% at 15th min. Also, RY 145 removal 

efficiency has been obtained as 99.07% at 10th 

min. Depending on the reaction time of RY 145, 

removal efficiencies increase rapidly until the 6th 

minute. Increases in removal efficiency after the 

6th minute are slow. The removal efficiency has 

been determined 97.45% in the 6th minute. 

However, while the RY 145 concentration at the 

6th minute was 1.274 mg / L, the RY 145 

concentration at the 10th minute was 0.467 mg / L. 

In addition, the RY 145 concentration at the 15th 

minute is 0.385 mg / L. Considering the RY 145 
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concentrations, 10 min has been determined as the 

optimum reaction time. 

 

Figure 5 The effect of reaction time on RY 145 

removal efficiency (pH 5; O3 dose: 0.05 g / L.h) 

Reaction times vary according to the AOPs used 

in dye removal. In UV treatment with Ni3O4-

Co3O4 / Al2O3 catalyst, RY 145 could be removed 

in 60 minutes reaction time [40]. In addition, 

Reactive Golden treatment was studied by 

electrooxidation from AOPs. In the oxidation 

using RuO2 / Ti electrode, only 96.4% efficiency 

was obtained in 6 hours reaction time [41].  

4. RESULT 

In the study, ozonation method has been used for 

the treatment of wastewater containing RY 145 

dyestuff prepared synthetically. Optimum 

conditions in the treatment of RY 145 containing 

wastewater were found as pH 5, 0.05 g / L.h O3 

dose and 10 minutes reaction time. Optimum 

conditions in the treatment of RY 145 containing 

wastewater have been found as pH 5, 0.05 g / L.h 

O3 dose and 10 minutes reaction time. Dye 

removal efficiency was found to be 99.07% under 

optimum conditions. It has been established that 

the ozonation method is a suitable process in 

waters containing RY 145 dyestuff. However, 

ozonation processes are methods that can be used 

in different combinations. Under favour this 

study, it can be predicted that RY 145 studies can 

be carried out with a more economical and 

environmentally friendly process by using 

different ozonation systems. 
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Morphological and Structural Observation on the Rectum of Bolua turkiyae Ünal, 

1999 (Orthoptera, Tettigoniidae) 

Damla AMUTKAN MUTLU*1, Irmak POLAT1, Zekiye SULUDERE1 

Abstract 

This study presents the morphology and structure of the rectum in Bolua turkiyae Ünal, 1999 

(Orthoptera, Tettigoniidae) using light and scanning electron microscopy. The digestive system 

in insects is split up three parts as the foregut, the midgut and the hindgut. The rectum is last 

part of the hindgut. The results show that the rectum of B. turkiyae consists of 6 rectal pads, in 

similar to rectal pads found in others Orthopteran species. The rectum contains the muscle tissue 

with connective tissue, epithelial layer with columnar cells, and the cuticular intima from the 

outside to inside. There is microvillus on the apical side of the columnar cells that serves in 

water and ion reabsorption.   

Keywords: Rectal pads, hindgut, histology, electron microscope 

1. INTRODUCTION

The Orthoptera order is split up two suborders as 

Caelifera in which the species have small antenna 

and Ensifera in which the species have long 

antenna [1, 2]. Orthopterans have an incomplete 

metamorphosis [3]. Most species lay their eggs in 

the ground or on the parts of plants. The eggs 

hatch and the young nymphs occur. The young 

nymphs become the adult individuals after almost 

5 moulting stages [3]. 

Many species in Orthoptera order are considered 

pests of crops, which these species are known for 

wiping fields out in a day [3]. Many adult and 

nymph individuals can cause major agricultural 

damage by virtue of feeding on weeds, grasses or 

crops [3, 4]. Therefore, the ortopteran species 

* Corresponding author: damlamutkan@gazi.edu.tr
1 Gazi University, Faculty of Science, Biology, Turkey

E-Mail: irmakyilmaz@gazi.edu.tr, zekiyesuludere@gmail.com.

ORCID: https://orcid.org/0000-0002-4780-8520; https://orcid.org/0000-0001-7230-4589; https://orcid.org/0000-

0002-1207-5814

have pretty economic importance. Knowing the 

biology of these species is of great importance for 

the steps to be taken in the pest management. 

Bolua turkiyae Ünal, 1999 is a species which 

belongs to Tettigoniidae family in Orthoptera 

order in Ensifera suborder. This species is an 

endemic species to Turkey [5]. Since this species 

was found in Bolu province for the first time, Ünal 

1999 gave the name of this city to it. Type locality 

of the species is expressed as Bolu, Kastamonu, 

Balıkesir [5-7]. 

Many studies have been conducted on the 

phylogeny, taxonomy and systematics of this 

species [5-7]. According to our research, no 

studies on the biology of B. turkiyae have been 

found. Therefore, in the present study, we focused 

on to find out the morphology and histology of the 
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rectum region located in the last part of the 

digestive canal. Major function of the rectum in 

especially terrestrial insects is the removal of 

water from the faeces and provides an absorptive 

role. 

2. MATERIALS AND METHODS 

2.1. Insect Collecting and Rearing 

Approximately 10 live male and 10 live female 

adult species of B. turkiyae were captured in 

Hamidiye Village, Bolu Province in Turkey. 

After being caught, they were put in plastic 

containers as live.  

2.2. Light Microscopy 

Live individuals were anesthetized with ethyl 

acetate fume and the digestive system was 

dissected out in phosphate buffered saline under a 

stereomicroscope (Leica EZ4). After taking 

general photograph of the digestive system, the 

rectum was removed from the digestive system 

and prepared for light (LM) and scanning electron 

microscopy (SEM) studies. 

The samples were fixed in Formaldehyde 

solution. Afterwards, the dehydration was 

performed in rising series of the alcohol and the 

samples were embedded in paraffin. the sections 

which were taken almost 6-7 micron thick were 

stained with Hematoxylin-Eosin (H&E) and 

Mallory trichrome staining. Finally, The stained 

sections were turned into permanent slides with 

entellan and observed using an Olympus BX51 

light microscope (Japan) mounted with a digital 

camera Olympus E330 (Japan) and the 

photographs were taken. 

2.3. Scanning Electron Microscopy 

Dissected rectums were fixed in glutaraldehyde in 

phosphate-buffered saline. The fixed specimens 

were dehydrated through a rising ethanol series. 

Then the drying process was performed with a 

Polaron CPD 7501 Critical Point Dryer. The 

coated samples with gold (Polaron SC 502) were 

investigated with a JEOL JSM 6060 LV SEM at 

an accelerating voltage of 10 kV and the 

photographs were taken. 

3. RESULTS 

The digestive system of adult B. turkiyae mainly 

consists of three distinct regions. These are the 

foregut, the midgut, and the hindgut. The hindgut 

is split up regions as the ileum, the colon and the 

rectum. The rectum which is the subject of the 

study is the last part of the hindgut in B. turkiyae. 

The rectum is an organ which has ovoid form 

(Figures 1, 2). 

The rectum of B. turkiyae has different layers 

from outside to inside. The outer surface of this 

organ is covered with the muscle tissue and 

connective tissue with prominent tracheal 

network (Figures 2-4). It is observed that it has 6 

rectal pads in the cross sections of light 

microscope (Figure 3). The epithelial layer shows 

a monolayer sequence (Figures 3-7). The nucleus 

of each columnar cell is located in the center of 

the cell and has ovoid shape (Figures 4, 6). The 

apical side of the cells has a large amount of 

microvillus which plays the reabsorption function 

(Figures 5, 7). The epithelium has a cuticular 

intima layer that separates the lumen content with 

epithelial layer. This cuticular intima surrounds 

the epithelium on the luminal side (Figures 3-7). 

 

Figure 1 Stereomicroscope images of the hindgut of 

B. turkiyae. C: Colon, R: Rectum 
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Figure 2 SEM micrograph of the general structure of 

the rectum of B. turkiyae. T: Trachea 

 

Figure 3 Light micrograph of the cross section of the 

rectum. →: Trachea (Mallory’s trichrome staining) 

 

Figure 4 Light micrograph of the cross section of the 

rectum. →: Trachea, E: Epithelial layer (H&E 

staining) 

 

Figure 5 SEM micrograph of the cross section of the 

rectum. →: Microvillus, *: Cuticular intima layer  

 

Figure 6 Light micrograph of the cross section of the 

rectum. →: Nucleus, *: Cuticular intima layer 

(Mallory’s trichrome staining) 

 

Figure 7 SEM micrograph of the cross section of the 

rectum. →: Microvillus, *: Cuticular intima layer  
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4. DISCUSSION 

The rectal pads that are founded in some insect 

species are specialized structures of the rectum. 

These structures are appertaining to ion uptake 

and water removal to continue the body 

homeostasis [8, 9]. There is no rectal pad in 

rectum in some insect species such as Pylaemenes 

mitratus (Phasmid: Basillidae) [10] and Karenia 

caelatata (Hemiptera: Cicadidae) [11]. On the 

contrary, there is found the rectal pad in the 

rectum of Streltzoviella insularis (Lepidoptera: 

Cossidae) [12], Cryptotermes brevis (Blattodea, 

Kalotermitidae), Cryptotermes cavifrons 

(Blattodea, Kalotermitidae), Coptotermes 

formosanus (Blattodea, Rhinotermitidae), 

Neotermes jouteli (Blattodea, Kalotermitidae) 

[13], Gryllus pennsylvanicus (Orthoptera, 

Gryllidae) [14], and Poecilimon cervus 

(Orthoptera, Tettigoniidae) [15] similar to the 

rectum of B. turkiyae. The presence or not of 

rectal pads may be related to the insect's diet. 

The rectal pads number can vary among the insect 

species. Although the number of the rectal pads is 

6 in G. pennsylvanicus (Orthoptera, Gryllidae) 

[14], Blattella germanica (Orthoptera, 

Blattellidae) [16], and Aedes aegypti (Diptera, 

Culicidae) [17], this number is 4 in Chrysoperla 

externa (Neuroptera, Chrysopidae) [18]. The 

rectum of B. turkiyae has 6 rectal pads. 

The epithelial cells have microvillus on the apical 

side of it. These microvilli help to reabsorption of 

the water, on the other hand it was indicated that 

the epithelial cells in the rectum of 

Rhynchophorus phoenicis (Coleoptera, 

Curculionidae) [19] and P. cervus (Orthoptera, 

Tettigoniidae) [15] do not have microvilli. It was 

remarked that the cells have either apical 

membrane infoldings or epithelial foldings. 

Contrary, in Calliphora erythrocephala (Diptera, 

Calliphoridae) [20] and Melanoplus femurrubrum 

(Orthoptera, Acrididae) [21] they have well 

developed microvilli in rectal cells. 

In this paper, we focused to determine the 

morphology and structure of the rectum. 

Although the data we have obtained reveal some 

differences, they are mostly similar to the rectum 

structure of other insect species. 
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Effect of The Filler Type and Particle Distribution Changes on Polyester Matrix 

Composites 

Şevki EREN*1, Serkan SUBAŞI2 

Abstract 

In this study, the effect of the usage of additives at different initiator ratios as well as the usage 

of fillers of different types and different grain distributions on resin consumption and 

compressive strength of polyester matrix composites were investigated. Orthophthalic 

unsaturated polyester resin (UP) was used as a matrix. The initiator (methyl ethyl ketone 

peroxide) at the ratio of 1.0%, 1.5%, and 2.0% and the accelerator (cobalt octoate) at the ratio 

of 1.0% by weight was used to start the polymerization. Silica, basalt, and quartz sand were 

used as the filler type. All fillings used in the study were prepared in the grain size distribution 

of the American Foundry Society (AFS 40-45) and the grain size distribution determined by 

reference to the Fuller equation (F 1.0). Resin consumption and compressive strength of 

produced composites were determined, and SEM analyses were carried out. As a result of the 

study, in all filled composites, the minimum resin consumption was achieved at a starting rate 

of 1.0%. The highest compressive strength was determined as 130.43 MPa in the basalt filled 

composite and in the AFS40-45 grain distribution. 

Keywords: Polyester matrix composites, filler grain distribution, resin consumption, 

fuller equation, American foundry society    

1. INTRODUCTION

The mechanical properties of the composite are 

affected by the size, shape, aspect ratio, and 

distribution of the reinforcing particles [1-3]. It 

has been reported that the increase of the specific 

surface area and the contents of the fillers enhance 

the mechanical and impact properties of the 

composites. However, when the size of the fillers 

becomes smaller and the content of the fillers 

becomes higher, the viscosity of the composite 

resin will be too high to process. In that case, the 

* Corresponding author: seren@ahievran.edu.tr
1 Ahi Evran University, Vocational School of Technical Sciences, Kırşehir, Turkey.

ORCID: https://orcid.org/0000-0003-0773-4034
2 Düzce University, Engineering Faculty, Düzce, Turkey.

E-Mail: serkansubasi@duzce.edu.tr

ORCID: https://orcid.org/0000-0001-7826-1348

interfacial strength will be a more important 

factor due to the increased surface area of the 

fillers [4]. Fuller and Thompson [5], emphasized 

the important effect of aggregate grading on the 

properties of concrete. The problem of the best 

possible proportioning of aggregates and their 

contribution to optimal proportioning for the 

concrete mixture has been the subject of many 

experimental and theoretical investigations. One 

early example is presented by Fuller and 

Thompson 1907 in a series of curves which are 
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currently used for the optimization of concrete 

and asphalt aggregates [5].  

Most foundries in the United States use the AFS 

grain fineness number as a general indication of 

sand fineness [6]. This number is calculated from 

the size distribution, which is determined by 

standard ASTM sieves. Each fraction is 

multiplied with a weighting factor, the results are 

added together and divided by 100. AFS number 

gets bigger as the average size decreases. The 

AFS number is considered to be proportional to 

the number of grains per unit weight [7]. In the 

industry, AFS 35 (390μm), 40 (340 μm), 45 (300 

μm), 50 (280 μm), 55 (240 μm), 60 (220 μm), 65 

(210 μm), 70 (195 μm), 80 (170 μm), 90 (150 

μm), etc. different AFS grain fineness numbers 

are used [6]. 

The primary purpose of fillers is to restrict the 

movement of the polymer chain, thereby 

increasing hardness, abrasion resistance, stiffness, 

and strength but reducing ductility. [1, 8-11]. 

They can also be used to reduce the cost of the 

product, control the shrinkage of the product, or 

increase the formatting of the material [9, 10]. 

Several analyses have been carried out to study 

the effects of particulates on the mechanical 

properties of polymeric composites; 

Haddad and Kobaisi [12] determined the pressure 

strength of the polymer concrete produced by 

using coarse-grained basalt aggregate, sand, and 

fly ash with UP resin as 190 MPa. Ateş and 

Aztekin [13] conducted a study on the densities 

and mechanical properties of quartz sand filler 

reinforced (5% -45%) and UP matrix composites 

and obtained the highest compressive strength 

value as 131.009 MPa in 10% quartz sand volume 

ratio. Mahdi et al. [14], studied PET that 

consisting styrene and obtained from waste 

bottles using methyl ethyl ketone peroxide 

(MEKP) as a free radical initiator and cobalt 

naphthenate (CoNp) as the catalyst, then mixed 

with inorganic aggregate (10% w/w 

aggregate/resin). The maximum compressive 

strength was determined as 42.2 MPa that is 

higher (28.5 MPa) than the compressive strength 

of the neat polymer composites. Ateş and Barnes 

[15], prepared polymer concrete composite 

specimens by using polyester and quartz as binder 

and filler material, in different aggregate 

diagrams and binder ratio. The highest 

compression strength was obtained at 95.8 MPa. 

Ateş [16], examined the change of the 

compressive strength properties of the polyester 

and epoxy resin-based composite material having 

quartz sand as a filler which has different grain 

distributions and produced by using binder 

material at different ratios. The highest 

compressive strength value was obtained as 62.8 

MPa in a mixture of 18% resin + 82% quartz 

filler. Akıncı [17], in his study, reported that the 

content of basalt filler added to the raw resin 

affected the structural integrity and mechanical 

properties of the composite. Moloney et al. [18], 

studied the effects of several parameters on the 

mechanical properties of particulate composites. 

The results showed that the tensile strength, 

tensile modulus, flexural strength, flexural 

modulus, compressive yield strength, and fracture 

toughness improved with an increasing volume 

fraction of silica particulates. 

The main objectives of this study are to 

investigate the usage of additives at different 

initiator ratios and how particle size distribution 

and type of filler influence the resin consumption 

and compressive strength of polyester matrix 

composites.  

This study was supported by TUBITAK (The 

Scientific and Technological Research Council of 

Turkey), University-Industry Cooperation Project 

(Project Number: 5140058) in Turkey.  

2. MATERIALS and METHODS 

2.1. Matrix Materials 

Unsaturated orthophthalic polyester resin (Polipol 

3562-SR) was used as a matrix structure. The 

initiator (methyl ethyl ketone peroxide; MEKP; 

Akperox ER 59) at the ratio of 1.0%, 1.5%, and 

2.0% and the accelerator (Cobalt Octoate; 

Akkobalt RC88) at the ratio of 1.0% by weight 

were used to start the polymerization. Resins and 

additives used in the study are given in Figure 1 

and the mechanical properties of raw polyester 

resin types are given in Table 1. Some physical 
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properties of polyester resin mixtures used in 

different initiator ratios are given in Table 2.  

 

Figure 1 Visual of raw resin, initiator and accelerator 

Table 1 Mechanical properties of orthophtalic resin 

Property Orthophtalic Resin 

Tensile modülüs 
(MPa) 

3550 

Tensile strength (MPa) 74 

Flexural strength 
(MPa) 

125 

Flexural modülüs 
(MPa) 

3800 

Elongation at break 

(tensile) (%) 
3.15 

Table 2 Some physical properties of polyester resin 

mixtures used in different initiator ratios 

Initiator 

ratio (%) 

Orthophtalic Resin 

Gelling time 

(min) 

Gelling  

temperature 

(0C) 

Peak 

exotherm 

temperature 

(0C) 

1.0 15 28.5 189.8 

1.5 13 29 177 

2.0 10 32.8 182.6 

2.2. Filling Materials 

Three types of fillers were used in the study: silica 

sand, basalt sand, and quartz sand, in the range of 

0-1000 µm, with different grain distributions. A 

picture of the filling materials used is shown in 

Figure 2. The chemical and physical analyses of 

the filling materials used are given in Table 3 and 

Table 4 respectively. 

 

Figure 2 Filling materials 

Table 3 Chemical compositions of filling materials 

Chemical Composition 

Filling materials (%) 

Quartz 

Sand  

Silica 

Sand  

Basalt 

Sand  

SiO2 99.18 98.94 61.21 

Al2O3 0 0.08 13.61 

Fe2O3 0.02 0.1 5.72 

MgO 0 0 3.90 

CaO 0.16 0.12 6.20 

Na2O 0 0 2.63 

K2O 0.03 0.05 2.83 

TiO2 0.04 0.12 0.76 

MnO - - 0.13 

SO2 0.02 0.3 - 

P2O5 0.01 0.01 - 

Cr2O3 0.004 0.053 - 

Mn2O3 0.0017 0.0035 - 

Table 4 Physical properties of filling materials 

Physical parameters 

Filling materials 

Quartz 

Sand 

Silica 

Sand 

Basalt 

Sand 

Moisture content (%) 0.002 0.6 0.5 

Relative density (g/cm³) 2.55 2.74 2.57 

Loose unit weight (g/cm³) 1.616 1.537 1.541 

Compact unit weight (g/cm³) 1.791 1.723 1.764 

Water absorption ratio (%) 2.03 2.73 2.29 

Specific surface area (m²/kg) 12.07 11.3 10.42 

The average grain size (µ) 237 245 254 

2.3. Mixture Design of Filled Composites 

The polymerization reaction was carried out at 

room temperature. Firstly, the orthophtalic resin, 

methyl ethyl ketone peroxide, and cobalt octoate 

were added to the beher, and immediately after, 

the former mixture stirred 2 min at 400 rpm in the 

magnetic stirrer. Before the curing, the former 

prepared solution was transferred to ultrasonic 

homogenizer (Bandelin, RK 100 H, Germany) 

and sonicated for 1 min at 35 kHz to improve the 

homogeneity. Then the obtained mixture was 

transferred and the fillers that prepared according 
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to predetermined particle distributions were 

added and mixed at 1000 rpm for 1 min in the 

ultraturrex disperser (Heidolph, Hei TORQUE 

100, Germany) before the resin reached the 

gelling time. Finally, the obtained suspension 

poured for molding to a steel cylinder (35mm * 

70mm) with controlled leveling and kept at room 

temperature for 1 h and afterward was transferred 

to an oven (Utest, UTD 1035, Turkey) in order to 

keep at 80 °C for 24h. Pre-mold, release agent 

(Poliya, Polivaks SV-6, Turkey) were applied to 

the molds to remove easily after curing. The 

preparation process of filled composites is shown 

in Figure 3.  

 

Figure 3 The preparation process of filled composites 

Filling grain distributions have been prepared by 

referencing the Fuller equation. The reference 

Fuller equation is given Eq. (1) [5].  

P = 100 x (
d

D
)n                         (1)  

In the referenced Fuller equation, n coefficient 

value was chosen as 1.0 and after determining the 

amount of material required to be taken between 

each sieve, these materials were mixed to form a 

blend and made ready for mixing with resins. 

F 1.0: The grain distribution generated by taking 

n=1.0 in the Fuller equation 

P is the total percent of particles passing through 

(or finer than) sieve, % 

D is the maximum size of aggregate, mm 

d is the diameter of the current sieve (1000µ), mm 

n is the exponent of the equation 

Also, fillings used in the study were prepared in 

the grain size distribution of the AFS 40-45. AFS 

40-45 and Fuller 1.0 grain distribution curves 

used in the production of filled samples are given 

in Figure 4. 

 

Figure 4 AFS 40-45 and Fuller 1.0 grain distribution 

curves 

2.4. Compressive Strength Test 

The compressive strength was performed 

according to the ASTM C 579-01 [19] standard. 

The loading speed is 41 MPa/min. For the 

pressure test, 3 samples were produced from each 

mixture. A visual representation of the cylindrical 

specimens extracted from the mold and the 

cutting operations of these samples is given in 

Figure 5, a visual representation of the cut 

cylinder samples for pressure testing is given in 

Figure 6 and a visual representation of the 

pressure test is given in Figure 7.   
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Figure 5 Cylinder samples and cutting process 

 

Figure 6 The pressure testing samples 

 

Figure 7 The pressure test of the filled composites 

2.5. Resin Consumption 

The weights of the cut samples were weighed to 

determine the resin consumption quantities of the 

filled resin mixtures.  After the samples were 

placed in the ash furnace, the temperature of the 

ash furnace was set to approximately 650 0C in 

order to completely blow out the polyester and the 

samples were kept for 2 hours at this temperature. 

After the samples removed from the ash furnace 

were kept until they reached the ambient 

temperature, their weights were weighed, and 

their resin consumption was determined. A visual 

representation of cut samples to determine the 

resin consumption is shown in Figure 8 and a 

visual representation of resin consumption testing 

of filled composites is shown in Figure 9.  

 

Figure 8 The resin consumption samples 

 

Figure 9 Resin consumption testing of filled 

composites 

2.6. SEM Analysis 

For SEM analysis, cross-section images were 

taken of the samples at 20 kV acceleration voltage 

(FEI, Quanta 250, Netherland). The specimens 

were mounted with tweezers onto a substrate with 

carbon tape and coated with a thin layer of 

gold/palladium mixture. 

3. RESULTS and DISCUSSION 

3.1. Compressive Strength Test Results and 

Evaluation 

The combined representation of the average 

compressive strength of the filled resin mixtures 

in different grain distributions due to the change 

in the initiator ratio is given in Table 5. 

Table 5 The average compressive strength values of 

the filled resin mixtures 

Initiator 

ratio 

(%) 

Compressive strength values (MPa) 

AFS 40-45 FULLER 1.0 

Silica 

sand 

Basalt 

sand 

Quartz 

sand 

Silica 

sand 

Basalt 

sand 

Quartz 

sand 

1.0 116 130 130 128 129 117 

1.5 118 124 112 122 124 121 

2.0 124 116 115 112 121 122 
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Changes in the average compressive strength of 

silica, basalt, and quartz-filled resin mixtures with 

a grain distribution of AFS40-45 and F1.0 due to 

the change in the initiator ratio are given in Figure 

10, Figure 11, Figure 12, Figure 13 and Figure 14 

respectively. The graph showing the compressive 

strength in the first three rows among all filled 

composites is shown in Figure 15. 

 

Figure 10 Compressive strengths in silica filled 

composites 

 

Figure 11 Compressive strengths in basalt filled 

composites 

 

Figure 12 Compressive strengths in quartz filled 

composites 

 

 

Figure 13 Compressive strengths of AFS 40-45 grain 

distributed fillers 

 

Figure 14 Compressive strengths of F 1,0 grain 

distributed fillers 

 

Figure 15 Compressive strengths in the first three 

rows 

Pressure tests on silica-filled resin mixtures with 

AFS 40-45 grain distribution showed that their 

compressive strength increased as the initiator 

rate increased. The lowest compressive strength 

value was obtained at a 1.0% initiator rate and this 

value was determined as 115.94 MPa. The 

compressive strength increased to 118.37 MPa in 

a 1.5% initiator ratio and reached the maximum 

compressive strength value of 123.75 MPa in a 

2.0% initiator ratio. The percentage of increases 

was 2.09% and 6.73% respectively. However, it 

is thought that by increasing the rate of initiator, 

the strength will decrease as the heat value of the 

mixture will increase. 
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The highest compressive strength value of silica-

filled resin mixtures in F 1.0 grain distributed was 

determined as 128.41 MPa at the rate of 1.0% 

initiator. However, by increasing the rate of 

initiator, compressive strength also decreased. As 

a result, the highest compressive strength of all 

silica-filled resin mixtures was obtained in the F 

1.0 grain distribution and the initiator ratio of 

1.0%, and this strength value was obtained as 

10.75% higher than the silica-filled composite in 

the AFS 40-45 grain distribution. When these 

results were evaluated together, AFS 40-45 grain 

distribution has uniform grain distribution, while 

F 1.0 grain distribution has a better-rated grain 

distribution, so it was observed that strength 

values increased only with the improvement made 

in grain distribution. 

In basalt-filled resin mixtures, the highest 

compressive strength values for each different 

grain class were obtained at the initiator ratio of 

1.0%. As the initiator ratio increased, the 

compressive strength values of all grain 

distributed mixtures decreased. The highest 

compressive strength value was determined as 

130.43 MPa in the “AFS40-45” grain distributed 

mixture. The second highest strength was 

determined as 129.19 MPa in the F 1.0 grain 

distributed mixture. 

The highest compressive strength value in quartz 

filled resin mixtures was obtained as 129.91 MPa 

in AFS 40-45 grain distribution and 1.0% initiator 

ratio. As the initiator ratio increased, the 

compressive strength values of AFS 40-45 grain 

distributed mixtures decreased, while F 1.0 grain 

distributed mixtures increased.  

In AFS 40-45 grain distributed filled resin 

mixtures, the highest compressive strength was 

obtained in basalt and quartz fillings and a 1.0% 

initiator ratio. The strength value of basalt-filled 

composites with a 1.0 % initiator ratio was 

determined as 12.49% higher than silica-filled 

composites, while the strength value of quartz-

filled composites was determined as 12.05% 

higher than silica-filled composites. When these 

results were evaluated together, it was observed 

that in composites with grain distribution of AFS 

40-45 the filler type had a significant effect on 

compressive strength, and higher strengths were 

obtained when basalt and quartz fillings were 

used. 

In F 1.0 grain distributed filled resin mixtures, the 

highest compressive strength was obtained in 

basalt and silica fillings and a 1.0% initiator ratio. 

