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Investigation of The Effect of Feeding Period in Honey Bee Algorithm 

Mustafa KAYA*1  

 

Abstract 

 

In the study, it was investigated the ejaculation ability and semen quality of drones, according to 

feeding with pollen in different periods. In the first step of the study, 16 %, 32 %, 47 %, 63 %, 79 %, 

and 100 % feeding periods were applied to the drones, for investigating the effect on ejaculation 

ability, and the semen quality of drones was investigated. While investigating these feeding period 

effects “0-1”, bonded, and unbounded knapsack optimization problems were used. After the most 

effective feeding period was determined, this period was applied to the traveling salesman and liquid 

storage tank problems in the second step of the study. In the analysis of the traveling salesman 

problem, it was determined the shortest way between two cities. Analysis of the liquid storage tank 

problem, it was determined the minimum connector areas. As a result, the analysis results showed 

that the performance of the artificial bee colony algorithm is very good while solving too complex 

engineering optimization problems.  

 

Keywords: Bee colony algorithm, feeding period effect, knapsack problems 

 

1. INTRODUCTION 

 

One of the most recent bee-based algorithms is 

the Bees Algorithm (BA). This algorithm (BA) 

is a population-based metaheuristic algorithm 

proposed by Pham et al. study [1], which is 

based on the behavior of honeybees that is 

observed when they are foraging for food. 

Fundamentally, the algorithm performs a kind 

of exploitative local or neighborhood search 

combined with an exploratory global search. 

Pham and Ghanbarzadeh [2], and solving 

timetabling problems (Yuce et al. [3], Abdullah 

et al. [4]. The artificial bee colony algorithm is 

one of the SI algorithms that has been 

developed by using waggle dance and foraging 

behaviors of real colonies (Lara [5]. Dongli et 

al. [6], proposed three modified versions of 

ABC in order to better-quality results for the 

optimization problems. In the first 
 

* Corresponding author: mkaya@aksaray.edu.tr 
1 Aksaray University, 

ORCID: https://orcid.org/0000-0003-3368-0796 
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modification, the neighborhood structure 

changes in the solution updating equation of 

ABC, in the second modification, a new 

selection equation is proposed for onlooker 

bees in order to choose an employed bee and the 

last modified version of ABC is based on 

modifications 1, and 2. Banharnsakun et. al. [7], 

presented a modified method for solution 

update of the onlooker bees in this study. In 

their method, the best feasible solutions found 

so far are shared globally among the entire 

population. Thus, the new candidate solutions 

are more likely to be close to the current best 

solution. Finally, they use a more robust 

calculation to determine and compare the 

quality of alternative solutions. We empirically 

assess the performance of our proposed method 

on two sets of problems: numerical benchmark 

functions and image registration applications. 

The results demonstrate that the proposed 

Sakarya University Journal of Science 26(6), 1071-1083, 2022
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method can produce higher quality solutions 

with faster convergence than the original ABC 

higher-qualityt state-of-the-art ABC-based 

algorithm. Anuara et. al. [8], studied on 

artificial bee colony with the rate of change 

technique that models the behavior of scout bee 

to improve the performance of the standard 

ABC in terms of exploration is introduced. The 

technique is called artificial bee colony rate of 

change (ABC-ROC) because the scout bee 

process depends on the rate of change on the 

performance graph, replace the parameter limit. 

The performance of ABC-ROC is analysed on 

a set of benchmark problems and also on the 

effect of the parameter colony size. 

Furthermore, the performance of ABC-ROC is 

compared with the state of the art algorithms. 

Brajevic and Tuba [9] introduced an upgraded 

artificial bee colony (UABC) algorithm for 

constrained optimization problems. Our UABC 

algorithm enhances fine-tuning characteristics 

of the modification rate parameter and employs 

modified scout bee phase of the Diwold et. al. 

[10] studied in detail the influence of ABC’s 

parameters on its optimization behavior. It is 

also investigated whether the use of OBs is 

always advantageous. Moreover, we propose 

two new variants of ABC which use new 

methods for the position update of the artificial 

bees. Extensive empirical tests were performed 

to compare the new variants with the standard 

ABC and several other metaheuristics on a set 

of benchmark functions. Our findings show that 

the ideal parameter values depend on the 

hardness of the optimization goal and that the 

standard values suggested in the literature 

should be applied with care. Moreover, it is 

shown that in some situations it is advantageous 

to use OBs but in others it is not. In addition, a 

potential problem of the ABC is identified, 

namely that it performs worse on many 

functions when the optimum is not located at 

the center of the search space. Finally, it is 

shown that the new ABC variants improve the 

algorithm’s performance and achieve very good 

performance in comparison to other 

metaheuristics underthe standard as well as 

hard optimization goals. Erik Cuevas et. al. 

[11], explored the use of the Artificial Bee 

Colony (ABC) algorithm to compute threshold 

selection for image segmentation. ABC is an 

evolutionary algorithm inspired by the 

intelligent behavior of honey bees which has 

been successfully employed to solve complex 

optimization problems. In this approach, an 

image 1-D histogram is approximated through 

a Gaussian mixture model whose parameters 

are calculated by the ABC algorithm. In the 

model, each Gaussian function represents a 

pixel class and therefore a threshold point. 

Unlike the Expectation-Maximization (EM) 

algorithm, the ABC method shows fast 

convergence and low sensitivity to initial 

conditions. Remarkably, it also improves 

complex time-consuming computations 

commonly required by gradient-based methods. 

Experimental results over multiple images with 

different range of complexity validate the 

efficiency of the proposed technique with 

regard to segmentation accuracy, speed, and 

robustness. The paper also includes an 

experimental comparison to the EM and to one 

gradient-based method which ultimately 

demonstrates a better performance from the 

proposed algorithm. Tsai et al. [12], proposed a 

model based on ABC, by employing Newtonian 

law of universal gravitation in the onlooker bee 

phase of ABC. Alatas [13], proposed an ABC 

model that uses chaotic maps for parameter 

adaptation so as to prevent the ABC to get stuck 

local minimums. The Rosenbrock’s rotational 

direction method which was designed to cope 

with specific features of “Rosenbrock’s banana 

function” was applied to ABC in order to 

increase exploitation and local search abilities 

of the basic AB Kang et al. [14]. Karaboga and 

Akay [15], adapted the basic ABC for 

constrained optimization problems by using 

Deb’s Rules and evaluated the performance of 

the adapted model on the 13 constrained 

optimizations in the literature. Kıran et al. [16] 

added directional information to ABC 

algorithms, instead of updating more design 

parameters than one. The performance of 

proposed approach was examined on well 

known 9 numerical benchmark functions and 

obtained results are compared with basic ABC 

Kırran and Gunduz. Omkar et al. [17] presented 
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vector evaluated ABC for multi objective 

design optimization of laminated composite 

components and compared the performance of 

vector evaluated ABC with other swarm-based 

methods.  

 

In the first step of the study, 16 %, 32 %, 47 %, 

63 %, 79 %, and 100 % feeding periods applied 

to the drones, and effect on ejaculation ability, 

and semen quality of drones was investigated. 

While investigation these feeding period effects 

“0-