In quartz-filled composites with the same initiator 

ratio, a lower strength value was obtained. The 

strength value of basalt and silica-filled 

composites with a 1% initiator ratio was 

determined as 10.26% and 9.4% higher than 

quartz-filled composites with the same initiator 

ratio, respectively. In addition, it was observed 

that the strength values of silica and basalt filled 

composites decreased with increasing initiator 

ratio, while quartz filled composites increased. 

When these results were evaluated together, it was 

observed that in composites with grain 

distribution of F 1.0, the filler type had a 

significant effect on compressive strength, and 

higher strengths were obtained when basalt and 

silica fillings were used. 

- When the results of filled composites are 

evaluated; 

Among all filled composites, the highest 3 

compressive strengths were obtained as a 1.0% 

initiator ratio. 

The highest compressive strength value was 

determined as 130.43 MPa in the AFS40-45 grain 

class basalt filled resin mixture. This strength 

value was found to be approximately 1.0% higher 

than basalt filled composites with F 1.0 grain 

distribution. The second highest strength value 

was determined as 129.91 MPa in AFS40-45 

grain distributed quartz filled resin mixture. This 

strength value was determined as 0.55% higher 

than basalt filled composites with F 1.0 grain 

distributed. 

The compressive strength value of polymer 

concrete, determined by Haddad and Kobaisi [12] 

as 190 MPa, was 45.67% higher than the 

maximum strength value determined in this study 

(130.43 MPa). When these data are evaluated, the 

strength values of the fillings in the composite 

increase as the grain diameter grows larger.  
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The highest compressive strength values 

determined in the scope of the study and the 

strength values determined by Ateş and Aztekin 

[13] on quartz-filled composites were close 

together.  

Ateş [16] determined that the change in resin and 

filling ratios and grain distribution curves affected 

the compressive strength of polymer concrete. 

These results were found to support the results 

obtained in the study.  

Akıncı [17], in his study, reported that the content 

of basalt filler added to the raw resin affected the 

structural integrity and mechanical properties of 

the composite. 

3.2. Resin Consumption Amounts of Filled 

Resin Mixtures 

Resin consumption amounts of filled resin 

mixtures in different grain distributions are given 

in Table 6. 

Table 6 Resin consumption amounts of filled resin 

mixtures in different grain distributions 

Initiator 

ratio 

(%) 

Average resin consumption amounts (%) 

Silica sand Basalt sand Quartz sand 

AFS 40-

45 

F 

1.0 

AFS 40-

45 

F 

1.0 

AFS 40-

45 

F 1.0 

1.0 52 49 53 51 59 53 

1.5 51 50 51 51 55 55 

2.0 54 52 52 52 55 55 

Among all filled resin mixtures, the least resin 

consuming mixtures were obtained at the grain 

distribution of F 1.0 and the initiator rate of 1.0%. 

In these mixtures, the minimum resin 

consumption was obtained in silica-filled 

mixtures and this ratio was determined as 49%. In 

basalt filled mixtures, this ratio was 51% and in 

quartz filled mixtures it was 53%. Among all 

filled resin mixtures, the most resin consuming 

mixtures were obtained in composites with a grain 

distribution of AFS 40-45. In silica-filled 

composites, the amount of resin consumption 

obtained in F 1.0 grain distribution and 1.0% 

initiator ratio was 6.12% less than the amount of 

resin consumption in AFS 40-45 grain 

distribution with the same initiator ratio. In the 

same grain distribution comparison, 3.92% less 

resin consumption was achieved in basalt-filled 

composites, while 11.32% less resin consumption 

was achieved in quartz-filled composites. The 

reason for this is considered to be that composites 

in the grain class AFS 40-45 have uniform grain 

distribution, whereas composites in the grain class 

F1.0 have a better-graded distribution. It is 

believed that good grading of the particles allows 

the composite to have a less porous structure, 

thereby causing the composite to consume less 

resin. 

3.3. SEM Images and Morphological Analysis 

of Filled Resin Mixtures 

SEM images of filled composites with the highest 

3 compressive strengths are shown in Figure 16, 

Figure 17, and Figure 18 respectively. 

 

Figure 16 SEM image of AFS 40-45 distributed 

basalt filled composite 

 

Figure 17 SEM image of AFS 40-45 distributed 

quartz filled composite 
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Figure 18 SEM image of F 1.0 distributed basalt 

filled composite 

When the SEM images of the AFS40-45 and F 1.0 

grain distributed basalt filled composites were 

examined, it was seen that the basalt fillings were 

homogeneously distributed, the matrix structure 

completely wetted the filling material and the 

adherence of the resin and fillings was very good. 

It is thought that the failure is not due to the loss 

of adherence because of the adhesion between the 

filling material and the matrix interface is very 

good. 

When the SEM images of quartz-filled 

composites in the AFS 40-45 grain distribution 

were examined, it was observed that the quartz 

fillers in the polyester matrix were largely 

uniformly distributed within the matrix structure 

and that the matrix structure completely wetted 

the filling material. 

4. CONCLUSION 

Among all filled composites, the highest 3 

compressive strengths were obtained as a 1.0% 

initiator ratio. 

Among all filled resin mixtures, the three highest 

compressive strength was determined as 130.43 

MPa in basalt filled resin mixture in AFS 40-45 

grain distribution, 129.91 MPa in quartz filled 

resin mixture in AFS 40-45 grain distribution and 

129.19 MPa in basalt filled resin mixture in F 1.0 

grain distribution. 

Among all filled resin mixtures, the least resin 

consuming mixtures were obtained at the grain 

distribution of F 1.0 and the initiator rate of 1.0%. 

Composites produced in F 1.0 grain distribution 

and 1.0% initiator ratio consumed less resin than 

composites in AFS 40-45 grain distribution. In 

silica-filled composites, the amount of resin 

consumption obtained in F 1.0 grain distribution 

and 1.0% initiator ratio was 6.12% less than the 

amount of resin consumption in AFS 40-45 grain 

distribution with the same initiator ratio. In the 

same grain distribution comparison, 3.92% less 

resin consumption was achieved in basalt-filled 

composites, while 11.32% less resin consumption 

was achieved in quartz-filled composites. The 

reason for this is considered to be that composites 

in the grain class AFS 40-45 have uniform grain 

distribution, whereas composites in the grain class 

F1.0 have a better-graded distribution. It is 

believed that good grading of the particles allows 

the composite to have a less porous structure, 

thereby causing the composite to consume less 

resin. 

As a result of the study, it was concluded that the 

filler type and grain distribution used affected the 

mechanical properties and resin consumption of 

the composites.  
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Suggestions for Designing Test Specimens and Testing Procedures to 

Impregnate Wood Material by Pre-vacuumed Immersion Method Realized 

Using a Special Device 

İlker USTA*1 

Abstract 

This study, which promised remarkable contributions for designing of experimental samples 

and trial device to treat wood by pre-vacuumed immersion method, was conducted to test the 

impregnability of wood material according to the pre-vacuumed immersion process and to 

reveal the usability of plug (cylindrical) samples in impregnation experiments in addition to the 

cuboid (rectangular prism) samples. In this perspective, samples to be subjected to immersion 

test were initially dried to an average moisture content of 12% and than prepared for the flow 

pathways to determine the possible preservative uptake as the percentage of void volume filled 

and net dry salt retention in radial and longitudinal flow pathways, and in triplex [i.e. three flow 

pathways including tangential flow] and than impregnated using with 3% concentration of 

boron compound by normal and pre-vacuumed immersion method based on the immersion of 

120 minutes, and pre-vacuum process of 30 minutes at –0.84 bar (640 mmHg). According to 

the experimental evidences that have been provided, it was observed that the preparation 

techniques for cuboids and plugs were suitable with each other in terms of the preservative 

uptake in either flow pathway, while the preparation process and the period of the data 

collection were shorter in plugs than that for cuboids. And samples impregnated by pre-

vacuumed immersion method were determined to have a slightly higher preservative uptake 

than those impregnated with normal immersion method. At this point, it was also observed that 

in both experimental arrangements, the level of preservative uptake was minimal in radial 

samples compared to longitudinal samples. Therefore, based on the outcomes of this study, 

some remarks and recommendations for future work can be deduced on the use of plugs and 

cuboids, and also pre-vacuumed immersion process in the context of permeability examinations 

of any wood material. 

Keywords: Wood, impregnation, immersion method, test device, cuboid and plug samples 

1. INTRODUCTION

This study has been carried out with an innovative 

perspective in terms of its depth, and it contains 

original constructions aiming to test the 

* Corresponding author: iusta@hacettepe.edu.tr
1 Hacettepe University, Vocational Technology School, Ankara, Turkey.

ORCID: https://orcid.org/0000-0002-0470-5839

impregnability of wood material with a new 

methodological arrangement within the scope of 

the immersion method. Although impregnation of 

wood material is based on experience gained 

through trial and error learning, it is in fact a very 
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special subject developed based on the numerous 

findings obtained through long-term scientific 

research involving extensive tests. Therefore, this 

experimental study, which includes a 

methodological innovation, is expected to make a 

significant contribution to the field of wood 

science and technology, primarily in the wood 

protection area. 

As mentioned by Usta [1], wood, the most 

valuable and functional material on earth derived 

from trees grown with the practices of sustainable 

forestry, has been widely used for various 

purposes in everyday life since the beginning of 

human history. Wood, however, is a natural 

material that needs to be protected against biotic 

and abiotic pests exposed by the conditions 

beyond its natural endurance limit. In this respect, 

the protection of wood, which is a naive material 

with its fibrous and porous structure, against these 

pests is at the focus of the impregnation 

applications realized by the many different 

methods with the presence of various 

preservatives. However, amenability to 

preservative treatment of wood is a very real 

problem with some of the refractory tree species 

in terms of the flow rate of liquid which can be 

synonymously described with permeability. 

Therefore, the subject of impregnation of wood 

with the theme of permeability has been 

extensively investigated in many studies in wood 

science and technology literature. 

As we all know that submerging wood samples in 

a liquid until a set of time and then comparing 

with either the weight gained due to fluid uptake 

or in relation to an absolute quantity of liquid 

within volume, is the most simple and reliable 

technique to determine permeability. At this point, 

the most convenient way of measurement for 

permeability which can be synonymously 

described with flow rate of liquid [2], the most 

effective method of sample preparation for the 

impregnation test as either cubic or cuboid (i.e. 

longer in the axial direction) [3, 4], the most 

suitable practice for sealing all but one of the 

surfaces of the experimental sample to restrict 

penetration to one direction either parallel to grain 

(i.e. longitudinally) or perpendicular to grain (i.e. 

either tangentially or radially) [5], and the most 

usable manner to prepare test sample from bark to 

pith using a borer to give a cylindrical core [6] 

have been explained and exemplified in detail. In 

addition, various wood protection methods and 

many preservatives have been developed in order 

to protect wood material and to extend its service 

life against any damages and pests that destroy 

wood. Accordingly, the immersion method, one 

of the oldest known methods of wood 

preservation, is one of the methods developed for 

the impregnation of wood throughout human 

history, and it is widely used today with several 

different operational arrangements to effectively 

protect wood [7]. In this context, as we can easily 

see the protective fluids manufactured in a wide 

range of products for use in the operational 

arrangements of the immersion method designed 

in different constructions and point of views, this 

study was carried out as a new methodological 

approach to impregnation of wood by pre-

vacuumed immersion method using cuboid and 

plug samples. 

This study was therefore conducted following the 

pioneering comparative works of Usta on the 

impregnation of wood material by pre-vacuumed 

method [7] and special preparation of the 

experimental samples as cuboid and plug samples 

[8]. Thus, in this study, the impregnation of wood 

material based on the trial species Bornmullerian 

fir (Abies bornmulleriana Mattf.) by pre-

vacuumed immersion method and the special 

preparation of the experimental samples as the 

plugs and cuboids were demonstrated in terms of 

both the preparative period of time and the 

amenability to fluid uptake. In this context, this 

experimental study was carried out on the basis of 

the studies conducted by Usta [7, 8]. Also, the 

data assembly regarding the experimental 

processing was made according to the 

exemplification by Usta and Hale [9] and Usta 

[10] for the determination of the physical 

properties of wood material including kiln drying 

and preservative treatment.  

2. MATERIALS AND METHODS 

Within the scope of the study, the issues that form 

the basis of the realization of the research were 

explained under the following headings: wood 
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species, impregnation solution, preparation of 

experimental samples, wood preservation, data 

assembly and experimental processing.  

2.1. Wood Species 

The wooden test samples used in this study were 

selected from Bornmullerian fir (Abies 

bornmulleriana Mattf.), i.e. also known as 

Uludağ Göknarı in Turkish [11], which is a major 

softwood species indigenous to Turkey [12]. This 

tree species was particularly selected for this 

study, because it is being representative of the 

most important commercial plantation fir species 

within the country.  

At this point, according to data related to Turkey’s 

forest assets described in 2015, in the forests in 

Turkey where a spreading area up to 2.62% of fir 

taxa [13], Bornmullerian fir has the most 

extensive distribution, and spreads almost as 

much as the sum of the spreading areas of all other 

fir taxa in the forests [14].   

Bornmullerian fir is a different type of tree species 

with its unique nature and this situation is 

reflected in wood material derived from it. For 

instance, wood material that is obtained from 

Bornmullerian fir is used in many fields, 

especially in joinery, and has the potential to 

provide long-term service when used after 

impregnation. However, because of its difficult 

impregnability due to its anatomical structure, 

Bormullerian fir is tried to be protected by 

impregnation with various techniques and 

preservatives, at least with a required amount of 

preservative [7].  

2.2. Impregnation Solution 

In our study, although there are many different 

types of preservatives for wood impregnation in 

terms of immersion method, Wolmanit-CB was 

used particularly. In this regard, Wolmanit-CB, 

which is a CCB based preservative prepared from 

copper-chromium-boron mixture from the water-

soluble salts in the form of mixture of potassium 

dichromate (K2Cr2O7) and copper sulfate (CuSO4 

5H2O) and boric acid (H3BO3) as a dry mixture in 

certain proportions [15], is one of the most 

effective preservatives for protecting wood from 

deterioration caused by fungi and insects, and also 

from degradation by fire [16].  

Therefore, since it is a widely used preservative in 

the framework of wood protection applications in 

the priority of immersion method, Wolmanit-CB 

(containing approximately 48% K2Cr2O7, 28% 

CuSO4 5H2O, and 24% H3BO3) was preferred as 

an experimental impregnation solution and used 

at a concentration of 3%. 

2.3. Preparation of Experimental Samples 

As it can be seen in Figure 1, for preparation of 

the specimens, a disk of 35 cm in diameter and 40 

cm in length was cut into halves from the pith and 

flattened to form an internal edge as a large part. 

Then the experimental samples were produced as 

the plugs and the cuboids from the sapwood zone 

of Bornmullerian fir (Abies bornmulleriana 

Mattf.) according to the descriptions of Usta [8]. 

In this respect, based on the operational workflow 

as shown in Figure 2, after the workbench-based 

preparation of the disc, which was the source of 

the experimental samples, the cuboid (rectangular 

prism) samples were produced as 30 mm in 

length, 20 mm in width, and 20 mm in thickness 

using band saw, plane, thickener, and circular saw 

machines respectively, whereas the plug 

(cylindrical) samples were prepared with a 

diameter of 15 mm and a length of 30 mm by core 

forming drill using band saw, top drill, and 

circular saw machines. 

A schematic overview of the sample preparation 

for the experimental wood preservation by both 

cuboid and plug samples can be seen in Figure 1, 

where the anatomical sections of wood and the 

flow pathways were also illustrated. The test 

pieces, which were prepared in this way, were 

dried up to 12% of the air dry moisture content 

and were subjected to the surface preparation 

process according to the fluid permeability 

directions determined in the experimental design 

and prepared for impregnation by normal or pre-

vacuumed immersion method. In this case, the 

diagrammatic representation for the process of 

coating and leaving open of the sample surfaces 
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for the examination of fluid uptake was 

demonstrated in Figure 3. 

 

Figure 1 Schematic overview of the sample 

preparation for the experimental wood preservation 

by the cuboid and plug samples (i.e. the anatomical 

sections and flow pathways were also illustrated) 

 

Figure 2 Operational workflow for collecting samples 

 

Figure 3 The diagrammatic representation for the 

process of coating and leaving open of the sample 

surfaces for the examination of fluid uptake [10] 

In this study, as shown in Figure 3, longitudinal 

and radial flow pathways and also triplex were 

prepared to determine preservative uptake, apart 

from the tangential flow pathway. In this setup, 

which was based on the primary preparation of 

significant flow differences, the radial and 

longitudinal flow directions were specially 

prepared for the purpose of conducting a 

comparative fluid uptake both radially and 

longitudinally, while the triplex (three flow 

pathways including tangential flow) was prepared 

for control purposes. In this context, although 

tangential flow was not included in a review in 

this study, triplex flow was considered as a 

composite of flow in all three directions.  

The experimental design, in terms of the criteria 

to provide information regarding exemplary 

subjects about the differences between the 

preparation and application methods, was shown 

in Table 1, in which the number of trial 

combinations was represented for either 

impregnation method to determine the possible 

fluid uptake in both radial and longitudinal flow 

pathways (i.e. while in this process, one surface 

of the related pathway can be closed or left 

opened if necessary, one surface was left opened 

for radial and longitudinal directions and no 

surfaces of the triplex samples were covered in 

our study). At this point, the sealant, which was 

adhering well to wood material and be strong and 

elastic enough coating to withstand wetting and 

lateral swelling, was used for sealing the surfaces 

of the experimental samples. Also, as the number 

of replicates in a comparison the experimental 

findings should be at least three to allow a 

minimal statistical analysis, the number of the test 

samples for determination the fluid uptake was 

made five in each examination. 

Table 1 The experimental design based on the period 

of time (v: vacuum, i: immersion) 

Method Flow 

Pathway 

Period of Time 

(minutes) 

Sample Immersion v i 

Cuboid 

Normal 

Radial --- 120 

Longitudinal --- 120 

Triplex --- 120 

Pre-

Vacuumed 

Radial 30 120 

Longitudinal 30 120 

Triplex 30 120 

Plug 

Normal 

Radial --- 120 

Longitudinal --- 120 

Triplex --- 120 

Pre-

Vacuumed 

Radial 30 120 

Longitudinal 30 120 

Triplex 30 120 
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2.4. Wood Preservation 

In this study, which was carried out in order to 

make a theoretical contribution by looking at 

wood preservation applications with a new 

perspective, it has been investigated how pre-

vacuum application affects the absorption of the 

protective liquid in the longitudinal and radial 

directions (and also the combinations of all flow 

pathways including the tangential with the triplex 

samples) in wood protection performed by the 

immersion method using cuboid and plug samples 

with boron compound for the Bornmullerian fir 

(Abies bornmulleriana Mattf.) which is one of the 

refractory tree species. In this context, after the 

samples were dried to an air dry state of 12% 

moisture content, they were prepared by the 

surface preparation process according to the 

experimental design shown in Table 1 and were 

equally distributed according to the fluid flow 

direction group and were impregnated using 

boron compound with 3% concentration by 

normal and pre-vacuumed immersion method. 

Meanwhile, the immersion time was applied 120 

minutes for all samples, and pre-vacuum process 

was performed for the test pieces subjected to pre-

vacuumed immersion for 30 minutes at –0.84 bar 

(640 mmHg) as described by Usta [7].  

The impregnation of the test samples was carried 

out in the test device shown in Figure 4. In terms 

of its importance in the realization of this study, 

this device, which has been designed by Usta [7] 

for the purpose of improving the protective liquid 

absorption by applying pre-vacuum in the 

immersion method and is an innovative idea in the 

field of wood protection, is an experimental 

design named as wood impregnation media 

combined with the holding container, is equipped 

with a mechanism that allows vacuuming to be 

carried out, as well as equipment that allows the 

intake of the protective liquid and to be 

discharged at the end of the process, and hence it 

provides pre-vacuum treatment in the immersion 

method. Accordingly, the control samples were 

placed in the holding container shown in Figure 4, 

and covered with lid, and then they were 

impregnated in normal immersion process for 120 

minutes in the preservative liquid filled into the 

impregnation media, whereas in the pre-

vacuumed immersion process, all of the trial 

samples were impregnated for a period of 120 

minutes in the preservative liquid filled into the 

impregnation media after pre-vacuum application 

of –0.84 bar (640 mmHg) for 30 minutes. 

 

Figure 4 Illustration of experimental device designed 

for pre-vacuum process in wood preservation by 

immersion method [7] 

2.5. Data Assembly and Experimental 

Processing 

Since studies of the physical properties of wood 

are normally made on representative samples, in 

addition to the preparation of the samples to be 

impregnated, twelve cuboid samples with a length 

of 20 mm were also prepared and used to 

determine the following physical properties of 

wood material subjected to impregnation testing 

according to the instructions in Figure 5, which 

was designed by Usta and Hale [9], i.e. Do (g cm-

3) oven-dry wood density; Volumetric Shrinkage 

(%) based on the directions T tangential (the way 

to the growth ring cycle), R radial (the way to the 

radial tissue), L longitudinal (the way to the axial 

tissue); Volumetric Swelling depending on the 

volumetric shrinkage; FSP (%) fibre saturation 

point; MC (max) (%) maximum amount of 

moisture that wood material can reach. Each of 

these physical properties has different details in 

themselves [17, 18], it is important to emphasized, 

however, that numerous research data in relation 

with determination of properties under the scope 

of wood physics revealed that these properties 

were interrelated with one another directly or 

indirectly [19-23]. Possible effects of these 
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factors reflect as quantitative to accomplishment 

potential aimed at wood material impregnation 

and make causality remarkable [24]. In this 

respect, the determination of these properties 

before impregnation is an important issue since 

they all have reflections on the evaluation of wood 

preservation process. According to this, because 

the interaction between moisture content and 

wood density and porosity directly affects the 

level of preservative liquid [25], the physical 

properties that must be known prior to the 

impregnation process for the experimental wood 

samples are the amount of moisture available in 

wood material and the density value and porosity 

ratio at this moisture level [26-27]. On the other 

hand, as described by Usta [7], fibre saturation 

point (FSP) ranging from 25% to 35% at all tree 

species, which is a function of the oven-dry 

density and the percentage of volumetric swelling 

values of wood material, stands out as an 

important factor for the possible absorption of 

protective liquid. Accordingly, the high FSP 

value of the experimental wood material 

subjected to impregnation can be considered to 

contribute to the relative increase in the amount of 

preservative bonding to the cell wall as it will 

affect the inclusion of the protective fluid in the 

intercellular spaces in the cell wall in addition to 

the lumen. In addition or alternatively, some 

modifications to the present impregnation 

process, re-arrangement of the permeability of the 

protective liquid, and some special preparation of 

wood material may be required for this to be 

carried out effectively. 

Inasmuch as the fact that the physical properties 

studied within wood physics have direct or indirect 

effects on wood protection, when it is described 

and interpreted consistently as to how they inter-

direct each other, level of absorption of protective 

liquid by wood material becomes meaningful and 

may convert to an effective qualification in terms 

of all implementations [9, 28]. Because of this, 

after completion of the impregnation process 

according to normal or pre-vacuumed immersion 

method, DMC (wood density at respective 

moisture content as gram per cubic centimetre) and 

P (porosity, i.e. percentage of void volume of wood 

material in terms of the amount of moisture 

available) were determined primarily for the 

examination of the values of VVF (percentage of 

void volume filled by preservative solution 

depending on the percentage of available moisture 

content of wood material which was being 

questioning) and NDS (net dry salt absorbed after 

impregnation as kilogram per cubic metre) 

according to the directive in Figure 5, which was 

prepared in detail by Usta and Hale [9]. It is, in 

fact, that this experimental process, which appears 

to be complex in content, involves successive data 

compilations. In this perspective, in accordance 

with the data collection guide shown in Figure 5, 

the basic physical properties of the experimental 

material were determined by the oven drying 

process, while the test samples were impregnated 

with the immersion treatment process after they 

had reached a moisture content of 12 percent by 

the kiln drying process and after preparing the 

surfaces of the test samples in accordance with the 

flow directions.  

 

Figure 5 A schematic representation of data assembly 

and the experimental processing [9] 

Citations of abbreviations and definitions used in 

this guide that were shown in Figure 5 sequentially 

on the base of the process can be defined as 

follows: mx (g), the green mass; lx (mm), length at 

green condition in either of the 3 directions (T, 

tangential; R, radial; L, longitudinal); lod (mm), 

length after oven drying; Vod (cm3), block volume 

after oven drying; mod (g), oven-dried mass; D0 (g 

cm-3), oven-dry wood density; DMC (g cm-3), wood 
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density at respective moisture contents (MC ≤ 

25%, equal to-and/or-below 25 percent moisture 

content; MC > 25%, above 25 percent moisture 

content); P (%), porosity; blk. vol. (cm3), the 

amount of space available in a given block volume; 

FSP (%), fibre saturation point; iMC (%), initial 

moisture content; edw (g), estimated dry weight 

after kiln drying; mk (g), mass of the sample for 

control the current MC at regular intervals; MC 

(%), current moisture content at regular intervals 

during drying; Vd (cm3), block volume after kiln 

drying; md (g), mass after kiln drying (before 

treatment); ms (g), sealed mass; mt (g), mass after 

treatment process; FU (g), fluid uptake (the gross 

preservative solution absorption), FR (g/g), fluid 

retention (preservative retention on a whole-block 

basis); NDS (kg m-3), net dry salt absorbed after 

impregnation; DSR (g), dry salt retention on the 

base of its strength; S (%), strength of solution; 

uptake (g cm-3), dry salt loadings based on weight 

per volume; VVF (%), void volume filled by 

preservative solution. 

3. RESULTS AND DISCUSSIONS 

The results were explained and evaluated under 

the following headings, according to the purpose 

of the study: collection of samples, physical 

properties of wood material, preservative uptake. 

3.1. Collection of Samples 

When we look at the comparison of the 

preparation processes of the different sample 

types in terms of cuboid (rectangular prism) 

samples and plug (cylindrical) samples, which is 

one of the main objectives of this study, it was 

seen that the sample preparation process was 

different due to the production of the existing 

sample types by using the necessary machines 

within different works and processes. In this 

perspective, regarding the preparation of samples 

required for the study, the cuboids (20 mm in 

width and 20 mm in thickness and 30 mm in 

length) were produced using band saw, planer, 

thickness and circular saw machines, while the 

plugs (15 mm in diameter and 30 mm in length) 

were produced using band saw, top drill and 

circular saw machines. Accordingly, while the 

band saw centered work was in the preparation of 

cuboid samples, the top drill machine came to the 

fore in the production of plug samples. In this 

context, it was seen that according to the period of 

time for collection of the experimental samples 

both the cuboid (rectangular prism) samples and 

the plug (cylindrical) samples, the preparation of 

the plugs were completed in almost half the time 

of the preparation of the cuboids. 

3.2. Physical Properties of Wood Material 

The physical properties of wood material 

experimented in this study were given in Table 2 

as a basic indicator of the oven-dry wood density 

and fibre saturation point. Because the effects of 

these properties of wood on fluid uptake in the 

impregnation process cannot be ignored, the 

shrinkage and swelling, which closely concerns 

both of these properties, were also shown in this 

table, i.e. the shrinkage was shown for all three 

directions and volumetrically, while the swelling 

was only shown volumetrically. 

Table 2 Physical properties of wood material 

(Bornmullerian fir) tested in this study 

Do 
Shrinkage (%) αv 

(%) 

FSP 

(%) T R L βv 

0.425 8.4 3.7 0.6 12.7 14.5 34.1 

Abbreviations shown in Table 2 regarding the 

physical properties of experimental wood 

material can be defined as follows: Do: oven-dry 

density (g cm-3), T: tangential direction (the way 

to the growth ring cycle), R: radial direction (the 

way to the radial tissue), L: longitudinal direction 

(the way to the axial tissue), βv: volometric 

shrinkage, αv: volumetric swelling, FSP: fibre 

saturation point (%).  

In addition to the data shown in Table 2, the other 

physical properties of Bornmullerian fir 

regarding the permeability were found to be as 

follows: the maximum amount of moisture that 

wood material can reach (MC max) was 202.6%; 

percentage of available moisture content of test 

samples (MC) was 12.0%; wood density (DMC) 

of test samples at respective moisture content was 

0.457 g cm-3; porosity (void volume of wood 

material in terms of the amount of moisture 

available) (P) was 69.5%. 
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When Table 2 was evaluated, it was alson seen 

that the moisture of Bornmullerian fir at the fibre 

saturation point was high when compared to other 

coniferous species described by Tsoumis [29], 

and Bozkurt and Göker [30] as a reflection of the 

volumetric swelling value. In this context, as 

explained by Forest Products Laboratory [31], 

high fibre saturation point is considered to be an 

important indicator that contributes to the 

realization of high level of liquid absorption since 

it is a factor to increase the maximum moisture 

content. This findings were compatible with the 

results obtained by Usta [7] and it was seen that 

the experimental samples typically exemplified 

the trial tree species in terms of their physical 

characteristics. 

3.3. Preservative Uptake 

The preservative fluid absorption performance 

due to absolute void volume and flow directions 

of impregnated wood material according to 

normal and pre-vacuumed immersion method was 

shown in Table 3 as a fundamental indicator of 

wood density at respective moisture content and 

the porosity (void volume) of wood material in 

terms of the amount of moisture available in this 

moisture level. Table 3 herein illustrates the 

findings of the percentage of void volume filled 

by preservative or in other words, it shows 

preservative fluid absorption performance of 

experimental wood material due to void volume 

and flow directions of impregnated samples 

according to normal and pre-vacuumed 

immersion method. The results given in Table 3 

for the impregnation of the test samples of the 

Bornmullerian fir with normal and pre-vacuumed 

immersion applications showed that the 

preparation of the experimental samples as either 

cuboid or plug has no effect on the fluid uptake in 

either flow direction (radially and longitudinally, 

and also in triplex that was standing for the 

combinations of all flow pathways including the 

tangential direction). Furthermore, it was found 

that the amount of preservative liquid absorption 

in the samples treated with the pre-vacuumed 

immersion process was a slightly higher in 

comparison with normal immersion process when 

all the test samples subjected to impregnation 

were compared in terms of the amount of 

preservative solution contained by the existing 

cell cavities of wood. These results coincide with 

the results obtained by Usta [7] for the 

experimental samples impregnated in accordance 

with the normal and pre-vacuumed immersion 

method based on the same amount of moisture. 

This was also the case in the amount of dry salt, 

which means that the impregnation solution 

loaded into the impregnated specimens to be 

settled in wood in the form of a residue after the 

solvent water has evaporated completely. In this 

respect, it was found that the net dry salt retention 

(the quantity of preservative solution absorbed by 

the experimental wood specimens) showed a 

similar distribution with void volume filled by 

preservative solution as a result of all samples 

impregnated with normal and pre-vacuumed 

immersion method. Of course, although the 

impregnability of the experimental wood material 

was evaluated based on the percentage of void 

volume filled by preservative solution and net dry 

salt absorbed after the impregnation process 

without indication of depth penetration, this was 

supported by the outcomes of this study. 

On the other hand, as an important determination, 

the amount of void volume filled by preservative 

fluid were found to be greater than 10% but less 

than 30% when all experimental samples were 

evaluated, since the immersion process was 

performed with samples having air dry moisture 

of 12%. To take a closer look at this result, the 

percentage of void volume filled with 

preservative solution for all types of test 

specimens varies between 10.2% and 25.9% in 

normal immersion, and 12.5% and 28.0% in pre-

vacuum immersion. At this point, when a 

comparison was made according to the trial 

pattern, it was seen that the least uniform 

alignment of the preservative fluid uptake 

according to the flow pathways was revealed in 

the form of Radial < Longitudinal < Triplex, 

regardless of the type of the sample preparation 

and the way of impregnation either normal or pre-

vacuumed immersion. 
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Table 3 The absorption performance of wood 

material in terms of flow directions according to 

normal and pre-vacuumed immersion method 

Method Flow 

Pathway 

Absorption 

Sample Immersion VVF NDS 

Cuboid 

Normal 

Radial 10.2 2.1 
Longitudinal 18.1 3.7 

Triplex 25.9 5.3 

Pre-

Vacuumed 

Radial 12.5 2.6 
Longitudinal 22.0 4.5 

Triplex 27.6 5.7 

Plug 

Normal 

Radial 10.4 2.1 
Longitudinal 18.2 3.8 

Triplex 25.8 5.3 

Pre-

Vacuumed 

Radial 12.7 2.6 
Longitudinal 22.3 4.6 

Triplex 28.0 5.8 

Abbreviations in Table 3 for the preservative fluid 

absorption were as follows: VVF: percentage of 

void volume filled by preservative solution, NDS: 

net dry salt absorbed after the impregnation 

process (kg m-3).  

4. CONCLUSIONS 

This study, which aims to determine the effect of 

pre-vacuum process according to the flow 

directions in the protection of wood material by 

the immersion method in 12% moisture content, 

which is a common use condition, is a clear 

example in terms of impregnation of the dried 

wood material by immersion method. 

Considering that this study was carried out with 

the samples having air dry moisture content at 

12% level, the preservative fluid uptake of the test 

samples was found to be relatively low compared 

to impregnation by the immersion method using 

samples with high moisture content. However, the 

feasibility of the immersion method with a pre-

vacuumed process has been proven 

experimentally once again and it may be useful to 

examine this subject in detail through extensive 

research in the field of wood preservation. In 

addition, if a general evaluation is made in the 

context of the impregnation results obtained by 

this study, it has been observed that the plug 

samples (15 mm in diameter and 30 mm in length) 

can be used for the same purposes as well as the 

cuboids (20 mm in width and 20 mm in thickness 

and 30 mm in length) in the experimental wood 

impregnation applications. It is obvious that this 

would also provide significant savings in terms of 

sample preparation and detection cycle, because 

in this study, the period of the data collection were 

shorter in plugs than that for cuboids.  

In light of these findings, it can be stated that this 

study is meant to be a reference for interested 

implementers to examine wood material to 

expand its capability in impregnation by 

immersion method. It is therefore obvious that 

this study will shed light on future studies 

involved in the same topic by comparing the 

experimental samples to be prepared in different 

moisture contents and the tests to be carried out 

with different immersion times.  

When we compare the usage areas of wood, 

which is widely used as a versatile and functional 

material, it is obvious that the impregnation of 

wood material is a great necessity when viewed in 

terms of its use in wet interiors (due to direct 

splash) and outdoors (because of direct rain or 

sprinkler). In this study, which was carried out 

with a special test device, it was determined that 

performing the immersion method in the pre-

vacuum priority increased protective fluid uptake 

and contained relatively more impregnation 

material (as the amount of net dry salt) in the 

fibrous and porous structure of wood material. 

Therefore, it can be said that moving the results of 

this study to an industrial dimension “within the 

framework of wood preservation by pre-

vacuumed immersion method” will have an 

important place in the preservation of wood 

material by immersion method using boron 

compounds. Because of the fact that wood is in 

the life with appropriate protection processes and 

makes a great contribution to the protection of 

nature and environment, the design and 

development of wood preservation applications 

with different propositions is necessary for the 

existence of wood. Thus, the diversification the 

immersion method, as exemplified in this study 

with reference to the pre-vacuumed process, can 

be considered as an effort involving originality 

and innovation in terms of impregnating wood 

material with a woodlover approach.  
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Overall, the outcomes of this study showed a 

comprehensive understanding and 

methodological view of wood science and 

technology, and thereby enlarging our experience 

for looking for the new challenges and 

opportunities for wood preservation.  
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Photoluminescence Investigation of Tb Doped Yb2O3 Phosphors Produced by 

Precipitation Method 

Fatma UNAL*1 

Abstract 

In this study, un-doped and Tb doped ytterbium oxide (Yb2O3:Tb3+) particles with different 

dopant rates (2, 4, 6 and 8 at. %) were produced by precipitation method, followed by 

subsequent calcination at 1000 °C for 2 h. The crystal structure of all particles was cubic Yb2O3 

structure. The presence of Tb ion in Yb2O3 host structure was proved from the XRD peak shift 

results. The crystal structure expanded compared to un-doped Yb2O3 particles with doping, 

confirming calculated lattice parameter (LP) values. The LP, crystallite size (CS) and 

dislocation density values were in the range of 1.0428 – 1.0596 nm, 16 – 25 nm and 0.00189 – 

0.00391 nm-2, respectively. Only one sharp emission peak was observed at 506 nm 

corresponding to 5D4 – 7F6 transition (green emission) from photoluminescence (PL) spectra of 

the phosphor particles. The PL emission intensities were found to be strongly dependent on 

both CS and dopant rate. There was a positive correlation between increasing CS, decreasing 

lattice strain/dislocation density and PL intensity. Crystal defects decreased and PL intensity 

increased up to 6 at. % dopant rate.  

Keywords: Terbium doped ytterbium oxide phosphors, photoluminescence emission, 

precipitation method, Williamson-Hall analysis 

1. INTRODUCTION

Lanthanide oxides have unique and versatile 

physical and chemical properties such as high 

melting point, corrosion resistance, excellent 

thermal stability, high dielectric constant, 

mechanical strength, good protective behavior, 

luminescence, etc. [1-3]. Among the lanthanide 

oxides, ytterbium oxide (Yb2O3) particles exhibit 

extraordinary properties [4]. Correspondingly, 

they have many application areas such as high-

temperature superconducting materials, colored 

glasses, technical ceramic, varistors, catalyst, 

electro-catalysis, solid-state laser, phosphor, 

* Corresponding author: fatmaunal@hitit.edu.tr
1 Hitit University, Corum, Turkey.

ORCID: https://orcid.org/ 0000-0003-4476-2544

stabilizer, optical fiber, solid oxide fuel cell, 

medical echo probe, imaging, scintillator and NIR 

photovoltaic up-converters [1-3, 5-13]. However, 

since its commercialized use in electronic devices 

is limited due to the high band gap (~5 eV) of 

Yb2O3, lanthanide dopant elements (such as La, 

Ho, Gd, Er, Eu etc.) were integrated into the 

Yb2O3 host structure [1, 2, 9-11, 13]. They can be 

synthesized by many methods such as 

electrospinning, sol-gel, hydrothermal method, 

spray pyrolysis, precipitation [2, 3, 5-8]. While 

there are limited number of publications on the 

production of lanthanide doped Yb2O3 particles 

[1, 9-11, 13], there is no comprehensive study on 
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the synthesis and photoluminescence (PL) 

properties of Yb2O3:Tb3+ particles. Herein, the 

first study on the effects of dopant rate and 

crystallite size (CS) values on the PL properties of 

Yb2O3:Tb3+ particles was reported.  

2. EXPERIMENTAL STUDY 

Un-doped and Tb doped ytterbium oxide 

(Yb2O3:Tb3+) particles with different dopant rates 

(2, 4, 6 and 8 at. %) were produced by 

precipitation method using analytical grade, 

99.99% purity, ytterbium (III) nitrate hydrate 

(Yb(NO3)3·xH2O) and terbium-nitrate-hydrate 

(Tb(NO3)3·xH2O). For example, 300 ml of 0.1 M 

solution was prepared for each sample. 10.56 gr 

of Yb-nitrate and 0.207 g of Tb-nitrate salts were 

used in order to produce 2 at. % Tb doped Yb2O3 

particles. After dissolving appropriate amounts of 

nitrate salts in ultrapure water, they were mixed 

for 15 min in ambient conditions. Afterwards, 1 

M ammonium carbonate ((NH4)2CO3) solution 

was slowly added to each solution till 

precipitation was completed. The solutions were 

stirred in a magnetic stirrer for 3 h. They were 

centrifuged at 5000 rpm for 5 min to collect 

precipitate, which were further washed several 

times with distilled water and once with ethanol. 

Dried particles at 80°C for 24 hours were 

subjected to calcination at 1000 C for 2 hours in 

a furnace. Sample codes are shown in Table 1. 

 
Table 1 Sample codes of all the particles 

Sample code  
Temperature (°C) 

/ Time (h) 

Dopant rate 

(at. %) 

Yb2O3  

1000 / 2 

0 

02Tb:Yb2O3 2 

04Tb:Yb2O3  4 

06Tb:Yb2O3  6 

08Tb:Yb2O3  8 

All particles were investigated by X-ray 

diffraction technique (XRD) in order to find out 

phase structure. Using the XRD broadening data, 

lattice parameter (LP) and crystallite size (CS) 

values were computed with Williamson–Hall 

(W–H) and Cohen-Wagner (C–W) methods, 

respectively [5, 14]. To characterize the 

microstructural parameter (lattice strain, 

dislocation density), average CS values were 

computed with W–H analysis integrated with 

uniform deformation model. The diffraction 

peak’s broadenings were measured by Eq. 1.  

𝛽ℎ𝑘𝑙 = [(𝛽ℎ𝑘𝑙)𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑
2 − 𝛽(𝑖𝑛𝑠𝑡𝑟𝑢𝑚𝑒𝑛𝑡𝑎𝑙)

2 ]1/2 (1) 

The CS values of particles were computed with 

W–H by Eq. 2,   

𝛽ℎ𝑘𝑙𝑐𝑜𝑠𝜃 =
𝑘𝜆

𝐷
+  (4𝜀𝑠𝑖𝑛𝜃 )                          (2) 

where βhkl is calculated correct broadening of the 

XRD diffraction peak, k is a constant (0.89), θ is 

diffraction angle, 𝜆 is X-ray Cu-Kα wavelength 

(1.5406 Å), D and 𝜀 are denoted by crystallite size 

and lattice strain, respectively. The dislocation 

density was calculated by Williamson-Smallman 

formalism [14] (Eq. 3): 

𝛿 =
1

𝐷2                                                             (3) 

where δ is dislocation density and D is crystallite 

size. Photoluminescence (PL) emission spectra of 

Tb doped particles were taken between 300 nm 

and 800 nm under 254 nm excitation at room 

temperature.     

3. RESULTS AND DISCUSSION 

3.1. Structural Analysis 

XRD patterns of un-doped and Tb doped Yb2O3 

particles are given in Fig 1. It was determined that 

all the produced particles had body centered cubic 

Yb2O3 crystalline phase with space group Ia-3 

(JCPDS card no: 00-43-1037) and no impurity 

phase was detected in the particles.   

 

Figure 1 XRD patterns of all the particles    
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All diffraction peaks had strong intensity and 

narrow width indicating superior crystalline 

quality. Shifts in the XRD peaks occurred 

compared to the peak of the un-doped Yb2O3 

sample depending on dopant rate. When Tb 

dopant element entered the Yb2O3, the peaks 

shifted to lower diffraction angles (inset Fig 1.) 

and Yb2O3 host expanded. Because Tb3+ ionic 

radius (0.0923 nm) is larger than that of Yb3+ 

(0.0858 nm) [15, 16]. This expansion in the 

structure was confirmed by the calculated lattice 

parameter values. 

For the C-W and W-H calculations, the plots of 

(a) versus f(θhkl) and (βhklcos θ) versus (4sinθ) for 

them are given in Fig 2.  

  

  

Figure 2 (a,b) C-W plots and (c,d) W-H plots of 

Yb2O3 and 02Tb:Yb2O3 samples 

For example, according to the C–W plots of 

Yb2O3 and 02Tb:Yb2O3 samples the lattice 

parameters were 10.428 Å (R2
=99) and 10.586 Å 

(R2
=95), respectively. According to the W-H plots 

of Yb2O3 and 02Tb:Yb2O3 samples the CS values 

were 16 nm (R2
=78) and 19 nm (R2

=82), 

respectively. LP and CS values of all the particles 

are given in Table 2.  

Table 2 Microstructural parameters of all particles. 

Sample code 

Lattice 

parameter 

(a/nm)  

Crystallite 

size (nm) 

Lattice 

strain (Ɛ) 

Dislocation 

density         

(δ/nm-2) 

Yb2O3 1.0428 16 -0.0025 0.00391 

02Tb:Yb2O3 1.0586 19 -0.0023 0.00277 

04Tb:Yb2O3 1.0590 21 -0.0016 0.00227 

06Tb:Yb2O3 1.0593 25 -0.0011 0.00160 

08Tb:Yb2O3 1.0596 23 -0.0014 0.00189 

  

Figure 3 (a) Crystallite size and lattice parameter and 

(b) lattice strain and dislocation density as a function 

of dopant rate. 

It was determined that the dopant rate enlarged the 

crystallites up to 6 at.%, which indicates a positive 

correlation between crystallite size and lattice 

parameter (Fig 3a). According to the dislocation 

density and lattice strain values, there was an 

improvement in crystallinity due to the reduction 

of crystal defects with doping. The 06Tb:Yb2O3 

sample exhibited minimum lattice strain and 

dislocation density values.  

3.2. Photoluminescence Analysis 

The excitation spectra (Fig.4) showed the 

maximum excitation peak was centred at 254 nm 

which is belonging to 4f – 5d transition of Tb3+. 

Thus, Un-doped and Tb doped Yb2O3 phosphor 

particles were excited by 254 nm source (inset in 

Fig. 4) and resulting PL emission spectra were 

recorded ranging from 300 nm to 800 nm. While 

the un-doped Yb2O3 particles exhibited no 

emission in the visible region, the Tb doped 

particles exhibited green emission. In addition, 

the PL intensity increased with the increase in the 

dopant rate up to 6 at. % due to the abundance of 

luminescence centres. Since increasing crystallite 

size and decreasing dislocation density improved 

the crystallinity, an increase in the PL emission 

intensity was accordingly observed. Above this 

dopant rate value, it was observed that the crystal 

defects / dislocation density values increased and 

the PL intensity decreased which indicates the 

concentration quenching of the luminescence. In 

the literature, Tb doped oxide particles exhibited 

multiple number of emission peaks. Additionally, 

the strongest emission peak reported to be at 

around 545 nm, accompanied by a low intensity 

emission at around 500 nm [17-22]. Contrary to 

the literature, the emission spectra of all the 
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Yb2O3:Tb particles were located at 506 nm 

associated to 5D4 – 7F6 transition (green emission).  

 

Figure 4 Excitation and emission spectra of all the 

particles 

The PL intensity at 506 nm in emission spectra 

gradually increased with increasing CS and 

dopant rate, as shown in Fig. 4a and 4b, indicating 

the strong effect of the CS and the dopant rate. It 

was shown that the PL intensity of the Tb doped 

particles had a linear relationship with the CS 

values, indicating the improving in crystallinity 

(Fig. 4a). It was observed that 02Tb:Yb2O3 

sample had the lowest PL emission intensity 

whereas 06Tb:Yb2O3 sample exhibited the 

highest PL emission intensity. The emission 

intensity value decreased for 08Tb:Yb2O3 sample. 

These results clearly show that the optimum Tb 

ion rate is 6 at.% for the highest PL emission 

intensity (Fig. 4b).. Additionally, the dopant rate 

had a greater significance on the PL intensity than 

crystallite size.  

4. CONCLUSIONS 

In this study, Yb2O3:Tb3+ particles having 

bixbyite-type cubic structure were successfully 

synthesized by precipitation method. 

LP and CS values were in the range of 10.428 – 

10.596 Å and 16 – 25 nm, respectively. Doping 

Tb into the Yb2O3 crystal increased both LP and 

CS values which in return decreased the 

dislocation density up to 6 at. % dopant rate. 

Further doping, started to increase lattice 

imperfections. 

PL emission peak of all phosphor particles were 

centred at 506 nm corresponding to 5D4 – 7F6 

transition (green emission). It was found that the 

optimum Tb dopant rate was 6 at.% due to both 

increasing luminescence centres and improved 

crystallinity, resulting in the highest PL emission 

intensity. However, a decrease was also observed 

in PL intensity above 6 at. % due to the 

concentration quenching. 

The CS and dopant rate affected the PL intensity 

but, the dopant rate was more significance.  
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Antivirus Mask Selection Under Spherical Fuzzy Information 

Serhat AYDIN*1, Emrah KÖKSALMIŞ1 

Abstract 

Many individuals are facing antivirus mask scarcity with the exponential spread of COVID-19. 

A functional antivirus mask needs to be selected and made usable for everyone. Selection mask 

problem contains qualitative criteria, therefore utilizing fuzzy logic for this problem is a useful 

approach. To optimize the efficiency of choosing antivirus masks, we propose using one of the 

new types of ordinary fuzzy sets, named Spherical fuzzy sets. For this purpose, we determine 4 

different alternatives and 6 criteria. Then, we gather the data under spherical information and 

applied the Spherical fuzzy AHP method to the problem. Then, we propose an entropy based 

Spherical fuzzy AHP method. We compare the results of Spherical fuzzy AHP method, and an 

entropy based Spherical fuzzy AHP method. Moreover, we present a sensitivity analysis to 

explain how our model is influenced by changes in different weights of criteria. Finally, the 

best antivirus mask is determined for public use and we present the advantages of the proposed 

method in results section. 

Keywords: Mask selection, spherical fuzzy sets, spherical AHP, COVID-19 

 

1. INTRODUCTION 

The Coronavirus Disease 2019 (COVID-19) 

epidemic occurred in the city of Wuhan, Hubei 

province in December 2019.  The World Health 

Organisation announced the coronavirus 

(COVID-19) a pandemic on March 11, 2020 [1]. 

The infection spread to 330,000 persons within 2 

weeks, resulting in 13,700 deaths [2]. The 

common signs of COVID-19 infection can be 

summarized as follows: cough, symptoms of 

respiration, shortness of breath, and fever. In more 

serious cases, influenza, severe acute respiratory 

syndrome, renal failure and even death may result 

from infection [3].  
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Being well educated on the COVID-19 virus, the 

illness it causes, and how it progresses, is the 

safest way to deter and slow down transmission. 

By washing your hands or using an alcohol-free 

rub regularly and not rubbing your skin, shield 

yourself and others from infection. The COVID-

19 infection spreads basically through beads of 

spit or release from the nose when a contaminated 

individual hacks or wheezes, so it is important to 

take preventive measures [4]. 

Under the COVID-19 outbreak, masks have 

become important items for work and travel for 

hospital stays and ordinary citizens. Also, the use 

of masks to avoid droplet dissemination is advised 

by the authorities [5-7], so wearing a mask is one 

of the most significant prevention steps. 
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MacIntyre et al. [8] found that mask conformity 

greatly decreases the risk of infection with 

influenza. Brienen et al. found that the use of face 

masks across the population may play an 

important role in delaying an influenza pandemic 

[9]. The worldwide market for masks and other 

personal safety devices are now 150 times that of 

the average amount, and the price is too much that 

of regular times in this pandemic. Perhaps, this 

mask scarcity problem will be further 

compounded by people's inadequate and wasteful 

usage of personal protection equipment to make it 

persist for a long period. Therefore, the powerful 

basic step to cope with the mask scarcity and the 

COVID-19 dissemination is to customize the 

usage of antivirus masks according to diverse 

individuals. 

It is everybody's basic duty and responsibility to 

resist the COVID-19 without unnecessary 

security, particularly in the situation of the 

COVID-19 spreading and a mask shortage. 

Therefore, the rational collection and use of 

masks have a vital functional meaning for various 

classes of individuals. Masks of the same quality 

as those used by front-line medical personnel are 

not required for most persons. When selecting a 

mask to maximize the distribution of medical 

services, several factors must be considered. 

However, the limited knowledge and ambiguity 

of the COVID-19 extension increase the 

difficulties and challenges of choosing a suitable 

antivirus mask for decision-making. Therefore, 

considering qualitative factors in choosing mask 

is essential.  

There are many different methods to make a 

consistent decision. On the other hand, when it 

comes to evaluating quantitative factors, fuzzy 

logic, suggested by Zadeh [10], is a very useful 

mathematical means to consider the qualitative 

factors. Also, fuzzy logic is an effective theory for 

modeling uncertainty. This is a mathematical 

means of expressing complexity and confusion in 

matters of decision-making. The theory of fuzzy 

sets has been the basis for the development of the 

linguistic approach and its corresponding fuzzy 

logic. In this approach any variable is treated as a 

linguistic variable, i.e., it can assume linguistic 

values. A linguistic value is composed of its 

syntactic value or label, a sentence belonging to a 

term set, and its semantic value, the membership 

distribution of a fuzzy set defined on a universe of 

discourse. Fuzzy logic is a logic whose truth-

values are linguistic [11]. More information about 

linguistic fuzzy sets can be seen with the related 

references such as [12- 17]. 

Fuzzy logic theory has also been used as a logical 

tool in many MCDM methods. Fuzzy sets are a 

grouping of objects with a membership rating 

continuum. Each fuzzy set is aligned with a 

membership function, which assigns each object 

a membership score. The membership grades are 

normally set at [0,1]. FSs define the membership 

value 𝜇(𝑥) and 0 ≤ 𝜇(𝑥) ≤ 1. In the last 50 years, 

new types of fuzzy sets have been introduced to 

define the uncertainty more accurately. Therefore, 

a few extensions of fuzzy sets have been 

developed such as Intuitionistic fuzzy sets (IFSs) 

[18] Pythagorean fuzzy sets (PFSs) [19] q-rung 

orthopair fuzzy sets (q-ROFs) [20].  

Spherical fuzzy sets (SFSs) are suggested by 

Kutlu Gündoğdu and Kahraman [21]. SFSs are 

based on the spherical fuzzy distances and satisfy 

the condition as follows 0 ≤ 𝜇(𝑥)
2 + 𝑣(𝑥)

2 +

𝜋(𝑥)
2 ≤ 1. The hesitancy degree is represented by 

𝜋(𝑥) and hesitancy degree can be determined in 

the spherical representation based on the given 

membership and non-membership values. So, a 

decision maker's hesitancy may be specified 

independently of membership degrees and non-

membership degrees. 

Multi criteria decision making (MCDM) is a 

collection of strategies that form a decision 

science sub-branch and combine numerous 

approaches. The approach of modeling and 

assessing the decision process according to the 

criteria in such a way that the expert's benefit is 

maximized after the process is based on MCDM. 

Many researchers developed different MCDM 

methods as follows: AHP [22], ANP [23], 

TOPSIS [24], ELECTRE [25], etc. 

Analytic Hierarchy Process (AHP) is a systematic 

method that can easily solve the problems that 

contain several alternatives and several criteria. It 

is based on the creation and identification of the 
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priority vector of the synthesized pairwise 

comparison matrix. AHP uses integer numbers to 

calculate the importance of alternatives, but real-

world challenges require considerable vagueness 

and ambiguity, also require the use of fuzzy 

numbers. AHP and fuzzy logic have since been 

merged and transformed into an interactive 

paradigm called fuzzy AHP. 

In the literature there some studies about the 

COVID-19 mask using and selection problem as 

follows: Yang et al. [26] proposed a decision 

support algorithm for selecting an antivirus mask 

over the COVID-19 with fuzzy sets. They 

evaluated 6 different alternatives according to the 

4 different criteria. They proposed some 

aggregation spherical fuzzy operators to handle 

the problem. Shahzadi and Akram [27] developed 

an MCDM method to assess an antivirus mask 

with Fermatean fuzzy sets. Moreover, they 

developed some aggregation operators and gave 

some properties of proposed operators. Wang et 

al. [28] realized a laboratory study to Selection of 

homemade mask materials for preventing 

transmission of the COVID -19. They 

demonstrated that the risk of contamination can 

be reduced to the fullest degree by homemade 

masks using available materials. Lam et al. [29] 

suggested some precautions and replied 

frequently asked questions on mask selection 

problem. Fen et al. [30] discussed about the 

rational use of face masks in the COVID-19 

pandemic. They compared the recommendations 

for using a mask by different health authorities. 

Zheng et al. [31] suggested some 

recommendations to overcome the pandemic. 

They discussed many issues in their paper such as 

Medical masks selection, hand-hygiene items, 

gloves, etc. They collected and summarized the 

expertise obtained from delivering pharmacy 

services during the COVID-19 epidemic in 

Chinese community pharmacies. Bartoszko et al. 

[32] compared the different types of masks for 

healthcare workers. They conducted an 

observational study and concluded that medical 

masks and N95 respirators provide similar 

protection against the pandemic. There are few 

studies on the COVID-19 mask selection 

problem, most of the research use empirical data 

to solve the mask selection problem. Therefore, 

there is a gap in the literature to use an MCDM 

method to evaluate the mask used during the 

COVID-19 pandemic. 

In this study, we used a hybrid model including 

SFSs and AHP method. The method, named 

Spherical Fuzzy AHP, is utilized to solve the 

mask selection decision making problem. The 

criteria are determined to evaluate the mask 

selection problem, and steps of the algorithm are 

applied to the problem. Moreover, we present an 

entropy based Spherical fuzzy AHP method, and 

we implement the proposed method to the mask 

selection problem. Also, a sensitivity analysis is 

applied. In application section, the proposed 

method is applied to an important subject: 

COVID 19 mask selection problem. The World 

Health Organization (WHO) advises the use of 

masks as part of a comprehensive package of 

prevention and control measures to limit the 

spread of SARS-CoV-2, the virus that causes 

COVID-19. Therefore, using a suitable mask is 

important to prevent the spread of virus. The 

proposed method is utilized to select the best 

mask during pandemic for this aim. The 

originality of the paper is that it proposes a hybrid 

method including the entropy theory and 

spherical fuzzy AHP method to solve the mask 

selection problem for the first time in the 

literature.  

The remainder of the paper's composition is as 

follows: The preliminaries of SFSs and the steps 

of the Spherical fuzzy AHP method are 

introduced in Section 2. An example is given with 

Spherical fuzzy AHP method in Section 3. 

Section 4 clarifies the proposed method and 

clarifies the calculation steps of the proposed 

method to the mask selection problem. A 

sensitivity analysis is performed in Section 5. 

Finally, the conclusion is given in Section 6. 

2. MATERIAL AND METHOD 

First, we represent the preliminaries of spherical 

fuzzy sets in this section. Then, we discuss the 

spherical AHP method. 
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2.1. Preliminaries of Spherical Fuzzy Sets 

Definition 1: A spherical fuzzy set 𝐴̃𝑆  of the 

universe of discourse U is given by 

𝐴̃𝑆 = {⟨𝑢, (𝜇𝐴̃𝑆
(𝑢), 𝜈𝐴̃𝑆

(𝑢), 𝜋𝐴̃𝑆
(𝑢))|𝑢 ∈ 𝑈}     (1) 

Where, 

𝜇𝐴̃𝑆
: 𝑈 → [0,1], 𝜈𝐴̃𝑆

(𝑢): 𝑈 → [0,1], 𝜋𝐴̃𝑆
: 𝑈 → [0,1] 

and 

0 ≤ 𝜇𝐴̃𝑆

2 (𝑢) + 𝜈𝐴̃𝑆

2 (𝑢) + 𝜋𝐴̃𝑆

2 (𝑢) ≤ 1∀𝑢 ∈ 𝑈   (2) 

For each 𝑢, the numbers 𝜇𝐴̃𝑆
(𝑢), 𝜈𝐴̃𝑆

(𝑢) and 

𝜋𝐴̃𝑆
(𝑢) are the degree of membership, non-

membership and hesitancy of 𝑢to 𝐴̃𝑆, 

respectively.  

Definition 2: Basic Operators 

𝐴̃𝑆 ∪ 𝐵̃𝑆 = {𝑚𝑎𝑥{ 𝜇𝐴̃𝑆
, 𝜇𝐵̃𝑆

}, 𝑚𝑖𝑛{ 𝜈𝐴̃𝑆
, 𝑣𝐵̃𝑆

},

𝑚𝑖𝑛 {(1 − ((𝑚𝑎𝑥{𝜇𝐴̃𝑆
, 𝜇𝐵̃𝑆

})
2

+

(𝑚𝑖𝑛{𝜈𝐴̃𝑆
, 𝑣𝐵̃𝑆

})
2

))
1/2

, 𝑚𝑎𝑥{𝜋𝐴̃𝑆
, 𝜋𝐵̃𝑆

}}}      (3) 

𝐴̃𝑆 ∩ 𝐵̃𝑆 = {𝑚𝑖𝑛{ 𝜇𝐴̃𝑆
, 𝜇𝐵̃𝑆

}, 𝑚𝑎𝑥{ 𝜈𝐴̃𝑆
, 𝑣𝐵̃𝑆

},

𝑚𝑎𝑥 {(1 − ((𝑚𝑖𝑛{𝜇𝐴̃𝑆
, 𝜇𝐵̃𝑆

})
2

+

(𝑚𝑎𝑥{𝜈𝐴̃𝑆
, 𝑣𝐵̃𝑆

})
2

))
1/2

, 𝑚𝑖𝑛{𝜋𝐴̃𝑆
, 𝜋𝐵̃𝑆

}}}      (4) 

𝐴̃𝑆 ⊕ 𝐵̃𝑆 = {(𝜇𝐴̃𝑆

2 + 𝜇𝐵̃𝑆

2 − 𝜇𝐴̃𝑆

2 𝜇𝐵̃𝑆

2 )
1/2

, 𝑣𝐴̃𝑆
𝑣𝐵̃𝑆

,

((1 − 𝜇𝐵̃𝑆

2 )𝜋𝐴̃𝑆

2 + (1 − 𝜇𝐴̃𝑆

2 )𝜋𝐵̃𝑆

2 − 𝜋𝐴̃𝑆

2 𝜋𝐵̃𝑆

2 )
1/2

}  (5) 

𝐴̃𝑆 ⊗ 𝐵̃𝑆 = {𝜇𝐴̃𝑆
𝜇𝐵̃𝑆

, (𝑣𝐴̃𝑆

2 + 𝑣𝐵̃𝑆

2 − 𝑣𝐴̃𝑆

2 𝑣𝐵̃𝑆

2 )
1/2

,

((1 − 𝑣𝐵̃𝑆

2 )𝜋𝐴̃𝑆

2 + (1 − 𝑣𝐴̃𝑆

2 )𝜋𝐵̃𝑆

2 − 𝜋𝐴̃𝑆

2 𝜋𝐵̃𝑆

2 )
1/2

}  (6) 

𝜆 ⋅ 𝐴̃𝑆 = {(1 − (1 − 𝜇𝐴̃𝑆

2 )
𝜆

)
1/2

, 𝑣𝐴̃𝑆

𝜆 , ((1 −

𝜇𝐴̃𝑆

2 )
𝜆

− (1 − 𝜇𝐴̃𝑆

2 − 𝜋𝐴̃𝑆

2 )
𝜆

)
1/2

}            (7) 

𝐴̃𝑆
𝜆 = {𝜇𝐴̃𝑆

𝜆 , (1 − (1 − 𝑣𝐴̃𝑆

2 )
𝜆

)
1/2

, ((1 −

𝑣𝐴̃𝑆

2 )
𝜆

− (1 − 𝑣𝐴̃𝑆

2 − 𝜋𝐴̃𝑆

2 )
𝜆

)
1/2

}  𝜆 > 0           (8) 

Definition 3: For these SFS 𝐴̃𝑆 = (𝜇𝐴̃𝑆
, 𝑣𝐴̃𝑆

, 𝜋𝐴̃𝑆
) 

and𝐵̃𝑆 = (𝜇𝐵̃𝑆
, 𝑣𝐵̃𝑆

, 𝜋𝐵̃𝑆
), the followings are valid 

under the condition𝜆, 𝜆1, 𝜆2 > 0.  

𝐴̃𝑆 ⊕ 𝐵̃𝑆 = 𝐵̃𝑆 ⊕ 𝐴̃𝑆        (9) 

𝐴̃𝑆 ⊗ 𝐵̃𝑆 = 𝐵̃𝑆 ⊗ 𝐴̃𝑆     (10) 

𝜆(𝐴̃𝑆 ⊕ 𝐵̃𝑆) = 𝜆𝐴̃𝑆 ⊕ 𝜆𝐵̃𝑆     (11) 

𝜆1𝐴̃𝑆 ⊕ 𝜆2𝐴̃𝑆 = (𝜆1 + 𝜆2)𝐴̃𝑆    (12) 

(𝐴̃𝑆 ⊗ 𝐵̃𝑆)𝜆 = 𝐴̃𝑆
𝜆 ⊗ 𝐵̃𝑆

𝜆     (13) 

𝐴̃𝑆
𝜆1 ⊗ 𝐴̃𝑆

𝜆2 = 𝐴̃𝑆
𝜆1+𝜆2

      (14) 

Definition 4: Spherical Weighted Arithmetic 

Mean (SWAM) with respect to 𝑤 =
(𝑤1, 𝑤2. . . . . . . , 𝑤𝑛); 𝑤𝑖 ∈ [0,1]; ∑ 𝑤𝑖 = 1𝑛

𝑖=1 , 

SWAM is defined as; 

𝑆𝑊𝐴𝑀𝑤(𝐴𝑆1, . . . . . . . , 𝐴𝑆𝑛) = 𝑤1𝐴𝑆1 +
𝑤2𝐴𝑆2+. . . . . . +𝑤𝑛𝐴𝑆𝑛  

= {[1 − ∏ (1 − 𝜇𝐴𝑆𝑖

2 )𝑤𝑖𝑛
𝑖=1 ]

1/2

, ∏ 𝑣𝐴𝑆𝑖

𝑤𝑖 ,𝑛
𝑖=1 [∏ (1 −𝑛

𝑖=1

𝜇𝐴𝑆𝑖

2 )𝑤𝑖 − ∏ (1 − 𝜇𝐴𝑆𝑖

2 − 𝜋𝐴𝑆𝑖

2 )𝑤𝑖𝑛
𝑖=1 ]

1/2

}                    (15) 

Definition 5: Spherical Weighted Geometric 

Mean (SWGM) with respect to 𝑤 =
(𝑤1, 𝑤2. . . . . . . , 𝑤𝑛); 𝑤𝑖 ∈ [0,1]; ∑ 𝑤𝑖 = 1𝑛

𝑖=1 , 

SWGM is defined as; 

𝑆𝑊𝐺𝑀𝑤(𝐴1, . . . . . . . , 𝐴𝑛) = 𝐴𝑆1
𝑤1 +

𝐴𝑆2
𝑤2+. . . . . . +𝐴𝑆𝑛

𝑤𝑛      

= {∏ 𝜇𝐴𝑆𝑖

𝑤𝑖 ,𝑛
𝑖=1 [1 − ∏ (1 − 𝑣𝐴𝑆𝑖

2 )𝑤𝑖𝑛
𝑖=1 ]

1/2
, [∏ (1 −𝑛

𝑖=1

𝑣𝐴𝑆𝑖

2 )𝑤𝑖 − ∏ (1 − 𝑣𝐴𝑆𝑖

2 − 𝜋𝐴𝑆𝑖

2 )𝑤𝑖𝑛
𝑖=1 ]

1/2
}(16) 
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2.2. Spherical Fuzzy AHP 

This section covers the steps of the Spherical 

fuzzy AHP method. Figure 1 represents the steps 

of the method.  

Step 1. Build the hierarchical structure 

Step 1 includes establishing a hierarchical 

structure. The hierarchical structure includes at 

least 3 levels; aim, which is at the top, attributes 

identified in the middle and alternatives at the 

bottom.  

Step 2. Establish pairwise comparisons using 

spherical fuzzy judgment matrices. Table 1 

represents the linguistic terms with spherical 

numbers. After establishing the pairwise 

comparisons matrices, matrices need to be 

checked for consistency. For this purpose, 

linguistic terms are converted to their 

corresponding score indices, as seen in Table 1. 

After constructing pairwise comparison matrices, 

consistency formula, developed by Saaty [22], is 

applied.  

Step 3. Compute the criteria and alternatives’ 

local weights including spherical information.  

In this step, Equation (17) is utilized to get local 

weight of each alternative.  

𝑆𝑊𝐴𝑀𝑤(𝐴𝑆1, . . . . . . . , 𝐴𝑆𝑛) = 𝑤1𝐴𝑆1 +
𝑤2𝐴𝑆2+. . . . . . +𝑤𝑛𝐴𝑆𝑛 =  

⟨[1 − ∏ (1 − 𝜇𝐴𝑆𝑖

2 )𝑤𝑖]1/2, ∏ 𝑣𝐴𝑆𝑖

𝑤𝑖 ,𝑛
𝑖=1

𝑛
𝑖=1 [∏ (1 −𝑛

𝑖=1

𝜇𝐴𝑆𝑖

2 )𝑤𝑖 − ∏ (1 − 𝜇𝐴𝑆𝑖

2 − 𝜋𝐴𝑆𝑖

2 )𝑤𝑖]1/2𝑛
𝑖=1 ⟩  (17) 

where 𝑤 = 1/𝑛.  

Step 4. Calculate the spherical global weights. 

In this step, Equation (18) is utilized to get 

Spherical fuzzy global weights.  

∏ 𝐴̃𝑆𝑖𝑗
= 𝐴̃𝑆𝑖1

⊗ 𝐴̃𝑆𝑖2
. . .⊗ 𝐴̃𝑆𝑖𝑛

𝑛
𝑗=1 ∀𝑖  

𝑖. 𝑒. 𝐴̃𝑆11
⊗ 𝐴̃𝑆12

= ⟨𝜇𝐴̃𝑆11
𝜇𝐴̃𝑆12

, (𝑣𝐴̃𝑆11

2 +

𝑣𝐴̃𝑆12

2 − 𝑣𝐴̃𝑆11

2 𝑣𝐴̃𝑆12

2 )
1/2

, ((1 − 𝑣𝐴̃𝑆12

2 ) 𝜋𝐴̃𝑆11

2 +

(1 − 𝑣𝐴̃𝑆11

2 ) 𝜋𝐴̃𝑆12

2 − 𝜋𝐴̃𝑆11

2 𝜋𝐴̃𝑆12

2 )
1/2

⟩             (18) 

Then, the final score of each alternative is 

determined via Equation (19). 

𝐹̃ = ∑ 𝐴̃𝑆𝑖𝑗
=𝑛

𝑗=1 𝐴̃𝑆𝑖1
⊕ 𝐴̃𝑆𝑖2

. . .⊕ 𝐴̃𝑆𝑖𝑛
∀𝑖  

𝑖. 𝑒. 𝐴̃𝑆11
⊕ 𝐴̃𝑆12

= ⟨(𝜇𝐴̃𝑆11

2 + 𝜇𝐴̃𝑆12

2 −

𝜇𝐴̃𝑆11

2 𝜇𝐴̃𝑆12

2 )
1/2

, 𝑣𝐴̃𝑆11
𝑣𝐴̃𝑆12

, ((1 − 𝜇𝐴̃𝑆12

2 ) 𝜋𝐴̃𝑆11

2 +

(1 − 𝜇𝐴̃𝑆11

2 ) 𝜋𝐴̃𝑆12

2 − 𝜋𝐴̃𝑆11

2 𝜋𝐴𝑆12

2 )
1/2

⟩   (19) 

Table 1 Linguistic Scale 
Linguistic Expression (𝝁, 𝒗, 𝝅) Score 

Index 

(SI) 

Extremely preferred (ExP) (0.9,0.1,0.0) 9 

Very strongly preferred (VSP) (0.8,0.2,0.1) 7 

Strongly preferred (SP) (0.7,0.3,0.2) 5 

Moderately preferred (MP) (0.6,0.4,0.3) 3 

Equally preferred (EP) (0.5,0.4,0.4) 1 

Moderately low preferred 
(MLP) 

(0.4,0.6,0.3) 1/3 

Low preferred (LP) (0.3,0.7,0.2) 1/5 

Very low preferred (VLP) (0.2,0.8,0.1) 1/7 

Extremely low preferred 

(ELP) 

(0.1,0.9,0.0) 1/9 
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Figure 1 The steps of the Spherical fuzzy AHP [33] 

Step 5. The final score of each alternative is 

defuzzified by using the score function by 

Equation (20). 

𝑆(𝑤̃𝑗
𝑠) =

√|100 ∗ [(3𝜇𝐴̃𝑠
−

𝜋𝐴̃𝑠

2
)

2

− (𝜋𝐴̃𝑠
−

𝑣𝐴̃𝑠

2
)

2

]|  (20) 

Step 6. At the last step, the alternatives are 

ordered according to their defuzzified final scores 

in descending order. 

3. THE RESEARCH FINDINGS AND 

DISCUSSION 

In this part of the paper, the mask selection 

problem is handled by spherical AHP method. As 

the determined criteria contains both tangible and 

intangible data, we use Spherical data in mask 

selection problem. Moreover, the mask selection 

problem is handled with hierarchical structure. 

Therefore, using Spherical AHP method is useful 

to overcome the mask selection problem. 

First, the masks are determined for public 

consumption. The determined four different 

alternatives are as follows; A1: N95 mask, A2: 

Cloth mask, A3: FFP1 mask, A4: Surgical mask. 

After a literature review, six criteria have been 

determined. Criteria are Fluid Resistance (C1), 

Breathability (C2), Reusability (C3), and 

Ergonomic design (C4), Bacterial filtration (C5), 

Particulate filtration (C6). Pairwise comparison 

matrices are fulfilled by us after gathering data 

from different mask users’ experience.  

 

 

 

 

 

 

Figure 2 The hierarchical structure 

Step 1. The hierarchical structure is established as 

seen in Figure 2. 

Step 2. Pairwise comparisons are established as 

seen in Tables 2-8. Tables 2-8 also includes 

spherical weights ( sw ) and crisp weights ( sw ), 

and consistency ratios (CR). 
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Table 2 Pairwise comparison of criteria 
Criteria C1 C2 C3 

C1 EP MP VSP 

C2 MLP EP MP 

C3 VLP MLP EP 

C4 MLP EI VSP 

C5 EP MP VSP 

C6 MLP MP SP 

Criteria C4 C5 C6 

C1 MP EP MP 

C2 EP MLP MLP 

C3 VLP VLP LP 

C4 EP MLP MLP 

C5 MP EP MP 

C6 MP MLP EP 

 𝒘̃𝒔 𝒘̄𝒔 CR 

C1 (0.36, 0.72, 0.26) 0.207 0.055 

C2 (0.27, 0.79, 0.25) 0.147  

C3 (0.18, 0.87, 0.17) 0.080  

C4 (0.32, 0.76, 0.24) 0.182  

C5 (0.35, 0.71, 0.28) 0.204  

C6 (0.31, 0.76, 0.25) 0.179  

 

Table 3 Pairwise comparison of alternatives 

according to C1 

𝑪𝟏 A1 A2 A3 A4 

A1 EP VSP SP SP 

A2 VLP EP MLP MLP 

A3 LP MP EP LP 

A4 LP MP SP EP 

 𝒘̃𝒔 𝒘̄𝒔 CR 

A1 (0.70, 0.29, 0.22) 0.345 0.027 

A2 (0.39, 0.58, 0.30) 0.180  

A3 (0.45, 0.53, 0.30) 0.212  

A4 (0.59, 0.40, 0.26) 0.288  

 

Table 4 Pairwise comparison of alternatives 

according to C2 

𝑪𝟐 A1 A2 A3 A4 

A1 EP MP ExP VSP 

A2 MLP EP MP SP 

A3 ELP MLP EP MLP 

A4 VLP LP MP EP 

 𝒘̃𝒔 𝒘̄𝒔 CR 

A1 (0.76, 0.24, 0.206) 0.379 0.096 

A2 (0.57, 0.41, 0.30) 0.273  

A3 (0.39, 0.60, 0.31) 0.176  

A4 (0.44, 0.55, 0.29) 0.206  

 

Table 5 Pairwise comparison of alternatives 

according to C3 

𝑪𝟑 A1 A2 A3 A4 

A1 EP MP LP MLP 

A2 MLP EP VLP LP 

A3 SP VSP EP MP 

A4 MP SP MLP EP 

 𝒘̃𝒔 𝒘̄𝒔 CR 

A1 (0.47, 0.51, 0.31) 0.219 0.043 

A2 (0.37, 0.61, 0.28) 0.170  

A3 (0.67, 0.31, 0.25) 0.331  

A4 (0.57, 0.41, 0.30) 0.273  

 

Table 6 Pairwise comparison of alternatives 

according to C4 

𝑪𝟒 A1 A2 A3 A4 

A1 EP SP VSP MP 

A2 LP EP MP LP 

A3 VLP MLP EP LP 

A4 MLP SP SP EP 

 𝒘̃𝒔 𝒘̄𝒔 CR 

A1 (0.67, 0.31, 0.25) 0.331 0.086 

A2 (0.45, 0.53, 0.30) 0.212  

A3 (0.37, 0.61, 0.28) 0.170  

A4 (0.60, 0.38, 0.27) 0.292  

 

Table 7 Pairwise comparison of alternatives 

according to C5 

𝑪𝟓 A1 A2 A3 A4 

A1 EP SP VSP SP 

A2 LP EP MLP MLP 

A3 VLP MP EP EP 

A4 VLP MP EP EP 

 𝒘̃𝒔 𝒘̄𝒔 CR 

A1 (0.70, 0.29, 0.23) 0.345 0.081 

A2 (0.41, 0.56, 0.31) 0.187  

A3 (0.48, 0.48, 0.33) 0.223  

A4 (0.49, 0.46, 0.34) 0.228  

 

Table 8 Pairwise comparison of alternatives 

according to C6 

𝑪𝟔 A1 A2 A3 A4 

A1 EP EP SP MP 

A2 EP EP MLP MLP 

A3 VLI SMI EP MLP 

A4 MLP MP MP EP 

 𝒘̃𝒔 𝒘̄𝒔 CR 

A1 (0.59, 0.37, 0.32) 0.279 0.047 

A2 (0.45, 0.49, 0.35) 0.206  

A3 (0.47, 0.51, 0.31) 0.219  

A4 (0.54, 0.44, 0.32) 0.252  
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Step 3. Spherical fuzzy local weights of 

alternatives are calculated as seen Table 9. 

Table 9 Spherical fuzzy weighted matrix  

Alternatives C1 C2 

A1 (0.25, 0.75, 0.29) (0.20, 0.80, 0.27) 

A2 (0.14, 0.83, 0.29) (0.15, 0.83, 0.29) 

A3 (0.16, 0.81, 0.30) (0.10, 0.87, 0.27) 

A4 (0.21, 0.77, 0.30) (0.12, 0.86, 0.27) 

 C3 C4 

A1 (0.08, 0.91, 0.21) (0.21, 0.79, 0.28) 

A2 (0.07, 0.92, 0.19) (0.14, 0.83, 0.27) 

A3 (0.12, 0.89, 0.20) (0.12, 0.86, 0.26) 

A4 (0.10, 0.90, 0.21) (0.19, 0.80, 0.28) 

 C5 C6 

A1 (0.25, 0.74, 0.31) (0.18, 0.80, 0.31) 

A2 (0.14, 0.81, 0.31) (0.14, 0.82, 0.31) 

A3 (0.17, 0.79, 0.33) (0.15, 0.83, 0.29) 

A4 (0.17, 0.78, 0.33) (0.17, 0.81, 0.30) 

Step 4 and Step 5. Spherical fuzzy global 

preference weights and defuzzified values of final 

scores of each alternative can be seen in Table 10.  

 
Table 10 Defuzzified final score values and ranking of 

alternatives 

 Total Total 

Score 

Ranking 

A1 (0.48, 0.25, 0.72) 7.379 1 

A2 (0.32, 0.35, 0.47) 3.965 3 

A3 (0.33, 0.35, 0.47) 4.159 4 

A4 (0.39, 0.30, 0.46) 5.498 2 

Step 6. Alternatives are ranked in descending 

order according to the defuzzified final scores  

Alternative 1 > Alternative 4 > Alternative 3 > 

Alternative 2 

Alternative 1 is chosen the best according to the 

ranking scores. 

4. ENTROPY BASED SPHERICAL FUZZY 

AHP 

In this section of the paper, we insert the entropy 

theory into the Spherical fuzzy AHP method. In 

decision-making problems, entropy theory is used 

to determine how much useful information the 

existing data have. We used a combination of 

fuzzy logic and entropy theory to determine the 

value of information in a spherical fuzzy 

environment in this article. We propose to use 

entropy theory to find criteria weight. Therefore, 

we proposed the entropy formula and weighting 

formula.  

𝐸(𝐴𝑖) =
1

𝑛
∑

𝜋
𝐴̃𝑆

2 (𝑢𝑖)+1−|𝜇
𝐴̃𝑆

2 (𝑢𝑖)−𝑣
𝐴̃𝑆

2 (𝑢𝑖)|

𝜋
𝐴̃𝑆

2 (𝑢𝑖)+1+|𝜇
𝐴̃𝑆

2 (𝑢𝑖)−𝑣
𝐴̃𝑆

2 (𝑢𝑖)|

𝑛
𝑖=1 , ∀𝑖(21) 

𝑑𝑖 = 1 − 𝐸(𝐴𝑖), ∀𝑖      (22) 

𝑤𝑖 =
𝑑𝑖

∑ 𝑑𝑖
𝑛
𝑖=1

, ∀𝑖     (23) 

The suggested spherical AHP's steps are as 

follows. 

Step 1 and Step 2. The computation algorithm of 

these steps is similar with Spherical fuzzy AHP.  

Step 3 The criteria's weights are determined using 

Eq. (23). Alternatives’ local weights are 

computed by using Eq. (17).  

Step 4. The spherical global weights are 

computed by using Eq. (24). 

𝐴̃𝑆𝑖𝑗
= 𝑤̄𝑗 ⋅ 𝐴̃𝑆𝑖

= ⟨(1 − (1 − 𝜇𝐴𝑆

2 )
𝑤̄𝑗 )

1/2

, 𝑣
𝐴𝑆

𝑤̄𝑗 , ((1 −

𝜇𝐴𝑆

2 )
𝑤̄𝑗 − (1 − 𝜇𝐴𝑆

2 − 𝜋𝐴𝑆

2 )
𝑤̄𝑗 )

1/2

⟩ ∀𝑖  (24) 

Step 5. The final spherical fuzzy AHP scores are 

obtained by carrying out the spherical fuzzy 

arithmetic addition by using Eq. (19). 

Step 6 and Step 7. The computation algorithm of 

these steps is similar with Spherical fuzzy AHP. 

The calculation steps of the proposed method are 

clarified as follows.  

Step 1 and Step 2. The hierarchical structure is 

established as seen in Figure 2 and the pairwise 

comparisons are established as seen in Tables 2-

8. 

Step 3. The weights of the criteria are computed 

by using Eq. (23) below. Table 11 represent the 

Spherical fuzzy weighted matrix of alternatives. 
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𝑤C1 = 0.129  𝑤C2 = 0.118  𝑤C3 = 0.300  
𝑤C4 = 0.154  𝑤C5 = 0.144 𝑤C6 = 0.152 

Table 11 Spherical fuzzy weighted matrix 

Alternatives C1 C2 

A1 (0.29, 0.85, 0.11) (0.31, 0.84, 0.11) 

A2 (0.15, 0.93, 0.12) (0.21, 0.90, 0.13) 

A3 (0.17, 0.92, 0.12) (0.14, 0.94, 0.12) 

A4 (0.23, 0.89, 0.12) (0.16, 0.93, 0.11) 

 C3 C4 

A1 (0.27, 0.82, 0.19) (0.30, 0.84, 0.13) 

A2 (0.21, 0.86, 0.17) (0.19, 0.91, 0.13) 

A3 (0.41, 0.71, 0.18) (0.15, 0.93, 0.12) 

A4 (0.33, 0.77, 0.20) (0.26, 0.86, 0.14) 

 C5 C6 

A1 (0.30, 0.84, 0.12) (0.25, 0.86, 0.16) 

A2 (0.16, 0.92, 0.13) (0.19, 0.90, 0.16) 

A3 (0.19, 0.90, 0.15) (0.19, 0.90, 0.14) 

A4 (0.20, 0.89, 0.15) (0.22, 0.88, 0.15) 

Step 4 and Step 5. Spherical fuzzy global 

preference weights and defuzzified values of final 

scores of each alternative can be seen in Table 12.  

Table 12 Defuzzified final score values and ranking of 

alternatives 

 Total Total 

Score 

Ranking 

A1 (0.64, 0.49, 0.14) 11.213 1 

A2 (0.44, 0.65, 0.22) 5.317 4 

A3 (0.53, 0.57, 0.21) 8.363 3 

A4 (0.55, 0.55, 0.20) 8.954 2 

Step 6. Alternatives are ranked in descending 

order according to the defuzzified final scores  

Alternative 1 > Alternative 4 > Alternative 3 > 

Alternative 2 

Alternative 1 is chosen the best according to the 

ranking scores. As seen in step 6, the ranking of 

Alternative 3 and Alternative 2 is different in 

Spherical fuzzy AHP and an entropy based 

spherical Fuzzy AHP method. We discuss the 

reason of this situation in Section 6. 

5. SENSITIVITY ANALYSIS   

We applied sensitivity analysis in this section to 

illustrate how our model is susceptible to changes 

in criteria weights. We assign different weights to 

the criteria and observe the changes in ranking 

results of alternatives. The various crisp weights 

of parameters as seen in Table 13 and Figure 3 

illustrates the results of the sensitivity analysis. 

Table 13 Cases with different criteria weights 
Cases Criteria weights  

Case 1 (0.40, 0.15, 0.15, 0.10, 0.10, 0.10) 

Case 2 (0.10, 0.40, 0.10, 0.15, 0.10, 0.15) 

Case 3 (0.10, 0.10, 0.50, 0.15, 0.05, 0.10) 

Case 4 (0.05, 0.05, 0.30, 0.40, 0.10, 0.10) 

Case 5 (0.10, 0.10, 0.60, 0.05, 0.05, 0.10) 

Case 6 (0.10, 0.05, 0.35, 0.30, 0.10, 0.10) 

 

Figure 3 Sensitivity analysis 

We get different outcomes for different situations 

in the sensitivity study. For example, in Case 3, if 

the third parameter is given the maximum weight, 

Alternative 3 is ranked first among alternatives, 

while it is ranked third in Case 1. In Case 4, if the 

fourth parameter is given the maximum weight, 

Alternative 4 is ranked first among alternatives, 

while it is ranked second in Case 1. As seen 

sensitivity analysis, third and fourth criteria have 

big impact on ranking alternatives. When we 

assign large weights to them, Alternative 3 and 

Alternative 4 can get the first rank. We can infer 

that the model is susceptible to changes based on 

the findings of the sensitivity analysis. 

6. RESULTS 

The COVID-19 is much more contagious, despite 

sharing common properties with other deadly 

coronaviruses, and has been the greatest threat to 

healthcare systems in many nations, including the 

developed ones with the most modern healthcare 

facilities. Infection prevention is the key to 

Case 1

Case 2

Case 3

Case 4

Case 5

Case 6

Alternative 1

Alternative 2

Alternative 3

Alternative 4
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reducing the harm done by the COVID-19 before 

vaccines and/or specific medications are available 

[29]. This can be achieved by isolation, 

supportive treatment, and self-protection. In this 

manner, using anti-virus masks plays a major role 

in protecting against the COVID-19.  

The sector in which the person using the mask 

works is important for the mask selection. 

Moreover, the mask selection problem not only 

contains quantitative factors and but also contains 

qualitative factors. In this paper, we deal with the 

mask selection problem with qualitative factors. 

To do this aim, we determined 4 different 

alternatives and 6 conflicting criteria. We 

gathered the data under spherical information; 

therefore, we implemented the Spherical fuzzy 

AHP method to the problem. Finally, alternatives 

are ranked according to their final scores and the 

N95 masks get the first rank according to the 

criteria. Surgical masks get the second rank, FFP1 

masks get the third rank and Cloth masks get the 

fourth rank. 

In this paper, we also proposed an entropy based 

Spherical fuzzy AHP method to overcome the 

mask selection problem. First, we utilized entropy 

theory to get the criteria weights. Then we 

calculate the final scores of alternatives and rank 

them. We observe that the proposed method gives 

same ranking results with Spherical AHP method. 

However, the proposed method gives more 

sensitive results by comparison the Spherical 

AHP method. The reason of this, the entropy 

theory calculates how much valuable knowledge 

the current data provide. Therefore, the proposed 

model more sensitive than the Spherical fuzzy 

AHP method.  

Ultimately, we can summarize the practical 

benefits of the proposed method as follows i) if 

the data is gathered under spherical environment 

ii) if the demonstration of the problem can be 

structured as a hierarchy iii) if the decision maker 

needs to calculate the how much valuable 

knowledge the current data provide, then using 

the proposed method gives effective and efficient 

results.  

In future studies, new criteria can be determined 

for the problem, and the Spherical AHP method 

can be applied by more criteria. Also, new types 

of fuzzy extensions can be applied to the problem 

such as neutrosophic fuzzy sets, q-rung orthopair 

fuzzy, picture fuzzy sets, etc.  
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Extended Back-EMF Based Industrial Sensorless Drive System for PMSMs 

Burak GÖRDÜK*1, Murat YILMAZ1 

Abstract 

Field Oriented Control (FOC) of Permanent Magnet Synchronous Motors (PMSM) is utilized 

in many industrial applications due to its high performance. Semiconductor manufacturers 

provide specialized solutions and tools for this technique. However, such solutions are 

protected with closed source codes. This reduces the flexibility and the performance of such 

systems.  This paper presents the conducted studies of controller and embedded software design 

for FOC of a PMSM using extended back-Electromotive Force (EMF) observer. Observer is 

derived from motor analytical model. Accurate position and speed estimations are observed 

using the simulations. An inverter board is obtained from market and a controller board with 

microcontroller is designed. Extended back-EMF observer model is implemented in embedded 

software. The developed drive system is fully capable to replace the existing closed source 

solutions with the benefits of having a robust and flexible structure that can be fine-tuned 

according to the application. Performance in nominal speed range with no-load and full-load 

along with transient loading is tested with a 3000 rpm industrial fan motor. The developed drive 

system is capable to operate down to 200 rpm and maintain stability under load disturbances, 

compensating the 10% speed error during nominal load transitions in one second. 

Keywords: Permanent magnet synchronous motor, field oriented control, sensorless, back-

electromotive force, observer 

1. INTRODUCTION

Electric motor driven systems became the 

backbone of the way of life we know today. 

Countless applications count on electric 

machines. It is estimated that half of the power 

generated globally is consumed by electric motors 

[1]. In many high-tech applications such as 

defense industry, aerospace, aviation and electric 

vehicles, nature of the application and sector 

requires using of the best performing technologies 

and components. For some other industries such 

* Corresponding author: burakgorduk@gmail.com
1 Istanbul Technical University, Department of Electrical Engineering, Istanbul, Turkey.

E-Mail: myilmaz@itu.edu.tr

ORCID: https://orcid.org/0000-0002-2333-0649; https://orcid.org/0000-0003-1584-1788.

as white and brown goods and industrial 

applications, domestic and global regulations 

provide requirements of using efficient and 

environment-friendly technologies [2]. This high-

level specification on drive systems design is then 

followed as replacing old fashioned induction and 

DC motors with efficient motors.  

Permanent Magnet Synchronous Motors (PMSM) 

count on permanent magnets placed on rotor for 

field flux generation. These motors should have a 

rotating stator field synchronous to rotor field. 

Thus, using of a driver is necessary with such 
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motors. Objective of the driver is to apply three-

phase voltages to stator, which generates a field 

vector that is perpendicular to rotor field vector in 

order to generate maximum torque and drive the 

motor in an efficient way. Nature of these drive 

systems require accurate rotor position 

information. This information can be obtained by 

utilizing sophisticated position sensors like Hall-

effect sensors, encoders and resolvers. Although 

these sensors provide position information that is 

crucial for vector control, an undeniable burden 

comes with utilization of position sensors. 

Increased size, complexity and cost of motor 

production combined with the increased 

maintenance frequency due to position sensors, 

push designers and researches on developing 

methods of rotor position estimation without 

position sensors. In many products, especially 

home appliances, sensorless vector control is 

much appreciated and used. 

Sensorless vector control made its way to 

literature in late 1980’s especially emerging from 

T. Ohtani’s studies [3]. In his proposed method, a

rotor flux estimator with a lag circuit imposing the

induced voltage of motor and command of the

rotor flux, thus enabling calculation of rotor flux

even at standstill. He also states his method as

being less dependent to motor parameters than

conventional vector control strategies. Systems

utilizing Model Reference Adaptive Control

(MRAC) were also developed for speed

estimation from measured voltage and current

values [4 - 6]. Estimated speed is then used as

feedback of the vector control system. MRAC

based systems contain pure integrators that are

affected from resistance change due to thermal

variations. Change of resistance due to

temperature can be compensated using MRAC

[7]. F.Z J. Holtz and J. Quan also used pure

integrator for stator flux estimation [8]. With the

help of a nonlinear inverter model, their model

self-adjusted voltage distortions while drift

components were compensated by offset

identification. This method shown high dynamic

performance even at very low speeds but unable

to estimate speed at near standstill points.

An additional emphasis should be laid on position 

estimation schemes used in sensorless vector 

control. Various types of observers, state filters 

and controllers are proposed as position 

estimators. Luenberger type observers can be 

used in such schemes, providing observation of 

system state vector while identifying the system 

parameters [9]. Extended Luenberger observer 

can be utilized for a nonlinear dynamical system 

and it observes rotor flux while identifying rotor 

time constant simultaneously [10]. Luenberger 

observers are also utilized for back-electromotive 

force (EMF) and flux linkage estimation [11, 12]. 

Studies with rotor position estimation based on 

flux linkages are also presented [13, 14]. Flux 

linkages are obtained by the use of integrators. 

The problem with these schemes is that 

integration drift and offset may eventually 

degrade the estimator performance [15]. Using of 

an Extended Kalman Filter (EKF) is proposed to 

eliminate the errors caused by these drifts and 

offsets [16]. EKF is utilized for sensorless control 

of PMSM [17]. Though EKF performs well under 

nominal conditions, this method has issues at 

startup due to divergence of the EKF estimator. 

Moreover, computational complexity of EKF is 

also a burden to processing power in the digital 

controller side. Use of Sliding Mode Observers 

(SMO) is proposed for electric drives due to the 

benefits of order reducing, disturbance rejection 

and parameter insensitivity [18 - 20]. Robustness 

of the controller is supported by the use of 

adaptive methods in a Brushless DC Motor 

(BLDC) driver, which filled the gaps of 

unfavorable aspects of EKF [21]. SMO is further 

investigated in drive systems of PMSM for back-

EMF estimation [22].  

This paper presents the studies conducted for 

designing a sensorless vector control system for 

PMSMs. The study concentrated on the design of 

a controller board and requisite software for FOC 

of a PMSM. Sensorless position estimation is 

based on a Luenberger type extended back-EMF 

observer. Theory of the observer is explained in 

detail with motor mathematical model. Operation 

of the observer is verified by simulations. Position 

and speed estimation is found accurate and 

dynamic. Drive system is then verified by 

laboratory experiments. A controller board is 

designed in order to be used with an inverter 

board. Necessary embedded software is 
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developed for a 32-bit microcontroller on the 

controller board. Drive system is operated without 

position sensors for the whole working range. 

Loading conditions and transient response of the 

system is tested. Drive system responded fast and 

maintained stable operation under load 

disturbances. At the end of the study, a reusable 

and reconfigurable drive system is developed. 

This system can replace the industrial solutions 

with closed source codes. This provides flexibility 

and fine-tuning based on the application. 

This paper presents the general background and 

the motivation of the study in Chapter 1. Theory 

of operation and modeling of PMSM is given in 

Chapter 2. Chapter 3 provides information on the 

position and speed estimation using extended 

back-EMF observer. Simulations of the position 

estimation scheme are presented in Chapter 4. 

Chapter 5 explains the hardware and embedded 

software design of the system. Experimental 

results are given in detail in Chapter 6.   

2. FIELD ORIENTED CONTROL OF PMSM 

2.1. Mathematical Model of PMSM 

It is useful to analyze electric motors using their 

mathematical expressions. This is achieved by 

converting the electrical equivalent model of the 

motors into mathematical models. Three-phase 

PMSM can be mathematically modeled with the 

phase voltages expressed as in equation 1. 

a a a ab ac a

b S b ab b bc b

c c ac bc c c

a ab ac a a

ab b bc b b

ac bc c c c

u i L M M i
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M L M i e

M M L i e
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 (1) 

where, ua, ub and uc are the three-phase voltages, 

ia, ib and ic are the three-phase currents, Rs is the 

phase resistance, ρ is the derivative operator, 

Mab, Mac and Mbc are the mutual inductances, La, 

Lb and Lc are the self-inductances, ea, eb and ec are 

the three phase induced back-EMF voltages that 

are given in equation 2. 
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 (2) 

where, ωe is the electrical speed of rotor, ΨPM is 

the flux linkage of the permanent magnets and θe 

is the rotor electrical position. Maximum torque is 

generated when stator field vector is 

perpendicular to flux linkage of permanent 

magnets. Considering only the fundamental 

signals, generated torque on the machine air gap 

is expressed in equation 3.  

 a a b b c c

e

e e e

i e i e i e
T

  

  
= + +  (3) 

where, Te is the electrical torque generated in air 

gap. In this expression, phase back-EMF 

waveforms are generated according to winding 

distributions on the stator and the generated flux 

according to magnetization technique used on 

permanent magnets. Stator windings of a PMSM 

are usually distributed in such a way to generate 

sinusoidal back-EMF voltage. For the torque 

equation, phase currents and back-EMFs should 

match. Otherwise, torque ripple can be generated 

on the output that is not desired. In order to 

maintain a smooth torque output, phase currents 

has to be generated sinusoidal. Electrical torque in 

the air gap can be coupled with mechanical 

characteristics of the machine in order to compute 

operating point of the machine as given in 

equation 4. 

m e e L m e

d
J T T B

dt
  = − −   (4) 

where, Jm is mechanical inertia, Bm is viscous 

friction coefficient, TL is mechanical load applied 

on the shaft. 

2.2. PMSM in Rotating Reference Frame 

Stator voltage equation of the motor is obtained 

using Clarke and Park transformations on the 

fundamental model with the assumption of angle 

input of the Park transformation is rotor electrical 

angle. This way, obtained d-q axis variables are 
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defined in a synchronous rotating reference 

frame. Stator voltage equations are expressed as 

given in equation 5.  

0

0

0

1

d d d dS e q

q q q qe d S

e PM

u i L iR L

u i L iL R






 
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=  +         
        

 
+    

 

 (5) 

where, ud and uq are the phase voltages, id and iq 

are the phase currents, Ld and Lq are the 

inductances in direct and quadrature axis 

respectively. Electromagnetic torque can be 

obtained by a simple expression of flux linkages 

and currents as given in equation 6.  

( )( )
3

2
2

e d q d q PM q
T p L L i i i=   −   +   (6) 

Electromagnetic torque consists of two 

components. The first term is reluctance torque 

whereas, the second term represents the 

synchronous torque. In a PMSM, most of the 

torque will be generated due to quadrature axis 

current. Thus, it is fair to assume quadrature-axis 

current iq will represent and control the torque 

output of the machine itself. However, it should 

be noted that in a highly salient machine as per 

maximum torque per ampere approach, direct-

axis current id has to be utilized to generate 

maximum torque. For most of the applications 

that use low saliency machines, id is kept zero in 

operations below nominal speed and torque is 

generated and measured solely by iq. 

FOC exploits the simple mathematical model of 

PMSM in d-q axis and utilizes speed and current 

controllers in d-q coordinate system. A 

generalized block scheme of FOC is given in Fig. 

1. There are 3 PI controllers in this scheme. First 

PI controller controls the speed and generates iq 

reference. Other two PI controllers control the 

current. Current controllers in synchronous frame 

outputs voltage references vd and vq. These 

reference values are then transformed into α-β 

coordinate system and applied to stator phases 

using space vector modulation. Phase currents are 

then sampled and converted into d-q coordinate 

system. It can be seen that there are two inner 

loops for current and one outer loop for speed 

control in a FOC system. Control frequency for 

the speed loop is generally determined based on 

the mechanical inertia of the system. Current 

control loops are related with time constant of the 

stator phases and usually a lot frequent than speed 

control loop.  

3. EXTENDED BACK-EMF OBSERVER 

Extended back-EMF model of the PMSM in α-β 

coordinate system is obtained from the model in 

d-q coordinate system. Phase voltage equation 

given in equation 5 is re-written with a 

symmetrical inductance matrix as given in 

equation 7. 

 

Figure 1 General block diagram of FOC
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Equation 8 is obtained after applying inverse Park 

transformation. 
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In this expression, rightmost term can be 

considered as the extended back-EMF part of the 

model as it contains crucial information of rotor 

electrical position.  

Equation 8 is then re-arranged with back-EMF 

term is replaced with back-EMF matrix and the 

model is transformed into Laplace domain as 

given in equation 9. 
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 (9) 

This relatively easy model to implement 

estimators and observers will only estimate the 

extended back-EMF part of the model. Using of a 

Luenberger observer is very typical for such 

application that requires state estimation with a 

feedback observer. In order to obtain rotor 

position information, two current observers are 

used in α and β axis. These observers are based on 

motor model given in equation 9 except the 

extended back-EMF part is removed from this 

model. Both observers utilize a compensator that 

corrects the error between estimated and 

measured currents. Assuming the observer is 

stable, current error in steady state will diverge to 

zero, making the compensators to output the back-

EMF part of the model. Compensator outputs L(α) 

and L(β) correspond to (-eα) and (-eβ) 

respectively.  

Control block diagram of the extended back-EMF 

observer is given in Fig. 2. In this block diagram, 

estimated state variables are shown as îα, îβ, êα and 

êβ. They represent the estimation of α-β axis 

currents and extended back-EMF terms. The 

compensator block consists of a simple PI 

controller. 

 

Figure 2 Extended back-EMF observer block 

diagram 

3.1. Angle Tracking Observer 

Estimated back-EMF signal obtained from the 

observer has to be decomposed and rotor position 

has to be extracted from the back-EMF signals. 

Many applications utilize an observer for this 

task. These observers are called as angle-tracking 

observers. A very simple angle-tracking observer 

can be implemented using the trigonometric 

subtraction formula of the sinus signal as given in 

equation 10. 

( ) ( ) ( ) ( ) ( )ˆ ˆ ˆsin cos cos sin sin
e e e e e e
     − = −  (10) 

This equation can be made if α and β components 

of estimated back-EMF signals are considered as 

sine and cosine values of θe. Right hand side of 

the equation is the sinus function of error between 

the position of back-EMF signal and estimated 
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position obtained from angle-tracking observer’s 

output. If this error is small, then this equation can 

be approximated to position error of the observer 

as given in equation 11.  

( )ˆ ˆsin
e e e e
   −  −  (11) 

Angle-tracking observer utilizes an integrator 

coupled with a PI controller for compensation. PI 

controller clears position error by outputting the 

estimated rotor electrical position while the 

integrator provides a filter to the input signal and 

improves ramp response. For a more practical 

approach, integrator and PI controller block 

places are switched. This provides rotor electrical 

speed as the output of PI controller and rotor 

electrical position as the output of the integrator. 

This arrangement is more convenient as it 

provides smooth information of speed and 

position simultaneously. Block diagram of the 

angle-tracking observer is given in Fig. 3. 

 

Figure 3 Angle tracking observer block diagram  

4. SIMULATION OF THE SENSORLESS 

DRIVE SYSTEM 

In order to verify position estimation schemes, a 

simulation model is created in MATLAB 

Simulink (MathWorks, Natick, MA, USA) 

environment. The motor parameters given in 

Table 1 are used for the motor model. These 

motor parameters belong to an actual motor that 

is used in industrial fan systems, which is then 

used in experimental work phase of the study. 

System is modeled and simulated as a continuous 

system. The simulation starts with no-load and 

3000 rpm speed reference. Nominal torque of 0.2 

Nm is applied at 0.75 s simulation time. Speed 

reference is generated by speed ramp generator 

block. Simulations are done with 6000 rpm/s 

selected as acceleration and deceleration ratio.  

Table 1 Motor parameters 

Parameter Unit Value 

Nominal Voltage [V] 24 

Nominal Current [A] 3.4 

Nominal Power  [W] 62 

Nominal Torque [Nm] 0.2 

Peak Torque [Nm] 0.6 

Nominal Speed [rpm] 3000 

Pole Pairs - 2 

Back-EMF Constant [V.sec/rad] 0.0023 

RS [Ω] 0.437 

Ld [mH] 0.536 

Lq [mH] 0.548 

Speed controller minimizes the error between 

desired and estimated speed using a PI controller 

that outputs the iq reference. Two PI controllers 

for motor currents are used for compensation that 

output d-q axis voltage references. They are then 

transformed into three-phase voltages and applied 

to the stator phases. Output of the extended back-

EMF observer are the back-EMF terms. The 

angle-tracking observer extracts estimated rotor 

electrical position and speed. Fig. 4 shows the 

speed estimation performance. Extended back-

EMF observer model is given in Fig. 5. 

 

Figure 4 Speed estimation performance 

Fig. 6 shows the extended back-EMF estimation 

with zoomed-in view. Fig. 7 shows the position 

estimation performance of extended back-EMF 

observer method.
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Figure 5 Simulink model of extended back-EMF observer 

 

Figure 6 Back-EMF estimation with zoomed-in view 

 

Figure 7 Position estimation performance
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It can be said that position estimation is accurate 

and has a very high dynamic performance. Since 

the startup is done as open loop, position 

estimation error from standstill to 200 rpm has no 

effect on the performance of the control.  

Low pass filter used in the angle-tracking 

observer provides a smooth speed estimation 

output with no significant delay present. The 

simulation verifies transient and steady state 

operation of the extended back-EMF observer 

with angle-tracking observer. 

5. DESIGN OF A SENSORLESS FOC DRIVE  

This study concentrates on the design of a 

controller board and requisite software 

development for FOC of a PMSM. For the three-

phase inverter hardware a ready-to-use 

development board is selected. 

Schematic design of the controller board is made 

according to the signals that are used in the 

development board. Two headers are used in 

order to connect the controller board to the 

inverter board. Printed circuit board design is 

done as a two-layer board. Placement of the 

components is made according to the layout of the 

inverter board in order to prevent any collisions. 

Headers are placed according to the headers on 

the inverter boar so that two boards connect 

easily. Total size of the controller board is 60 x 

96.52 mm. Connection of the controller board 

with the inverter board is done easily as intended. 

Inverter board has a switching regulator that 

generates 5V output from the DC supply voltage 

and this 5V supply is sent to controller board. A 

linear regulator is used on controller board in 

order to generate 3.3V logic power supply that 

provides power for the microcontroller, 

operational amplifiers and comparators. Fig. 8 

shows the designed drive system. DC input power 

is supplied to the system via a two-contact screw 

terminal. Three-phase motor output is connected 

to a three-contact screw terminal. 

Embedded software for FOC is developed. The 

general structure of the software has multiple 

Finite State Machine (FSM) structures. 

 

Figure 8 Complete drive system 

Main state machine consists of the states “Init”, 

“Ready”, “Run” and “Fault” as shown in Fig. 9 

along with the state transitions.  

 

Figure 9 Main state machine diagram 

Microcontroller automatically goes through a 

Power-On Reset (POR) after it is powered up. 

After the reset microcontroller goes into initialize 

state. This state defines the functions necessary 

for initializing requisite microcontroller 

peripherals such as clock generation, general-

purpose timers, pulse width modulation and 

analog to digital converter. State is automatically 

changed to ready after initializing is done. When 

microcontroller is in ready state, speed command 

is expected as a user input. If a non-zero speed 

reference is set, then the state transition from 

ready state to run state is executed. 

6. EXPERIMENTAL RESULTS 

Experimental verification of the driver system is 

done by conducted laboratory experiments. The 
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PMSM with the parameters given in Table 1 is 

driven with the designed drive system. In order to 

test dynamic behavior of the system, a test bench 

that is capable of loading the motor is set up. The 

test bench consists of a 400V rated PMSM 

coupled to the driven motor’s shaft, which acts as 

a generator. Output of the generator is rectified 

using a three-phase rectifier. Obtained DC voltage 

is then fed into a variable resistor. Setup used for 

obtaining experimental results is given in Fig. 10. 

 

Figure 10 Experimental test setup 

Real time control and data acquisition of the drive 

system is done using a debugging tool. This tool 

is capable of sampling and modifying software 

variables along with a recorder functionality that 

provide time plots of the signals. Performance of 

the extended back-EMF observer can be obtained 

from these graphs. The detailed waveforms of the 

position estimation scheme in nominal speed are 

given in Fig. 11.  

Performance of the drive system is evaluated by 

two different tests. No load performance of the 

system is tested first.  

a)

 

b)

 

Figure 11 (a) Estimated back-EMF voltages, (b) 

Estimated electrical position 

Applying of nominal speed command with 

transient changes and speed reversal is tested. Fig. 

12 shows the speed ramp and actual shaft speed. 

Acceleration is set to 2000 rpm/sec. It can be seen 

that the drive system is capable of following the 

speed ramp accurately. 

 

Figure 12 No-load speed control performance 

Fig. 13 shows the applied voltages of alpha and 

beta. 

 

Figure 13 Applied stator voltages in α-β axis 

Duty cycles at the output of the space vector 

modulation corresponding to reference voltages 

are given in Fig. 14.  
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Figure 14 Three-phase duty cycle values 

Waveforms of phase currents are shown in Fig. 

15. 

 

Figure 15 Three-phase currents 

Fig. 16 shows the calculated d-q axis currents. It 

can be seen that the id is kept at zero while iq is 

increased to nominal load current. 

 

Figure 16 Phase currents in d-q axis 

The second test for the validation of the drive 

system performance was the dynamic response of 

the system under transient changes on load. This 

transient load change is achieved by switching the 

variable resistor to a fixed point. Fig. 17 shows the 

system variables under transient changes. This 

graph starts with the machine loaded nominally, 

then when the time stamp shows 8s, connection to 

the load resistor is switched off. This sudden load 

change causes an overshoot of 10%. Speed 

overshoot is compensated within approximately 1 

second. At time stamp of around 9.5s machine is 

again fully loaded. This transient loading cause 

machine shaft speed to decrease about 10%, 

which is then compensated in approximately 1 

second. It is observed that the system remains 

stable under transient changes in load.  

 

Figure 17 Dynamic performance of the system 

7. CONCLUSION 

In this study, an industrial-grade sensorless FOC 

drive system for PMSM using extended back-

EMF observer is designed and implemented. 

Scope of this study covers design of the control 

stage along with the embedded software. For the 

sensorless position estimation extended back-

EMF observer is analyzed in detail. This observer 

is a Luenberger type state observer that utilizes 

the system model inside the controller. State 

estimation is based on processing measured and 

known state variables into the system model. 

Verification of the sensorless position estimation 

is done using simulations. This is achieved by 

creating a FOC drive model simulation for 

extended back-EMF observer. Position estimation 

is compared with actual position and it is found 

out that estimation is accurate and dynamic. 

Sensorless drive system is also implemented in 

hardware and software. System verification is 

done by conducting laboratory experiments; 24 V, 

62 W, 3000 rpm motor that is been used in 

industrial fan applications is driven. No-load and 

full-load performance of the system is tested 

along with the transient loadings. Transient and 

steady state response of the system is found stable 

and dynamic. Along with the succesful results of 

the experiments, an industrial-grade drive system 

that is re-configurable and flexible is obtained. 
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Such a system is capable of replacing existing 

conservative solutions and thus offer greater 

customization.  
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Investigation of Cyber-Attack Methods and Measures in Smart Grids 

İsa AVCI*1 

Abstract 

Smart grids have been developing rapidly with the development of technologies in recent years. 

In the field of critical infrastructures such as natural gas, electricity, water, and energy systems, 

which are among the smart grids, its use has been increasing in Turkey and all over the world 

in recent years. With the increase in the use of smart grids, security problems have also gained 

importance. Cybersecurity attacks against these networks are increasing every year. In this 

research study, smart cities, smart networks, and the most common cybersecurity attack 

methods against these systems were investigated. The studies on security in smart grids in the 

last 10 years have been examined and presented in a table. As a result of these researches, cyber-

attacks that are experienced and likely to occur in smart networks were determined. The 20 

most used cyber-attack methods were analyzed. In addition, the measures that can be taken 

against cyber-attacks are analyzed in detail. In addition, in this article, studies on security 

problems in smart grids are examined and evaluated. 

Keywords: Smart grid, smart grid security, cyber-security, security measures 

 

1. INTRODUCTION 

Emerging information and communication 

technologies, in addition to the increasing 

population in big cities, due to the increase in 

construction investments and megacities in 

energy demand, comes to the fore the need for 

intelligent networks. Optimum operation of the 

natural gas grid has been a major challenge, 

particularly in the energy sector, but the fact that 

this goal can be achieved with the smart grid 

concept underlines the need to invest in the smart 

grid concept. 

Smart grids have become widespread in the last 

years with the developing technology, and with 

the developing technology, the risks and security 
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vulnerabilities that may occur come to the fore. 

Smart grids especially cover electricity, water, 

and natural gas networks and their usage areas [1]. 

It is a fact that cyber-attacks already offer an 

opportunity in terms of anonymity and 

deniability. In addition, it is difficult to determine 

who and who are financed by these attacks and 

which countries are behind these attacks. 

Therefore, it is very difficult to determine the 

risks and threats in cyberspace and to take 

precautions against them. In such an environment, 

it is no longer mentioned about ensuring absolute 

cybersecurity but instead aims to make 

cybersecurity risks manageable and acceptable. It 

is recognized that being in an open and connected 

environment such as the Internet carries some 

risks associated with increased accessibility. It is 
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imperative to be prepared for cyber incidents by 

managing these risks with a holistic approach 

involving all stakeholders and to ensure their 

continuity by eliminating these incidents with the 

least damage. 

This study aims to assist studies that will conduct 

research, development, and design, especially on 

smart grids. First, the definitions of the smart grid 

and city concepts are made. Then, the most 

common cyber-attacks in smart networks are 

given. In addition, academic studies on security 

and cybersecurity in smart networks are examined 

and given as a table. Here, the main purpose is to 

present what studies are carried out on security 

issues in smart networks and which studies are 

required. 

2. SMART CITY 

Smart cities are based on the idea of restructuring 

the situations of cities in a way that provides 

maximum efficiency with a focus on people and 

nature. In addition, smart cities have a human-

oriented, strategic, development, change, 

environment that creates and supports a 

management approach. Due to these reasons, 

these cities are city structures with improved 

service areas and living standards. These 

structures are based on creating new living spaces 

that are comfortable, healthy, people-oriented, 

self-sufficient, where resources are consumed 

efficiently and intelligently, respectful to nature, 

environmental problems are minimized by using 

innovative and sustainable methods. 

Smart cities encompass energy infrastructure, 

traffic management, waste management, health, 

transportation, water supply, and other services. 

Thus, a smart city has a mutually beneficial 

interaction between service providers and 

citizens. Information and Communication 

Technologies (ICT) are used to increase the 

quality, efficiency, and consistency of urban 

services in smart cities. It also aims to reduce the 

costs of the smart city and reduce resource 

consumption and improve communication 

between citizens and the state. Research on smart 

cities started in the 2000s and there are many 

definitions of smart cities. For example, smart 

cities are defined as the combination of reliable 

infrastructure, data quality, and corporate 

infrastructure [2]. The main purpose of the 

development and dissemination of smart cities; 

• Suitability of urban vehicles, 

• The elegance of the city administration, 

• Habitability of the living space, 

• The intelligence of infrastructures, 

• Long-term network security effectiveness. 

 

Figure 1 Smart cities overview [3]. 

The International Telecommunication Union 

(ITU) analyzed nearly 100 applications and used 

them to develop the following innovations. Smart, 

resilient metropolitan areas are modern cities that 

use ICT and other regulations to make urban 

operations, utilities, and competitiveness more 

vibrant and efficient [4].  

3. SMART GRID 

Infrastructure services are very important as an 

integral part of urban life. As the urban population 

continues to increase, control over these facilities 

becomes critical. Increasing population, 

Information Technology (IT) makes it impossible 

to use to manage applications and infrastructure. 

The International Electrotechnical Commission 

(IEC) 61850 standard, which is the smart grid 

field communication protocol, is the standard 

protocol for all protection, calculation, testing, 

and monitoring functions. The fact that the 

products manufactured by many manufacturers 

are produced following this protocol protects in 

terms of security. Otherwise, many different 

manufacturers cannot use asynchronous or 

parallel interfaces and protocols. In the technical 

field, equipment standardization and 
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interoperability have long been practiced together 

[5]. 

Siemens reports on the development of the smart 

grid and the new energy era, where its goals are 

diverse, chaotic, and competitive. The smart grid 

will provide energy stability, flexibility, and 

efficiency, not overloads, reductions, and 

blackouts. Mechanization will increase 

significantly and substations will help reduce 

preparation and operating expenses and labor 

intensity. Ongoing comprehensive monitoring 

will improve the way equipment, plant, and 

network work [6]. In addition, ICT forms the vital 

link between energy generation, transmission, 

distribution, and consumption. 

The key element that effectively validates the 

smart grid application is the performance and 

capacity to execute integrated, scalable, and 

interoperable responses linked to engineering 

science. This will track the energy consumption 

of the smarter in the world, using the mobile 

devices of the customers, using the internet or 

private home monitors, and at the same time, 

these services will be implemented through meter 

data management systems. The meter also detects 

power surges and interruptions, and services to be 

used as a sensor network can also be used to 

connect or disconnect from a remote connection 

[7]. 

Network security, the biggest challenge in smart 

grid deployment, is maintaining a consistent 

appearance across all applications. Independent 

interfaces must be protected by a comprehensive 

border service that provides multiple layers of 

protection to prevent attacks. In addition, 

validating running applications and network 

architecture with a power management tool called 

CISCO EnergyWise can improve energy 

efficiency and significantly reduce costs [8].

 

Figure 2 Smart grids overview [9]. 

A smart grid system should have the following 

features; 

• Digitalization, 

• Intelligence, 

• Durability, 

• Personalization, 

• Flexibility. 

Digitization means having a digital platform that 

makes the system fast and reliable. Intelligence 

means using smart technology. Durability means 

that the system should not be affected by any 

attack, Personalization means that the system 

should be customer-specific. Finally, flexibility 

means that the smart grid must be compatible, 

expandable, and adaptable [10]. 

Figure 3 below shows the ranking of the sectors 

most affected by cyberattacks in the world as of 

September 2017. According to the survey, 26% of 

respondents in the energy sector said that their 

companies have been exposed to cyber attacks in 

the last 12 months [11]. 
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Figure 3 Cyber events that took place in October-

2020 [11] 

4. MOST FREQUENTLY USED CYBER 

ATTACK METHODS  

Cybersecurity contains much more 

comprehensive and vital components than viruses 

infecting personal computers, antivirus programs 

that need to be updated, blocking of 

advertisements to e-mails, or the capture of 

personal information [12]. These and similar 

situations are of course important, but when it 

comes to cybersecurity, smart cities and networks 

should be one of the first things to consider. 

Because when evaluated in terms of national 

security; In case of service loss or disruption of 

services that may occur in smart networks, it may 

cause large-scale economic damage, loss of life, 

or national security weaknesses [13]. Therefore, 

these critical systems are the most important 

assets to be protected within the scope of 

cybersecurity. This study has tried to draw 

attention to this issue. 

The most common cyber-attack methods are 

listed below [14-81]; 

• Distributed Denial of Service (DDoS) 

• Logic Bomb 

• Slave Computers (Botnet, Zombie) 

• Zero-Day Exploits 

• Advanced Persistent Threats (APT) 

• Baiting - Phishing Attacks 

• Rear Door (Back Door - Trap Door) 

• Rootkit 

• Spyware (Spyware - Adware) 

• Attack Kits 

• Ransomware 

• Social Engineering 

• Sending Unwanted Bulk Messages 

(Email) (Spam - Bulk - Junk Mail) 

• Listening of Network Traffic (Sniffing - 

Monitoring) 

• Use of Malware (Virus - Worm - Trojan 

horse etc.) 

• Cryptographic Attacks 

• IP Spoofing - Hiding (IP Spoofing) 

• Digital Manipulation 

• Open Microphone Listening 

• Session Hijacking 

• Listening of Network Traffic (Sniffing - 

Monitoring) 

• Use of Malware (Virus - Worm - Trojan 

horse etc.) 

• Cryptographic Attacks 

• IP Spoofing - Hiding (IP Spoofing) 

• Digital Manipulation 

• Open Microphone Listening 

• Session Hijacking 

• Wire Tapping 

• Internet Service Attacks 

• Programs that Record Keyboard 

Operations (Keyloggers) 

• SQL Injection 

When all studies were examined, these attack 

types were determined. Especially the most 

common cybersecurity attacks have been tried to 

be given in this study.  

5.  INVESTIGATION OF SECURITY OF 

SMART GRIDS 

Studies on cybersecurity in smart networks are 

given in chronological order. In recent years, 

intensive academic studies have been carried out 

on smart grids in the world and our country. 

Dönmez explains the subject of integration, which 

is indispensable for the efficient operation of 

smart grids, discusses with practical examples 

given from structural and technical aspects [5]. 

Iyer et al. mentioned cyber threats and risks in 

smart grids in his cybersecurity for smart grid, 

cryptography, and privacy study [10]. Yan et al. 

summarize the requirements and potential 

vulnerabilities in smart grid cybersecurity 
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Examine the available communication and 

cybersecurity solutions for smart grid 

communication [12]. Goel et al. describe the main 

security threats and cybersecurity in smart grid 

technologies as well as information about the 

vulnerabilities of smart grid strategies to protect 

from security breaches, recommendations on 

methodologies, and technologies [13].  

Kara and Çelikkol discuss the situation in Turkey 

in terms of the overall structure of the 

communication protocols of the SCADA system, 

as well as the precautions that need to be taken for 

the safe operation of the system in the SCADA 

transmission and distribution infrastructure of the 

electricity used [15]. Knap investigates attack 

vectors, management, and secure network for 

intelligent networks, SCADA, and other 

industrial control systems [16]. Burmester et al. 

provide a framework for modeling the security of 

cyber-physical systems. In this structure, the 

behavior of competitors, aspects of cyber-

physical aspects is combined [17]. 

 

Rice et al. provide systems engineering applied to 

a cyber-attack scenario on cybersecurity issues 

and the implementation of an intelligent network 

system shows the various methods and concepts 

of the discipline [18]. Ashok et al. propose a 

game-theoretical formulation model of defense 

and attack by determining specific attack and 

defense scenarios of cyber-physical security in 

smart grids [19]. Anwar et al. provide cyber-

attacks and solution methods in smart grid 

infrastructures are taken into consideration. 

Especially energy networks and SCADA systems 

are exemplified [20]. 

Liu et al. propose a model named ATSE that 

detects and predicts attacks by scanning and 

monitoring abnormal data traffic and bad data 

leaks in network traffic in smart grids [21]. 

Suleiman et al. propose for data to be safe and 

realistic in transmission lines and equipment in 

smart networks, as well as against attacks and 

leaks for a system security threat model (SSTM) 

[22]. Arabo explains cyber threats and 

precautions that may occur on critical 

infrastructure and smart devices used in smart 

home ecosystems are listed [23]. Knowles et al. 

provide the latest preparations and research for 

this risky and configuration. Implementation of 

special safety measures for industrial control 

systems, safety as a barrier to making this 

equipment [24]. 

Tawde et al. provide an overview of the structure 

of security mechanisms for communications 

SCADA at substation device Bump-in-Wire 

(BITW). It also provides a security solution that 

eliminates key management problems by 

integrating Protocol key distribution and 

management CDAC Sec-KeyD in IEC 62351 for 

the protection of the IEC 61850 protocol [25]. 

Drias et al. provide comprehensive 

cybersecurity issues for industrial control systems 

(ICS) are discussed. General SCADA structures 

and components are described [26]. Cherdyntseva 

et al. developed methods on cybersecurity risks in 

SCADA systems and precautions to be taken were 

investigated [27]. 

Wei et al. provide that the impact of smart grid 

data communication network-based attacks are 

caused examine the results of real-time and 

electricity. Moreover, the study and research of 

intelligent network security provide information 

on both field operations [28]. Mishra et al. present 

a new model for optimizing protection against 

burst attacks in smart networks. In addition, a 

rotation algorithm has been developed [29]. 

Young et al. offer a framework comprising of 

cyber insurance sector operating principles to 

measure risks. The framework for discussing 

critical infrastructure owners and operators of 

cybersecurity investments and optimization 

techniques to propose levels of insurance [30]. 

Şenol emphasizes that deterrence can be achieved 

with the cyber power gained by information and 

communication systems; information was given 

on the concepts of cyber power, deterrence, cyber 

attack, and cyber warfare; information 

technology, especially Internet's development and 

after the expansion in the world and some of the 

major events and consequences of cyber attacks 

experienced in Turkey revised; The content and 

results of the cyber attacks on Sony in 2014 were 

evaluated [31]. 
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Stuart Borlase evaluations on infrastructures, 

technologies, and solutions used in smart 

networks are discussed [32]. Zhou et al. provide 

that cybersecurity standards, procedures, and best 

practices on SCADA are thoroughly reviewed. 

Thanks to these standards, defense theory in depth 

is recommended [33]. Do et al. explain that cyber-

attacks and vulnerabilities made to the SCADA 

system were analyzed. In addition, SCADA 

architectures are given in detail. Measures and 

approaches to be taken against attacks have been 

analyzed [34]. Pour et al. provide that 

vulnerabilities of smart grid systems, possible 

intentional attacks, and precautions to be taken 

against these threats are discussed [35]. Antón et 

al. provide that the cyber-attacks your industry 

and infrastructure companies have been exposed 

to in the last 20 years are discussed. In addition, 

different attack types and their entry points are 

analyzed [36]. Kuzlu et al. provide that the 

standards used in intelligent networks and 

protocols are discussed in detail and explained 

[37]. 

Deng et al. explain that on the smart grid cyber-

physical attacks and countermeasures (CCPA) are 

discussed. A vector measuring means for 

neutralizing the effect of physical attack vectors 

(PMI) can synthesize data injection attack vectors 

based on measurements carefully and thus 

recorded can prevent detecting invalid data before 

determining the CCP [38]. Shaileshwari et al. 

provide that the use of SDN network 

infrastructure against cyberattacks in smart 

networks and to provide a smart communication 

network is discussed [39]. Nazir et al. discuss 

SCADA tools and techniques for detecting 

security vulnerabilities in the system. A 

comprehensive summary of the chosen approach 

is provided, with an indication of feasibility [40]. 

Bretas et al. present a methodology for the cyber-

physical security of smart grids and therefore 

discusses the possibility of diagnostics, 

identification, and verification [41]. Eder-

Neuhauser et al. defense methods against 

common malicious software in smart networks 

are discussed [42]. At the same time, 19 malware 

types are compared. Baig et al. provide that by 

identifying specific threats smart cities and 

intelligent manner realistically with a view, 

looking around with a holistic view of the city 

[43]. Anwaar AlDairi et al. provide smart cities to 

discuss cybersecurity challenges and current 

solutions [44]. Otuoze et al. explain that 

cyberattacks can occur in smart networks and the 

classification of these attacks is discussed [45]. 

Maglaras et al. provide that security issues and 

solutions on Industrial Control Systems and IoT 

are covered [46]. 

Luo et al. provide that cyberattacks on smart city 

observers aim to aid detection and isolation. They 

propose a graph-based algorithm based on the 

theory of measurements [47]. Ding et al. explain 

that security control and attack detection 

approaches and mathematical models are 

examined. In addition, specific approaches are 

summarized in the study [48]. Saini et al. discuss 

how should a better cybersecurity level be in 

smart cities without too much modeling are 

discussed [49]. Kurt et al. propose a powerful 

online false data injection (FDI) and interference 

attack detection algorithm that provides online 

estimates and outcome predictions of unknown 

and time-varying attack parameters [50]. 

Pate-Cornell et al. cyber risk management and 

analysis models in smart grids and critical 

infrastructures are discussed. Especially Markov 

and Bayesian analysis models are shown. 

Measures to be taken against risks are discussed 

[51]. Kurt et al. explore online detection of 

deceptive attacks and the prevention of service 

attacks on an intelligent network. The system is 

modeled as a linear dynamic system with discrete 

time, and the state is estimated using the Kalman 

filter. Detectors for intrusion detection and 

recognition are proposed [52]. 

Tarıq et al. explain that away smart grid and 

service-oriented development methodologies 

such as global networking systems (CPS) offer 

[53]. Lopez et al. propose a new architecture 

divided into five subnets, which allows the 

integration of a cloud infrastructure responsible 

for executing predictive analytics to conform to 

the demand response by implementing a load 

balancing algorithm [54]. Farraj et al. propose an 

adaptive parametric feedback linearization (PFL) 

control scheme to achieve the temporal flexibility 
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of smart grids. In addition, data integrity and 

availability are verified for intelligent network 

attacks [55]. Che et al. provide that a cyber 

cascade monitoring system (CCS) is proposed to 

detect malfunctions triggered by potential data 

attacks [56]. 

Şimşek et al.the TPS3 security protocol is 

recommended to protect data privacy in smart 

cities [57]. Ni et al. based on reinforcement 

learning to determine the most appropriate order-

based attack on certain targets propose a new 

solution for a multi-stage game between offensive 

and defensive [58]. Kim et al. explore the need for 

smart grids and explores industry initiatives to 

combat and respond to smart grid security threats 

[59]. Mrabet et al. reviews security requirements 

and provide descriptions of various serious 

cyberattacks and recommend a cybersecurity 

strategy for detecting and countering these attacks 

[60]. Kimani et al. examine the basic security 

IOT-based challenges and problems that prevent 

the growth of the smart grid [61]. 

Hossain et al. explore the next generation of the 

smart grid electricity grid (SG) in the network 

with the emergence of big data and machine 

learning applications was conducted as a 

comprehensive study [62]. Islam et al. explores 

the vulnerability and hazards associated with the 

components of the smart energy system and 

relevant communication standards, including 

devices with support for the Internet of Things, 

and explores the measures to be taken against 

cyber attacks [63]. 

Sakhnini et al. discuss the object of the Internet to 

the (IoT) based on bibliometric research articles 

about security aspects of smart grids provide an 

overview [64]. Kumar et al. provide that 

traditional energy networks and smart metering 

networks in this article provide a brief overview 

of the targets of cyber attacks in real-world events 

[65]. De Dutta et al. aim to provide an overview 

and history of some of the existing solutions for 

detecting and preventing cyber threats and 

security issues affecting machine-to-machine 

communication (M2M), applications in smart 

grid, M2M data in the smart grid [66]. Gusrialdi 

et al. is highlighting the close relationship 

between the physical communication network 

system, the system offers an overview of the 

cyber attacks on power systems from a theoretical 

perspective [67]. 

Khan et al. provide various critical aspects of 

Blockchain technology such as operating mode, 

possible improvement proposals using Proof-of-

Stake, and other special options are analyzed in 

different ways [68]. Mollah et al. provide a 

comprehensive overview of the implementation 

of blockchain in a smart grid. So can be solved by 

the blockchain determines the basic security 

problem of the intelligent network scenario [69]. 

Gündüz M. Z. et al. provide a comprehensive 

overview of the implementation of blockchain in 

a smart grid. Thus, it detects the basic security 

problems of smart grid scenarios that can be 

solved with blockchain [70]. Mathas et al. 

examine smart grid threat environments, 

identifies threats specific to that infrastructure, 

assess the severity of each type of attack, lists 

features and methods that can be used to detect 

attacks and should be used to mitigate them [71]. 

Ferrag et al. base on available smart grid fog 

SCADA systems to provide a comprehensive 

overview of cybersecurity solutions [72]. 

Moghadam et al. the key to overcoming the 

security weaknesses of the mix at the right time to 

facilitate coordination and proposes a secure 

communication protocol based on the private key 

[73]. Zhang et al. production, transmission, 

distribution, and improved monitoring of all 

network components, including consumers, two-

way communication to ensure the protection and 

optimization of digital technology, advanced 

detection offers examples of their computing 

infrastructure and software capabilities [74]. 

Hittini et al. explore a smart grid false data 

injection protocol to prevent distribution systems 

(FDIPP) have been proposed. The protocol 

hierarchy and distribution system is designed to 

work on many assets matching a new hierarchical 

network architecture [75]. 

Amin et al. discuss Naive Bayes offers a new 

algorithm based on belief propagation (BP), a 

higher rate of detection than the current machine 

learning classifiers, such as support vector 

machines to detect both random and hidden FDIA 

in intelligent networks [76]. Shrestha et al. 
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propose a methodology called "Classification of 

intelligent network security» (SGSC), which 

focuses on the characteristics of the expanded 

measurement systems infrastructure (AMI), 

designed for complex systems, such as intelligent 

networks [77]. Jeyaraj et al. suggest a deep 

learning algorithm for multi-dimensional analysis 

and classification of non-periodic electricity. It 

should be noted that aid in the detection of power 

theft consumer intermittent load curve [78]. 

Gandi et al. explain that renewable energy source 

(RES) with the increasing use of inertial damping 

system that affects the stability of the system and 

the stresses that can cause failure. The protection 

of these systems with the introduction of 

renewable energy sources and managing systems 

has become more complex. Therefore, to solve 

these problems in a wind energy system with a 

reliable energy storage system implementing an 

intelligent control technique is proposed [79]. 

Khan et al. purpose software-based key elliptic 

curve cryptography (PALKA) intelligent network 

unified structure design. Based on a random 

oracle model and informal security analysis, 

PALKA's official security review and Avispa 

simulation based on a formal security analysis of 

PALKA were tested to return PALKA against 

man-in-the-middle and duplications. PALKA's 

lower information and communication about the 

user compared to other related protocols in the 

same environment [80]. Tufail et al. discuss 

attacks by using artificial intelligence (FDIA), 

which can be very useful by methods such as the 

prevention and subsequent FDIA through 

encryption, multifactor authentication, and 

configuration intrusion detection system. In 

addition, timely updates and patches can 

minimize the possibility of invasion [81].

Table 1 Cybersecurity attacks and measures in smart grids 

  Cyber-Attack Methods 
Cyber Security Attack Measures 

1 2 3 

1 DDoS 

Operation-Based 

Defensive 

Architecture[15] 

IDS[41] IPS[19] 

2 Man in The Middle (MITM) 

Operation-Based 

Defensive 

Architecture[56] 

TARP: Ticket-Based 

Address Resolution 

Protocol 

TARP: Ticket-Based Address 

Resolution Protocol 

3 
APT-Malware 

(Worm,Trojan,Rootkit, Virus) 
IPS/IDS[34] 

Signature-Based 

Prevention[51] 
Signature-Based Prevention[67] 

4 Replay Attack 

Operation-Based 

Defensive 

Architecture[48] 

Neural Network 

Based IDS[76] 

Single Sign-On Protocol Based 

on Dynamic Double 

Password[81] 

5 Spoofing(ARP,IP,GPS) IDS[31] 
MAC-IP Database 

Center[67] 

Using AES and RSA 

Encryption 

6 
MODBUS/TCP Protocol 

Attack 
IPS/IDS[33] SSL VPN[66] 

Explicitly define a set of 

allowed MODBUS commands, 

register values, and binary 

coils[51] 

7 DNP3 Protocol Attack 
Encapsulated within 

TLS[48] 

Implement DNP3 

Secure[44] 

Block the DNP3 based traffic 

from corporate into control 

networks through IPS[44] 

8 
Malicious Command and 

Software Injection 

Signature-Based 

Prevention[48] 

Ensemble of Deep 

Belief Network 

(DBN)[45] 

PIVOT Algorithm[69] 

9 Buffer Overflow 
Real-Time Operation 

System(RTOS) 

Hardware/Software 

Address Protection 

(HSAP) 

Fonksiyon İşaretleyici XOR 

(HSAP)[65] 

10 Social Engineering Empirical Database[58] 

Mean Time-To-

Compromise 

Metric[63] 

X 

11 
Physical Attack (Sensor, 

Actuator, Camera) 
IPS/IDS[22] 

Detection 

Algorithms[60] 

A fuzzy-logic-based approach 

for modeling[59] 
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12 SQL Injection 

Cyber Threat 

Intelligence (OSINT, 

SOCMINT, 

HUMINT)[44] 

Create static function 

calls for external 

commands[61] 

Use library calls 

implementation technique in 

programming[55] 

13 Zero-Day Attack 

Signature detection 

technique used by 

intrusion detection and 

prevention Systems[17] 

Anomaly detection 

based intrusion 

detection 

technique[31] 

Attack Database[23] 

14 
Unauthorized Access 

Activities 

Using secret keys, 

either in a peer-to-peer 

manner or via a trusted 

third party[19] 

Signature-based 

intrusion detection 

technique[35] 

Machine Learning-Based 

IDS[33] 

15 Insider-Outsider Attacks State-based IDS rules X X 

16 Network Traffic Anomaly SDN[16] 
Automatic Intelligent 

Cyber Sensor[46] 

Intrusion Detection 

Mechanism[27] 

17 Back Doors IPS/IDS[32] 

Luenberger 

Observers (LOs) and 

Unknown Input 

Observers (UIOs) 

Machine Learning-Based 

IDS[28] 

18 Reconnaissance Attacks 
Ensemble of Deep 

Belief Network[37] 

Machine Learning-

Based IDS[17] 
State-based IDS rules[44] 

19 Sniffing IPS/IDS[34] 
Signature-Based 

Prevention[48] 
X 

20 Cryptographic Attacks 
State based IDS 

rules[59] 
X X 

With the research and development of security 

technologies in the details given in the table, 

smart grid research has been rapid in this area. 

Especially with the increasing cyber attacks in 

recent years, we have presented in this article by 

investigating how experts and institutions in the 

sector can deal with these attacks and what 

precautions they should take. As a result of the 

research, it has been observed that there are more 

attacks on SCADA, especially in smart networks. 

For this reason, it should be aimed to take more 

intensive measures for security studies specific to 

SCADA, PLC, RTU, HMI and to protect smart 

grid systems by developing new safe models. In 

addition to smart grids, critical infrastructures, 

and industrial control systems (ICS), safe models 

and methods, must be protected. The methods 

given in the examinations made in this study are 

intended to provide convenience to researchers. 

6. CONCLUSION 

The development of smart grids all over the world 

and in our country has accelerated in recent years. 

The rapid increase in technological developments 

in smart grids makes security problems in this 

area important. Increasing cybersecurity attacks 

in recent years draw attention to the importance of 

these problems in terms of economy, 

sustainability, and security. In this study, national 

and international academic studies on the security 

problems of smart grids were examined. 

Particular attention was drawn to this issue by 

providing information about possible and 

experienced cyber-attacks. When the academic 

studies conducted in the last 10 years are 

examined, it has been evaluated that the attacks 

against SCADA and industrial control systems 

have increased and that these systems should be 

protected with more secure hardware and 

software. In addition, in this study, the most 

common and possible cyberattack methods in 

smart networks were examined and 20 attack 

methods were analyzed. The development of 

smart grids brings with it security problems. In 

this article, the importance of these problems and 

the precautions that can be taken against cyber 

attacks are researched and given in a table. In 

addition, in the light of the information obtained 

here, cyber attacks that may occur in smart 

networks and the measures that can be taken 

against them are given by researching. By giving 
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studies on this subject, academicians working on 

this subject and companies with smart grids were 

informed. This study aims to shed light on the 

researches and studies to be done on this subject. 
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Comparison of Maximum Power Point Tracking Methods Using Metaheuristic 

Optimization Algorithms for Photovoltaic Systems 

Necati BİLGİN*1, İrfan YAZİCİ1 

Abstract 

The maximum power value that can be obtained from photovoltaic systems can change 

continuously due to environmental conditions such as temperature, sunlight and partial shading. 

Direct current-direct current (DC-DC) converters and maximum power point tracking (MPPT) 

algorithms are required, especially in cases of partial shading, in order for the photovoltaic 

systems to operate at the maximum power point, that is, to draw the maximum possible power 

value from the system. In this study, simulation studies has been carried out for two different 

partially shaded scenarios using the boost-type DC-DC converter and MPPT algorithm in the 

PV array consisting of 3 panels connected in series. In the simulation studies, the output powers 

obtained by the application of particle swarm optimization, cuckoo optimization, bat 

optimization and firefly optimization techniques as MPPT algorithm has been compared. In the 

scenarios examined, the firefly optimization algorithm reached the maximum power point 

faster, and it has been observed that the firefly optimization method obtained the highest 

average power at the end of the simulation periods. 

Keywords: Photovoltaic system, partially shaded condition, MPPT, optimization 

algorithms, DC-DC converter

1. INTRODUCTION

Today, due to the decrease in limited natural 

energy resources such as natural gas and oil and 

the huge damage to the environment, the tendency 

towards renewable energy sources such as sun, 

wind and geothermal has increased. Photovoltaic 

(PV) systems based on semiconductor elements 

have been developed in order to use the energy 

coming from the sun in electrical systems. As PV 

systems are considered as reliable and promising 

renewable energy sources, they are expected to 

play a key role among power generation systems 

* Corresponding author: necatibilgin@hotmail.com
1 Sakarya University, Faculty of Engineering, Department of Electrical and Electronics Engineering, Turkey.

E-Mail: iyazici@sakarya.edu.tr

ORCID: https://orcid.org/0000-0002-6309-5989; https://orcid.org/0000-0003-3603-7051

in the future [1]. However, maximum power point 

tracking methods have to be used to keep the 

power that can be obtained from the PV system at 

the maximum level. 

Various optimization algorithms such as Particle 

Swarm Optimization (PSO), Bat Optimization 

(BO), Firefly Optimization (FO), etc. have been 

proposed as MPPT techniques in the studies, 

depending on the application [2-6]. Dolara et al. 

compared the energies obtained from the PV 

module for 2 different solar irradiation conditions 

using classical MPPT techniques such as open 

voltage, short circuit, incremental conductance, 
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perturb and observe [7]. Miyatake M. et al. 

compared the results obtained from particle 

swarm optimization with Fibonacci search 

method, hill climb method and constant voltage 

methods [8]. Eltamaly A.M. et al. proposed a new 

method for maximum power point tracking 

(MPPT) based on the bat optimization [9]. Ding 

J. et al. proposed a new MPPT method created by 

combining particle swarm optimization and 

cuckoo search optimization [10]. Dhivya P. et al. 

compared the MPPT results obtained by perturb 

and observe method, particle swarm optimization 

and firefly optimization [11].  

In this study, a simulation study has been carried 

out with a PV system consisting of a PV array, 

boost converter and MPPT controller. In order to 

see the performance of different optimization 

methods on MPPT, 4 different metaheuristic 

optimization techniques has been used and the PV 

system output powers obtained as a result of the 

simulation has been compared.  

2. PHOTOVOLTAIC SYSTEM 

PV systems convert the energy in sunlight directly 

into electrical energy. This transformation was 

first discovered by French scientist Alexandre 

Edmond Becquerel in 1839 [12]. Later, it was 

used in space research with the discovery of 

semiconductor materials such as silicon with PV 

property. Although it was not preferred in the past 

due to its application cost, its use has gained great 

momentum in the last 20 years. 

The main applications of PV systems are stand-

alone (water pumping, home and street lighting, 

electric vehicles, military and space applications) 

or grid-dependent configurations (hybrid systems, 

power plants) whose use has increased recently 

[13]. 

Basic elements of PV systems are cells formed 

with semiconductor diodes. Cells can be made of 

various semiconductor materials. When the cell 

absorbs photons from sunlight, electrons are freed 

from silicon atoms and are attracted by a grid of 

metal conductors, resulting in a direct current 

flow and electricity is produced [14]. 

One-diode or two-diode equivalent circuits are 

used to model the cell. In this study, the single 

diode circuit model given in Figure 1 is used. 

Iph

Rs

RloadRshD

Id Ish

Is

Vload

 

Figure 1 One-diode equivalent circuit 

For one-diode model, the output current is 

obtained with Kirchoff's current law given in 

equation (1) [15]. 

s ph d shI I I I= − −
 

(1) 

Here, 
phI  is the photocurrent generated, dI  is the 

saturation current, shI  represents the current 

flowing through the parallel resistor. 

Mathematical expression of the cell given in 

equation (2) is obtained when the saturation 

current and the current flowing through the 

parallel resistance are reformed in the equation 

[15]. 

0

( )
exp 1s s s s

s ph

k sh

q V R I V R I
I I I

nkT R

  + + 
= − − −  

   

 (2) 

Here, 0I  is the diode saturation current, sI  and V  

are the current and voltage of the PV cell, 

respectively, and shR  and sR  are the parallel and 

series resistors, respectively. k  represents 

Boltzmann constant with value 
231.38 10 /x J K−

, 

q  charge amount of an electron with value 
191.602 10x C−

, and kT  is cell temperature. 

The cellular groups formed in the protective 

laminated surface are called modules in order to 

reduce the effects of cells from various 

environmental conditions and to obtain higher 

powers compared to cells. Cells are connected in 

parallel to increase the current and in series to 

increase the voltage, depending on the area of use. 
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The groups of modules obtained by connecting 

modules in series or in parallel in order to obtain 

higher powers compared to modules are called 

arrays. When constituting arrays, modules are 

connected in parallel to increase the current and in 

series to increase the voltage. 

In PV systems, the output power varies depending 

on solar irradiation and temperature. As the solar 

irradiation increases, the current increases and so 

the output power also increases. On the other 

hand, as the temperature increases, the voltage 

decreases and so the output power decreases. 

Changes in current, voltage and output power 

according to solar irradiation and temperature are 

given in Figure 2 and Figure 3. 

 

Figure 2 Effects of solar irradiation on I-V and P-V 

curves 

 

Figure 3 Effects of temperature on I-V and P-V 

curves 

In a system built with PV arrays, some modules 

may generate less power than others due to partial 

shading caused by environmental causes such as 

buildings, trees, and clouds [16]. In such cases, 

the efficiency of the system decreases and less 

output power is obtained. In Figure 4, the power-

voltage (P-V) curves of the changes in the output 

power of an array whose modules are subject to 

partial shading are given. As can be seen from the 

curves, when the modules on the system are 

exposed to equal sunlight, only one maximum 

power point (MPP) is formed in the P-V curve and 

this point is the global MPP. However, when the 

modules are exposed to different sunlight, more 

than one MPP is formed, the largest of these 

points is the global MPP and the others are the 

local MPP. 
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Figure 4 Effects of partially shaded condition on P-V 

curve 

In this study, boost type DC-DC converter is used 

to adjust the power value drawn from the PV 

system. In Figure 5, MPPT block diagram 

consisting of PV system, MPPT controller and 

boost converter is given. 

In the boost converter, when the S switch is ON, 

the D diode is reverse polarized, the VPV input 

voltage is applied to the L inductor. The current 

increases from zero current in the inductor when 

operating in discontinuous mode or from a certain 
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starting current when operating in continuous 

mode to its peak value. 

S
V

C R

D
L

i1 +  VD   -

+

VC

-

iC +

VR

-

MPPT 

Controller

Vpv

V

I

PWM

 

Figure 5 MPPT block diagram 

When the S switch is turned OFF, the voltage on 

the inductor is reversed, causing the diode voltage 

to be above the input voltage. The diode VPV 

transfers the energy of the inductor L to these 

elements, as well as the energy transferred to the 

capacitor C and the load R by the input voltage. 

In this way, VR voltage is greater than VPV 

voltage. In this study, equations (3), (4) and (5) 

has been used while calculating the boost 

converter parameters [17].    

0
1

inV
V

D
=

−  

(3) 

( )
2

min

1

2 s

R D D
L

f

−
=

 

(4) 

0
min

0 s

DV
C

V f R
=


 

(5) 

Here, 0V  is the output voltage of the converter, inV  

is the PV array voltage, and D  is the duty ratio of 

the PWM sign that determines the ON-OFF 

position of the switching element in the circuit. R  

is the load resistance, sf  is the sampling 

frequency, and 0V  represents the ripple in the 

output voltage. 

3. OPTIMIZATION ALGORITHMS 

3.1. Particle Swarm Optimization (PSO) 

PSO, developed by James Kennedy and Russell 

C. Eberhart in 1995, is an optimization algorithm 

based on socio-psychological theory [18]. The 

algorithm deals with the search for optimum 

values of individuals called particles in a 

population. 

In each iteration performed in the PSO algorithm, 

the positions and velocities of each particle and 

the global optimum position are updated. The 

following equations (6) and (7) are used to update 

the position and velocity of the particles in the 

population [19]. 

1 1

2 2

( 1) ( ) ( ( ))

( ( ))

ii i best i

best i

v k v k c r P x k

c r G x k

+ =  +   −

+   −
 

(6) 

( 1) ( ) ( 1)i i ix k x k v k+ = + +
 

(7) 

Here, ( )iv k  is velocity for the i ’th particle at the 

k ’th iteration,   is the weight function constant, 

1c  and 2c  positive constants in the range of [0, 2], 

1r  and 2r  uniformly distributed random numbers 

in the range of [0, 1]. ( )ix k  is position for the i

’th particle at the k ’th iteration, 
ibestP  is the best 

position for the i ’th particle and bestG  represents 

the best position so far. The flowchart used for 

MPPT based on PSO  is given in Figure 6 [20]. 

3.2. Cuckoo Search Optimization (CSO) 

CSO was developed by Xin-She Yang and Suash 

Deb in 2009 by transforming the parasitic life 

situation resulting from some cuckoo birds laying 

their eggs in their nests to other birds' nests into 

an optimization technique [21]. Some cuckoo 

species can mimic the shape and color of the 

nesting bird, which increases the likelihood of 

breeding. It is also known that cuckoo birds lay 

their eggs at a certain time, so that their eggs hatch 

some time before that of the nest-owning bird. 

After early hatching, cuckoo birds destroy the 

eggs of some nesting birds to increase their 

chicks' chances of getting more food. It is also 
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possible that nesting birds will notice the cuckoo's 

eggs and destroy them. Sometimes nesting birds 

leave their nest altogether and go elsewhere to 

build a new nest [22]. New nests in CSO are 

obtained by using the L´evy flight with the 

following equation (8) [23]. 

Start

Initialize parameters

i=1

Acquire Vpv and Ipv for 
particle «i»

Calculate power for 
particle «i»

P[i] > Pbest[i]

P[i] > Gbest

Update 
Pbest[i]

N

Y

Update 
Gbest

Y

Are all  particles evaluated?

N

i=i+1N

Update position and 
velocity of particles

Y

Convergence
criteria met?

j=j+1N

Y

Power changed %10?

Y

N

 

Figure 6 Flowchart of PSO algorithm 

( 1) ( ) ' ( )ij ijx k x k Le vy + = + 
 

(8) 

Here, ( )ijx k  is the nest, ( )0 best ia x x = −  and 0  

is the initial step interval,   and   represents the 

entry-wise multiplication operation and  the flight 

parameter of L´evy, respectively. The Lévy flight 

is a random walk in which the step lengths have a 

Lévy distribution, which is a probability 

distribution. The flow diagram used for MPPT 

based on CSO is given in Figure 7 [24]. 

Start

Initialize parameters

i=1

Acquire Vpv and Ipv for 
cuckoo «i»

Calculate power for 
cuckoo «i»

Are all  powers calculated? i=i+1N

Y

Convergence
criteria met?

j=j+1N

Y

rand>Pa
Abandone worse 

nests and built new 
nests

Y

Obtain the next generation using 
Lev y flight 

N

Power changed %10?

Y

N

 

Figure 7 Flowchart of CSO algorithm 
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3.3. Bat Optimization (BAO) 

BAO is one of the algorithms developed by taking 

inspiration from nature. The algorithm developed 

by Xin-She Yang in 2010 is based on sound 

echolocation of bats. Bats express their distance 

to prey or food by changing the frequencies of the 

sounds they make. In this way, it enables the 

population to obtain more solutions that are 

diverse. 

For the bat algorithm, the following equations (9), 

(10) and (11) are basically used [25]. 

min max min( )if f f f= + −
 

(9) 

1 1( )k k k

i i i best iv v x x f− −= + −
 

(10) 

1k k k

i i ix x v−= +  (11) 

Here,  0,1   is a random number, bestx  is the 

best position in bats, if  is the frequency for i ’th 

bat, minf  and maxf  are the minimum and 

maximum frequency, respectively. Each bat 

initially has a randomly assigned frequency 

between minf  and maxf . k

ix  and k

iv  represent the 

position and velocity of the i ’th bat at the k ’th 

iteration, respectively. The flowchart of the BAO 

algorithm is given in Figure 8 [18]. 

3.4. Firefly Optimization (FFO) 

FFO is a meta-heuristic optimization technique 

based on swarm intelligence and inspired by the 

light emitted by fireflies, developed by Xin-She 

Yang in 2008 [26]. The two main functions of the 

light emitted by fireflies are to attract mating 

partners and potential prey. 

The positions of fireflies in FFO are updated by 

equation (12) [27]. 

1 1
( ) ( ) ( )

2

k k k k

i i i jx x r x x rand + = +  − + −
 

(12) 

Here, k

ix  and 
k

jx  are the position of i  and j  

fireflies at the k ’th iteration, respectively, ( )r  

is the attraction function. Flowchart of FFO 

algorithm is given in Figure 9 [28]. 

Start
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«i»

Are all  powers calculated? i=i+1N
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Y

Convergence
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Y

i=1

Rand < r
Update position 
of bat «i» using 

random walk
Y
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velocity

N
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Y

Power changed %10?

N
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Figure 8 Flowchart of BAO algorithm 

4. SIMULATION RESULTS 

In order to compare the MPPT performance of the 

optimization algorithms given above, the system 

consisting of 3-PV modules connected in series 

has been examined for two scenarios involving 

partial shading. The simulation study has been 
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carried out with Matlab R2020b software. For the 

scenarios, the simulation time of 1.5 s is divided 

into 3 equal parts and a different partial shading 

conditions are discussed at every 0.5 s. Partially 

shaded conditions and scenarios created are given 

in Table 1 and Table 2.  

Start

Initialize parameters

i=1

Acquire Vpv and Ipv for 
firefly «i»

Calculate power for 
firefly «i»

Are all  powers calculated? i=i+1N

Convergence
criteria met?

j=j+1N

Y

Find the best power

Y

Update positions of 
firefl ies

Power changed %10?

N

Y

 

Figure 9 Flowchart of FFO algorithm 

The system has constraint for maximum power at 

operating conditions due to nonlinear and inverse 

proportional relation between voltage and current 

as seen in Figure 2 and Figure 3. While the current 

varies 0 to short circuit current (Isc), the voltage 

varies 0 to open circuit voltage (Voc). When 

controlled current or voltage, the system can be 

operated at maximum power. In this study, 

voltage control mode has been selected and DC-

DC boost converter has been used in order to 

control voltage. Voltage has been controlled by 

changing of the duty ratio of converter under 

limits of 0 to 1. 

Table 1 Partially shaded conditions (PSC) 
PSC Module 

1 

Module 

2 

Module 

3 

Maximum 

Power(Pmax) 

PSC-1 1000 1000 1000 747 

PSC-2 760 888 401 391.4 

PSC-3 994 977 598 496 

PSC-4 943 426 984 472.1 

PSC-5 553 278 436 229.4 

PSC-6 329 864 540 286.4 

 

Table 2 Simulated scenerios 
Scenario 0 to 0.5 s 0.5 to 1.0 s 1.0 to 1.5 s 

Scenario-1 PSC-1 PSC-5 PSC-3 

Scenario-2 PSC-2 PSC-6 PSC-4 

4.1. Power obtained from Scenario-1 

In Scenario-1, all of the algorithms have reached 

MPP as seen in Figure 10. However, the times of 

algorithms to reach the global MPP has different, 

and the algorithm with the best value in terms of 

time has been FFO. In order to see the changes in 

the output power in more detail, the power 

between 0.5 and 0.8 s is shown in Figure 11 in a 

zoomed way. The MPP values reached by the 

algorithms are given in Table 3. According to 

Figure 10, Figure 11  and Table 3, even if FFO 

has the highest Pavg, PSO, CSO and BAO 

algorithms have the lowest power deviation at the 

MPP. As a result, if simulation period was  be 

longer, PSO, CSO and BAO would obtain higher 

power depending on the PSC. 
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Figure 10 PV system output power for Scenario-1 

 

Figure 11 PV system output power between 0.5 and 

0.8 s for Scenario-1 

Table 3 

Power values obtained with Scenario-1 
Algorithm Pmax1 

(PSC-1) 
Pmax2 

(PSC-5) 
Pmax3 

(PSC-3) 
Pavg 

Theoric 747.00 229.4 496.00 - 

PSO 746.78 228.58 495.93 500.99 

CSO 744.16 229.43 496.05 482.09 

BAO 746.07 229.05 496.08 491.47 

FFO 746.77 229.03 495.93 531.46 

4.2. Power obtained from Scenario-2 

In Scenario-2, all of the algorithms have reached 

MPP as seen in Figure 12. However, since the 

individuals used in CSO cannot converge to each 

other, they create oscillations in the output power. 

In addition, the times of algorithms to reach the 

global MPP has differed, and the algorithm with 

the best value in terms of time has been ABO. The 

MPP values reached by the algorithms are given 

in Table 4. As shown in Figure 12 and Table 4, 

even if FFO has the highest Pavg, difference 

between theoric power and power obtained by 

algorithm has been lowest for PSO at each MPP. 

As a result, if the simulation period was longer, 

best algorithm would be PSO for scenario-2. 

 

Figure 12 PV system output power for Scenario-2 

Table 4 Power values obtained with Scenario-2 
Algoritm Pmax1 

(PSC-2) 
Pmax2 

(PSC-6) 
Pmax3 

(PSC-4) 
Pavg 

Theoric 391.4 286.4 472.1 - 

PSO 391.22 286.40 471.63 362.19 

CSO 391.18 286.26 467.57 364.35 

BAO 391.18 275.05 468.28 365.21 

FFO 387.64 286.23 468.96 377.63 

5. CONCLUSION 

In this study, 4 different optimization techniques 

as MPPT method in PV systems have been 

examined comparatively in case of partial shading 

conditions. Among the optimization algorithms 

examined in the simulation studies, it has been 

shown that the FFO method provides better 

results in terms of the reaching time to the 

maximum power and value of the maximum 

power. 
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Response Surface Methodology-Based optimization of Inulinase Production 

from New Bacillus Isolates 

Sercan ÖZBEK YAZICI*1, Selmihan ŞAHİN2, Bahadır TÖRÜN3, Hacı Halil BIYIK3, İsmail 

ÖZMEN2 

Abstract 

This study aimed to investigate new bacterial sources with the ability to produce inulinase and 

to optimize fermentation conditions for inulinase production. The inulinase production was 

carried out using newly isolated Bacillus licheniformis and Bacillus velezensis among 

identified sixteen bacterial strains. The four essential variables incubation time (1-3 days), 

temperature (25-40°C), pH (5-7), and Wheat Bran (WB) level (1-5%) determined by the 

Plackett–Burman design (PB) were selected for optimization studies with Box-Benhken 

Design (BBD). These parameters were found to be very effective on inulinase production. 

The maximum inulinase activities for B. licheniformis and B. velezensis were 401.18 EU/mL 

and 344.61 EU/mL. Both inulinases sustained 50% of their initial activity at 30°C for 9 days. 

The results point out that bacteria are an important source as inulinase producer. The new 

isolates can be used in production of inulinase for industrial processes. 

Keywords: Bacteria inulinase, response-surface methodology, optimization, submerged 

fermentation 
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1. INTRODUCTION 

Inulin is present in many plants and is a fructose 

polymer consisted of fructose residues and a 

glucose moiety at the terminal end. It is an 

essential source in the production of fructose and 

fructooligosaccharides, which are used in 

industrial areas such as food, pharmaceutical, and 

medical applications [1]. Moreover, fructose is 1.5 

times sweeter than sucrose and it is generally 

considered the preferred safe sweetener in several 

foods and beverages. In addition, fructose has 

advantages such as less production costs and 

increased flavor, color, and product stability [2]. 

Fructose can be obtained from inulin by acid 

hydrolysis. However, that process leads to fructose 

degradation and low yield production. Therefore, 

the use of inulinases is considered to be a desirable 

approach to obtain high fructose syrups from 

inulin because of 95% pure fructose yield in a 

single-stage process [3, 4].  

Inulinases are industrially significant enzymes, but 

the production cost of the enzyme continues to be 

a major problem in its large-scale application. 

Using microorganisms as potential sources for 

inulinase production can result in high enzyme 

yield and stability, which reduces the cost [5]. 

Although fungi such as Aspergillis, Penicillium, 

Kluyveromyces sp. are the most common 

microorganisms to produce inulinase, bacteria and 

yeast also can produce inulinase. There are 

previous reports on the production of inulinase 

from bacteria such as Bacillus sp., Streptomyces 

sp., Xanthomonas sp., Clostridium sp. that can 

grow in environmental conditions such as high 

temperature, alkalinity, acidity, and salinity [1]. 

However, there is still a need to explore 

microorganisms for inulinase production with high 

yield and superior properties. Moreover, the 

synthesis of the enzyme by microorganisms is 

dependent on growth conditions, mainly the 

carbon source. The type of carbon source used in 

the medium affects growth, sporulation, and cell 

wall structure in microorganisms, which in turn 

can affect the secretion of the enzyme [1,6]. 

Inulinases have different catalytic properties 

depending on the microbial origin such as 

molecular mass, optimum pH, optimum 

temperature, thermal and pH stabilities [7]. 

Therefore, the appropriate carbon source and 

optimal fermentation conditions should be 

determined to increase enzyme production. 

Previously, the conventional “one-factor-at-a-

time” approach or statistical approaches have been 

used to determine optimal conditions for enzyme 

production. Statistical optimization facilitates 

determining parameters effective in enzyme 

production and the interactions between these 

parameters with lesser experiments while 

conventional methods are both laborious and time-

consuming. Factor design and response surface 

analysis, which are among the current statistical 

methods, are considered significant tools for 

optimization analysis. Especially, the statistical 

approach using PB design and response surface 

methodology (RSM) have a larger and wider 

application for optimization due to their 

advantages [8, 9] 

Based on all these findings, this study aims to 

investigate new bacterial sources with the ability 

to produce inulinase with high activity. For this, 

the fermentation conditions of these 

microorganisms are optimized for the production 

of inulinase with a low-cost substrate using 

statistical methods and increase the yield of 

enzyme production. After that, the obtained 

inulinases from B.licheniformis and B. velezensis 

were characterized by determining their optimum 

pH, temperature, and thermal stability. 

2. MATERİALS AND METHODS 

2.1. Materials  

Inulin from Alfa Aesar, Sucrose from Sigma, 

glucose from Sigma, fructose from Merck, and 

3.5-dinitrosalicylic acid from Sigma were 

purchased. Other chemical reagents used in 

experiments were analytical grade. 

2.2. Identification of bacterial strains 

Materials and Methods 

Soil samples were collected aseptically from 

Buharkent, Aydın geothermal sources and brought 

back to laboratory. Soil samples for isolation of 

microbes were obtained from the 15 to 20 cm 

layers below soil surface.  
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Nutrient agar was used for all experiments 

concerning screening, isolation and culture of 

microbes. Ten grams of each soil sample was 

added to 90 ml of autoclaved physiologic saline 

water (0.85%) and homogenized with shaker (150 

rpm). Ten-fold dilutions were prepared from 10-1 

to 10-7 and 100 µl of these dilutions were 

inoculated on growth media and incubated at 55°C 

for 24-48 hours. Each different colony were 

selected from the mixed culture and inoculated 

and incubated at 55°C for 24-48 hours until pure 

cultures were obtained [10]. Each isolate were 

stored in 20 % Skim milk solution at -20°C.  

DNA isolation of the samples were made with 

GeneMark Bacterial Genomic DNA purification 

kit according to the manufacturers instructions. 

After isolations DNA concentration and purity 

was measured with nanodrop spectrometer 

(Thermo Scientific). 16S universal rDNA primers 

were used (27F: 5’-AGA GTT TGA TCM TGG 

CTC AG-3’, 1492R: 5’-CGG TTA CCT TGT 

TAC GAC TT-3’) [11]. PCR reactions were 

carried out at initial denaturation 95ºC 5 min, 

denaturation 94ºC 30 sec, annealing 58ºC 30 sec, 

extension 72ºC 45 sec with 35 cycles and final 

extension at 72ºC 10 mins. Reagents 

concentrations were 10X Taq Buffer, 0.5M dNTP 

mix, 10 pM from each primer, 7.5 mM MgCl2 and 

1U Taq polymerase with the final volume of 25 μl. 

PCR products were sent to sequencing (Atlas 

Biotechnology, Turkey).  

Evolutionary analysis and tree construction were 

made with MEGA X software. The evolutionary 

history was inferred using the Maximum 

Likelihood method [12, 13, 14].  

2.3. Determination of bacterial strain 

producing inulinase 

A rapid plate screening assay was used to screen 

for inulinase-producing bacterial strains [14, 15]. 

For this, nutrient agar (NA) plates containing 1% 

w / v inulin were used to grow the bacterial 

strains, incubating at 40°C for 2 days. Lugol's 

iodine solution (5 mL) was added to plates and 

incubated for 10 min at room temperature. 

Afterward, the plates were washed with distilled 

water. The hydrolytic zone around the colony 

obtained is evidence of extracellular inulinase.  

2.4. Submerged fermentation medium and 

inoculum preparation  

Before starting the study, the strains were grown 

on NA slants at 40°C for two days.  

 

 

Table 1  

The activity of enzyme obtained with basal mediums selected according to the previous literature 

Medium Enzyme activity (EU/mL) Reference 

B.licheniformis  B. elezensis 

1%inulin, 0.3% K2HPO4, 0.1%  KH2PO4, 0.3% yeast extract, 

0.3% peptone 

35.21 ± 0.01 45.77 ± 0.01 [17] 

0.5 % inulin, 0.3% NaNO3, 0.5%  CaCl2,0.3% yeast 

extract 

47.32 ± 0.09 66.32 ± 0.2 [18] 

2%inulin, , 0.5% (NH4)2SO4, 0.5% yeast extract 11.49 ± 0.03 15.78 ± 0.06 [19] 

0.02%inulin, 0.04% K2HPO4, 0.008%MgSO4  0.2%peptone, 

0.2%yeast extract 

24.11 ± 0.9 45.21 ± 0.11 [20] 

YAZICI et al.

Response Surface Methodology-Based optimization of Inulinase Production from New Bacillus Isolates

Sakarya University Journal of Science 25(4), 1086-1101, 2021 1088



1% inulin, 0.1% K2HPO4, 0.05% MgSO4 7H2O, 

0.015%CaCl2.2H2O, 0.05% NaCl, 0.2% yeast extract, 0.3% 

peptone 

64.012 ± 0.7 69.23 ± 0.14 [21] 

1% inulin, 0.2%KH2PO4, 0.05% MgSO4, 0.5% NaNO3 101.45 ± 0.04 89.13 ± 0.07 [22] 

In 250 ml Erlenmeyer flask, a loopful of bacteria 

was used to inoculate nutrient broth (NB, 

100 ml).After that, the flasks were incubated at 

37°C and 150 rpm for one day. The optical density 

of NB was measured at 600 nm until it reached at 

1.0. 1 mL of NB was used for inoculation of the 

inulinase production medium [21, 23] 

In SmF where the production of enzyme takes 

place, the media components were determined 

according to the literature research (Table 1). 

After 100 mL of medium was prepared in 250 mL 

Erlenmeyer flask, the pH was adjusted to 6.5. The 

media was incubated at 30 ºC, and 150 rpm for 2 

days for enzyme production after the medium was 

autoclaved. Among those tested the medium 

which provided the highest activity was used as 

medium components in SmF for enzyme 

production. 

2.5. Optimization of inulinase production from 

isolates  

2.5.1. Determining carbon source and 

fermentation parameters by PB experimental 

design 

PB design was used to test the effect of eleven 

variables (carbon sources in media and 

fermentation parameters). For this, the effect of 

fructose, glucose, maltose, sucrose, lactose, onion 

peel, wheat bran, oat bran concentrations as 

carbon sources on enzyme production were 

evaluated, ranging from low to high. 

Concentrations of 0.1% and 1% levels 

Fermentation parameters including incubation 

period (1-4 days), incubation temperature (25-45 

°C), and initial pH (5-8) were also tested at 2 

levels as high and low. For all tests, inulinase 

activity was taken as a response. The variables and 

their levels are presented in Supplementary Table 

S1.  

2.5.2. Optimization of fermentation parameters 

by using BBD 

The four variables obtained from PB Design were 

further analyzed for optimization of inulinase 

production using BBD. The variables determined 

were incubation time (24-72 hours), incubation 

temperature (25-40°C), initial pH (5-7), and WB 

concentration (1-5%) as carbon source. For BBD 

analyses, three levels as high (+1), medium (0) 

and, low (-1) were described (Table 2).  

 

Table 2  

Levels of the factors tested in Box-Behnken Design 

independent variables  
 

Symbol 

 

Variable 

 

Units 

 

Coded levels 

 

-1 

 

0 

 

1 

A  

Initial pH 

 5

5 

6

6.25 

7

7.5 

B Incubation 

temperature 

 

0C 

2

25 

 

32.5 

4

40 

C Wheat Bran 

(WB) 

 

% 

1

1 

3

3 

5

5 

D Incubation 

time 

 

h 

2

24 

4

48 

7

72 

The experimental design method was carried out 

by 29 experiments in duplicates. The response 

function coefficients were identified by regression 

using the experimental data and Design-Expert V7 

trial version. The model equation for 4 variable 

systems is as follows: 

Y = β0 + β1A + β2B + β3C + β4D + β11A
2 + β22B

2 + 

β33C
2 + β44D

2 +β12AB + β13AC + β14AD + β23BC 

+ β24BD + β34CD                                       (1) 

Where Y is the predictable response (inulinase 

activities of B. licheniformis and B. velezensis), β0 

is the model constant; independent variables are 

A, B, C, and D term; β1, β2, β3, and β4 are linear 
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coefficients, and β11, β22, β33, and β44 are the 

quadratic coefficient. 

2.6. Enzyme assay 

Activity assays were performed based on the 

previous study [24]. The crude enzyme was used 

to analyze inulinase activity. One unit of inulinase 

activity was the amount of enzyme that catalyzes 

the release of 1 μmol of fructose per minute per 

mL. 

2.7. Effect of pH and temperature on enzyme 

activity 

To determine the effect of pH on inulinase 

activity, three buffer solutions including Na-

acetate (0.1 M, pH 4.0-5.0), K-phosphate (0.1 M, 

pH 6.0-7.0), and Tris-HCl (0.1M, pH 8.0-9.0) 

were used in activity assay.  

The effect of temperature on the inulinase activity 

was determined at different temperatures between 

30-60 ºC. Also, the thermal stability of enzymes 

was evaluated at 60ºC by the standard assay 

procedure after 1h incubation at different 

temperatures between 30-60 ºC. Enzyme activities 

were determined as relative activities by taking 

100% of the activity at the start of the experiment.  

3. RESULTS AND DISCUSSION  

3.1. Identification of bacterial strains  

Sixteen bacteria were isolated and identified by 

molecular characterization (Supplementary Table 

S2). From 16 samples, 1 Genus and 4 different 

species were found.  

 

Figure 1 Phylogenetic relationships of Bacillus 

species  

The evolutionary history was inferred by using the 

Maximum Likelihood method and Hasegawa-

Kishino-Yano model (Fig. 1). The percentage of 

trees in which the associated taxa clustered 

together is shown next to the branches. 

Evolutionary analyses were conducted with 

MEGA X software. 

All species isolate were Bacillus species. Different 

strains of Bacillus licheniformis were abundant in 

soil samples. This result is similar to the results of 

Llarch et al [25], Balsam et al [26]. 

3.2. Bacteria strains selection for inulinase 

production and identification 

The microorganism and medium selection are 

significant factors in determining the outcome of 
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inulinase production. Extracellular hydrolytic 

enzymes are detected by plate screening assay 

[16]. In this work, bacteria were screened out 

based on the assay of plate screening. Among the 

sixteen molecularly identified microorganisms, 

Bacillus licheniformis strain SCRSW1 HBB387 

and Bacillus velezensis strain KKLV HBB392 

shown a clear zone indicating the presence of 

extracellular inulinase on their agar plates on agar 

plates (Supplementary Fig. S1). Hence, the 

bacteria strains were used to produce inulinase 

through the study.  

3.3. Optimization of inulinase production 

3.3.1. Determination of basal medium 

Micronutrients are critical for enzyme production 

for making significant contribution to maintain the 

osmotic pressure of the environment. Moreover, 

suitable concentrations of trace elements are 

reported to be essential for the substrate usage of 

microorganisms [27]. In previous studies, a 

medium consisting of different components was 

used for inulinase production, and enzyme 

production was successfully performed. In this 

study, the media used in the previous studies given 

in Table 1 were tested to obtain maximum enzyme 

production. Maximum inulinase activity was 

observed as 101.45 ± 0.04 for B.licheniformis and 

89.13 ± 0.07 U/mL for B. velezensis in medium 

containing 0.5% NaNO3, 0.2% MgSO4, 0.2% 

KH2PO4, 0.4% yeast extract, 1%inulin on a rotary 

shaker at 30°C, 150 rpm, pH 7.0 for two days [22]. 

Hence, this medium was selected as a basal 

medium for further experiment. 

The complex nitrogen sources have been reported 

to be better than inorganic nitrogen sources. Jain et 

al. [28] found that yeast extract was the best 

nitrogen source to conjunct with dahlia extract for 

inulinase production, followed by the beef extract. 

The lowest inulinase activities from B. 

licheniformis and B. velezensis when (NH4)2SO4 

was used as a nitrogen source in the fermentation 

medium. It can be associated with acidic 

conditions caused by ammonium salts because 

highly acidic conditions may inhibit the synthesis 

of inulinase [29]. 

3.3.2. Determination of significant variables by 

PB design  

Various bacterial sources as inulinase producers 

have been reported to exploit sucrose, starch 

inulin, and inulin-rich plant extracts to produce 

inulinase. Characteristically, inulinases syntheses 

require an inducer. Inulin takes a function as a 

carbon source as well as an inducer for inulinase 

production [1, 30]. However, catabolic 

suppression may occur due to a high inulin 

concentration, which reduces enzyme yield [31]. 

In this study, 1% raw inulin was used in the 

production medium.  

Plackett Burman design was carried out to identify 

factors that can affect inulinase production from 

bacterial sources. All cultivations were performed 

at 30°C under agitation (150 rpm) in a rotary 

shaker. Eleven variables were screened for their 

influence on enzyme production, and the inulinase 

activities are illustrated in Table 3. The maximum 

activities for B. licheniformis and B. velezensis 

were observed at run number 12 for two bacteria, 

with 14.41 and 34.3 EU/mL, respectively.  

In the PB design, the p values of the model by 

ANOVA analysis show that the model is 

significant (p < 0.05). Also, the productions of 

inulinase from both bacteria were found to be 

affected by WB, incubation temperature, initial 

pH, and incubation time (p<0.05) (Supplementary 

Table S3). Hence, other insignificant variables 

were neglected, and the optimum levels of these 

four variables were determined by the BBD 

design. The effects of variables are presented in 

Pareto charts (Supplementary Figures S2 and S3). 

One of the four significant variables that screened, 

WB concentration, exerted a positive effect. 

However, incubation temperature, initial pH, and 

incubation time exerted negative effects on 

enzyme production. In another study where 11 

parameters were scanned affecting inulinase 

production from Arthrobacter mysorens strain 

no.1 by PB, pH and temperature were not 

significant [32]. It has been reported that the cost 

of enzyme production is reduced by the use of 

low-cost complex substrates as a carbon source 

[33]. This study indicates that WB was more 

effective than other carbon sources. In previous 

studies in which inulinase production was 
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optimized, the effects of different carbon sources 

were evaluated.  

 

Table 3  

Real values of the variables in PB experimental design with values of inulinase activity 
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 % % % % % % % % ºC  Day EU/mL EU/mL 

1 1.00 1.00 1.00 0.10 0.10 1.00 3.00 1.00 45.00 8.00 1.00 0.39 0.61  

2 1.00 0.10 0.10 0.10 1.00 1.00 3.00 3.00 25.00 8.00 4.00 2.1 15.1 

3 0.10 0.10 0.10 1.00 0.10 3.00 3.00 1.00 45.00 8.00 4.00 0.18 2.66 

4 1.00 1.00 0.10 1.00 1.00 3.00 1.00 1.00 25.00 8.00 1.00 3.52 15.1 

5 1.00 1.00 0.10 0.10 0.10 3.00 1.00 3.00 45.00 5.00 4.00 5.64 13.99 

6 0.10 0.10 1.00 0.10 1.00 3.00 1.00 3.00 45.00 8.00 1.00 5.65 10.8 

7 0.10 1.00 1.00 0.10 1.00 3.00 3.00 1.00 25.00 5.00 4.00 5.05 15.9 

8 0.10 1.00 0.10 1.00 1.00 1.00 3.00 3.00 45.00 5.00 1.00 8.32 18.09  

9 0.10 1.00 1.00 1.00 0.10 1.00 1.00 3.00 25.00 8.00 4.00 5.75 15.4 

10 0.10 0.10 0.10 0.10 0.10 1.00 1.00 1.00 25.00 5.00 1.00 8.34 25.64 

11 1.00 0.10 1.00 1.00 1.00 1.00 1.00 1.00 45.00 5.00 4.00 0.81 7.3 

12 1.00 0.10 1.00 1.00 0.10 3.00 3.00 3.00 25.00 5.00 1.00 14.41 34.3 

Rawat et al. [33] obtained maximum inulinase 

activity in medium with the dahlia extract. In 

another study, Tithonia rotundifolia was reported 

to be effective in inulinase production [34]. 

Trivedi et al. [35] obtained maximum inulinase 

production using chicory root powder (21.9 

EU/mL). However, glucose, fructose, and 

sugarcane bagasse were reported to be poor 

inducers for inulinase production, 5.8 EU/mL, 5.1 

EU/mL, and 4.7 EU/mL, respectively. The highest 

inulinase activity from X. campestris pv. Phaseoli 

KM 24 mutant was observed in sucrose (5.19 

EU/mL) [36]. The maximal activities of B. 

polymyxa 722, B. subtilis 68, and B. polymyxa 29 

were observed in the presence of sucrose, 

starch/molasses, and starch, respectively [37]. 

There are previous studies in parallel with our 

study, which support that WB is an important 

source of carbon to increases production of 

inulinase [31, 38]. WB contains 1–4% inulin and 

has a high nutritional value for microorganisms 

[35]. Apart from this, WB is a cheap and available 

substrate. All these features make them an 

essential resource for large scale fermentation. 

3.3.3. BBD for optimization of fermentation 

medium 

The relation between the significant variables 

(initial pH, incubation temperature, incubation 

time, and WB concentration) obtained by PB 

experiment was developed using BBD to produce 

maximum enzyme [34]. The enzyme productions 

from both bacteria were carried out by 

experimental designs and the results are shown in 

Table 4.  

ANOVA analysis showed the significant of the 

model (p < 0.0001) (Supplementary Table S4).  

The regression equations for inulinase activity 

responses (Y) were obtained, and these equations 

are given below: 
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Y Inulase  activity for B.licheniformis=+374.18 -22.54 *A-

25.14 *B -88.56*C+26.15 *D-4.46 *A*B+ 9.08 

*A *C -5.36*A*D+32.87 *B*C-16.23 *B*D-

17.23*C*D-145.54 *A2-112.43*B2-111.8 *C2-

123.31*D2                                        (2) 

Y Inulase activity for B. velezensis=+328.65+82.42 *A 

+34.98 *B+34.10 *C+15.27 *D+17.18*A*B+ 

11.70*A*C+48*A*D-5.80*B*C+ 15.63 *B*D 

+32.58*C*D-108.8*A2-102.57*B2-94.23 *C2-

82.11 *D2                                         (3) 

The coefficients of determination (R2) for 

inulinase activities of B. licheniformis and B. 

velezensis were calculated as 0.99.

 

Table 4  

Experimental design-based BBD for the optimization of inulinase production 

Run order Initial 

pH 

Incubation 

Temperature 

(0C) 

Incubation 

time 

(h) 

WB 

(%) 

B.licheniformis 

Inulinase 

activity(EU/mL) 

B. velezensis 

Inulinase 

activity(EU/mL) 

1 7.5 25.00 48.00 3.00 105.54 147.4 

2 6.25 32.50 72.00 1.00 40.09 132.22 

3 6.25 32.50 48.00 3.00 375.18 325.25 

4 5 32.50 72.00 3.00 39.1 74.66 

5 6.25 40.00 48.00 5.00 121.3 221.74 

6 6.25 32.50 48.00 3.00 385.11 315.25 

7 6.25 40.00 48.00 1.00 108.36 159.74 

8 6.25 32.50 48.00 3.00 371.27 335.25 

9 6.25 25.00 24.00 3.00 315.57 33.51 

10 7.5 32.50 48.00 1.00 73.24 205.85 

11 6.25 25.00 72.00 3.00 59.24 168.14 

12 5 32.50 24.00 3.00 236.3 14.85 

13 6.25 25.00 48.00 1.00 123.03 102.25 

14 7.5 32.50 24.00 3.00 176.34 158 

15 5 40.00 48.00 3.00 123.88 55.33 

16 7.5 32.50 72.00 3.00 15.45 264.6 

17 6.25 32.50 72.00 5.00 64.42 233.29 

18 6.25 25.00 48.00 5.00 200.9 101.74 

19 6.25 40.00 72.00 3.00 62.12 151.25 

20 5 25.00 48.00 3.00 155.79 23.25 

21 5 32.50 48.00 5.00 160.18 61.33 

22 6.25 40.00 24.00 3.00 186.96 159.81 

23 6.25 32.50 24.00 1.00 167.34 139.04 

24 7.5 32.50 48.00 5.00 115.21 231.77 

25 6.25 32.50 48.00 3.00 371.11 335.25 

26 5 32.50 48.00 1.00 96.76 37.33 

27 6.25 32.50 48.00 3.00 368.24 332.25 

28 6.25 32.50 24.00 5.00 260.57 109.79 

29 7.5 40.00 48.00 3.00 55.78 248.22 

* Experimental results 

The “Predicted R-Square” of 0.97 and 0.98 was in 

reasonable agreement with the “Adjusted R-

Square” of 0.99 and 0.97 for B. licheniformis and 

B. velezensis, respectively. This model can be used 

in navigating the design space. 

These variables have been shown by statistical 

analysis to significantly affect inulinase activity. 

In this case, the model F-value of 206.27 and 

185.51, for B. licheniformis and B. velezensis, 

respectively, imply that the model is significant.  

There is only a 0.01% chance that a "Model F-

Value" this large could occur due to noise. Values 
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of "Prob > F" less than 0.05 indicate model terms 

are significant. In this case, for B. licheniformis; 

the linear, square, and interaction coefficients for 

all parameters were statistically significant for all 

parameters, except for the interaction of pH and 

incubation temperature, time, and WB 

concentration (AB, AC, and AD). When analyzed 

for B. velezensis, significant model terms are 

statistically significant for all parameters, except 

for the interaction of pH and WB concentration 

(AD). The "Lack of Fit" of  0.1029 and 0.3210 for 

B. licheniformis and B. velezensis, respectively,  

implie the Lack of Fit is not significant relative to 

the pure error. Non-significant lack of fit is good 

for the model fitness (Table 5).  

All parameters had the same effective impacts on 

enzyme production (based on the p-value). The 

interactions between parameters are analyzed with 

contour graphics. The two-dimensional contours 

(2D) were drawn by using BBD. 

Table 5  

ANOVA analyses for models obtained from the BBD  

Factor 

 

df Inulinase activity of 

B.licheniformis 

Inulinase activity of   

B. velezensis 

Coefficient 

Estimate  

Prob > F Coefficient 

Estimate 

Prob > F 

β0 14 374.18 < 0.0001* 328.65 < 0.0001* 

Β1 1 -22.54 < 0.0001* 82.42 < 0.0001* 

Β2 1 -25.14 < 0.0001* 34.98 < 0.0001* 

Β3 1 -88.56 < 0.0001* 34.10 < 0.0001* 

Β4 1 26.15 < 0.0001* 15.27 0.0002* 

Β12 1 -4.46 0.4498 17.18 0.0054* 

Β13 1 9.08 0.1361 11.70 0.0420* 

Β14 1 -5.36 0.3660 0.48 0.9281 

Β23 1 32.87 < 0.0001* -35.80 < 0.0001* 

Β24 1 -16.23 0.0134 15.63 0.0097* 

Β34 1 -17.23 0.0095 32.58 < 0.0001* 

Β11 1 -145.54 < 0.0001* -108.80 < 0.0001* 

Β22 1 -112.43 < 0.0001* -102.57 < 0.0001* 

Β33 1 -123.31 < 0.0001* -94.23 < 0.0001* 

Β44 1 -111.80 < 0.0001* -82.11 < 0.0001* 

Lack of Fit 14  0.1029  0.3210 

*Significantly different at p < 0.05. β0: intercept; β1, β2, β3, and β4: linear regression coefficients for pH, 

temperature, time, and WB; β12, β13, β14, β23, β24, and β34: regression coefficients for interaction between pH and 

temperature, pH and time, pH and WB concentration, temperature and time, temperature and WB concentration; 

Time and WB concentration; β11, β22, β33 and β44: quadratic regression coefficients for pH x pH, temperature x 

temperature, time x time, WB concentration x WB concentration.  

2D contour plots enable visualizing the 

relationship between responses and each variable 

as well as the type of interactions between two test 

variables. The circular contour plots show the 

insignificant interactions between the 

correspondent variables; whereas an elliptical 
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contour plots show important interactions [32]. 

Therefore, the relationships between parameters 

for optimization of fermentation conditions are 

analyzed based on the results obtained through 

experiments and their interpretation is made based 

on diagrams. It was determined that enzyme 

productions were remarkably affected by all 

parameters in the model (p < 0.05). 

The inulinase activity from B. licheniformis 

increased evidently at first as pH increase as well 

as incubation temperature and time also increased. 

However, these values decreased when the two 

variables ascended continually (Fig. 2).  

The linear effect of the initial pH (A) was 

significant (p< 0.0001), and its quadratic (A2) had 

a significant (p<0.05), which is the negative effect 

on the enzyme activity of B. licheniformis. 

Moreover, the negative and insignificant effects of 

pH and incubation time, pH and incubation 

temperature and pH and WB concentration on 

inulinase activity (p>0.05) could be seen from Fig. 

2a, c, e for the presence of circular contour, which 

was consistent with results of coefficients of the 

regression equation in Table 5. The maximum 

activity was obtained at pH 6.25 (385.11 EU/mL). 

However, Fig. 2b, c, and d demonstrate that 

inulinase activity was maximum at 32.5°C. 

Inulinase activity remarkably decreased up 36°C. 

It is seen that high temperature and long 

incubation time negatively affect enzyme 

production. Differently, the singular effect of WB 

concentration on enzyme activity was positive for 

its plus coefficient. The activity of inulinase was 

maximum between 3% and 4% WB 

concentrations (Fig. 2d, e, and f). Fig 2d and f 

graphed the effects of incubation temperature and 

incubation time with WB concentration on 

enzyme activity and their interactions. However, 

interactions of WB concentration with incubation 

temperature and incubation time had a negative 

effect on enzyme activity (Table 5). 

 

Figure 2 2-D plots of the combined effect of two variables on the inulinase activity from B.licheniformis 

The enzyme activity was the maximum at 3% WB 

concentration at 32.5°C and 36h, and then 

exhibited a decreasing trend. 

In the study, all parameters affected the enzyme 

production from B. velezensis (p < 0.05). 

However, the interaction between WB 

concentration and pH (AD) was insignificant 

(p > 0.05) (Table 5). Inulinase activity from B. 

velezensis was constant, almost in the range of pH 

6.25-6.8. The highest activity was found at pH 

6.25, like inulinase activity from B. licheniformis 

(see in Fig. 3a, c, and e). Also, Fig. 3b, c, and d 

illustrate that the highest inulinase activity from B. 

velezensis is obtained at ranged of 32.5°C (335.25 

EU/mL). The relationship between temperature 

and time was negative; it could be seen that it 

retained its activity for a longer time at low 

temperatures as seen in Fig. 3b. However, the 

inulinase activity from B. velezensis decreased 

significantly after 60h of incubation. Furthermore, 

inulinase productions of both bacterial decreased 

significantly at higher temperatures than 36°C. 
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The result shows that the increase in temperature 

may have caused the denaturation of enzymes.  

The pH and temperature of the fermentation 

medium in inulinase production are the most 

significant variables. Generally, bacterial 

inulinases are produced in fermentation media 

with pH between 4.8 and 7.0, and a temperature of 

35-37°C is optimal for bacterial growth and 

enzyme production [30]. Zherebtsov et al. [37] 

suggested that Bacillus sp. viz. B. polymyxa 29, B. 

polymyxa 722, and B. subtilis 68 were obtained 

inulinase in the optimal parameters for the growth 

to be pH 7.0 and 33-35°C. In addition, optimal 

culture conditions for inulinase production from 

Marinimicrobium sp. LS-A18, were pH 7.5, 37°C, 

and 96 h with inulinase activity of 14.6 EU/mL 

[39]. According to experimental results, the 

maximum inulinase activities were obtained in the 

midpoint of the response plot as 385.11 EU/mL 

for B. licheniformis, and 335.25 EU/mL for B. 

velezensis. The findings were acquired at 48h of 

incubation time, 32.5°C of incubation temperature, 

initial pH of 6.25, and 3% (v/v) WB (Table 4). 

By employing the software of Design-Expert, the 

optimum values of the independent variables 

tested for B. licheniformis were predicted as 6.1 of 

initial pH, 30.5°C of incubation temperature, 

35.05h of incubation time, and 3.1% of WB 

concentration with 396.504 EU/mL of inulinase 

activity. For B. velezensis, the optimum values 

were predicted as 6.7 of pH, 33.9°C, 55.7h, and 

3.59% WB concentration with 350.171 EU/mL of 

inulinase activity. These predictions were 

validated by experiments in which 401.18 EU/mL 

of inulinase activity for B .licheniformis and 

344.61 EU/mL of inulinase activity for B. 

velezensis. Experimental activity results were 

close to the activity predictions for both bacteria. 

The statistical model made a strong prediction of 

the experimental results.  

 

Figure 3 2-D plots of the combined effect of two variables on the inulinase-specific activity B. velezensis 

 

In another study, the highest level of inulinase 

production (9.24 EU/mL) was observed at 35-40, 

pH 7.0, and medium with 3% sucrose [36]. 

Kamble et al. [32] tested Tithonia rotundifolia as 

a substrate for inulinase production from 

Arthrobacter mysorens and obtained the 

maximum inulinase activity with 1669.45 

EU/mL 300C in the rotary shaker at 120 rpm 

after 48 h. 

3.4. Effect of pH and temperature on enzyme 

activity 

To date, all microbial inulinases have generally 

been shown to have optimum pH ranging from 

YAZICI et al.

Response Surface Methodology-Based optimization of Inulinase Production from New Bacillus Isolates

Sakarya University Journal of Science 25(4), 1086-1101, 2021 1096



3.5 to 7.0 and temperature stability in the range 

10-80°C [1, 39]. As seen in Fig. 4a, the inulinase 

from B. licheniformis showed optimum activity 

at pH 5.0, while optimum activity at pH 6.0 was 

observed for inulinase from B. velezensis. 

Bacteria inulinase generally exhibit optimal 

activity in the pH range of 6.0-7.0, while the 

optimal pH ranges of 3.0-6.0 for fungal 

inulinases [39]. The Inulinase enzyme from 

Bacillus sp. demonstrated optimum activity at 

55 °C and pH 6.5. [22] while inulinase from 

Acetobacter diazotropicus SRT4 exhibit optimal 

activity at pH 5.5 [40]. 

In order to determine the optimum temperatures 

of the enzymes obtained in this study, enzyme 

activities were tested at 30ºC-60ºC. The 

activities of inulinase from both bacteria were 

preserved at 30ºC for 120 minutes (Figure 4b). 

 

 

Figure 4 Effect of pH and temperature on inulinases 

activity from B.licheniformis and B. velezensis 

Similarly, Kwon et al. [41] found the optimum 

temperature for the inulinase obtained from B. 

polymyxa MGL21 as 35ºC. In the study, enzyme 

thermostability was investigated by incubating 

both inulinases at 30ºC for 11 days and the 

remaining activity was determined. The enzymes 

retained 50% of their activities until 9 days, 

indicating that they were quite stable at 30ºC 

(Fig. 5). After 11 days, the inulinase from 

B.licheniformis and B. velezensis sustained 28% 

and 33% of its initial activity, respectively. This 

study found that both inulinases have remarkable 

thermostability.  

 

Figure 5 Thermalstability of inulinases from 

B.licheniformis and B. velezensis at 30°C 

4. CONCLUSION 

In this study, sixteen bacteria were isolated from 

soil samples, and molecular identifications were 

made. All species isolated were Bacillus. Among 

the tested microorganisms for inulinase activity, 

B. licheniformis strain SCRSW1 and B. 

velezensis strain KKLV showed a clear zone on 

agar plate containing 1% w/v inulin. The bacteria 

strains were selected to produce inulinase. 

Fermentation parameters and different substrates 

were evaluated to find the fermentation 

conditions supporting maximum enzyme 

productions by PB. WB and the fermentation 

parameters (pH, temperature, and time) were 

found to be very effective on inulinase 

production. Also, fermentation conditions were 

optimized by using BBD for the maximum value 

of inulinase for both bacteria. The maximum 

inulinase activities for B. licheniformis and B. 

velezensis were 401.18 EU/mL and 344.61 
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EU/mL under predicted optimum conditions by 

the software of Design-Expert. The obtained 

inulinases were found to be quite stable at 30ºC.  

Moreover, optimizations were achieved 

successfully with high enzyme activities. The 

results point out that the bacteria are significant 

source as inulinase producers. The new isolates 

B. licheniformis and B. velezensis can be used to 

produce inulinase for industrial processes. 

Moreover, the highest inulinase production was 

obtained with WB, which is an inexpensive 

carbon source. It means that industrial use of 

WB is possible. 
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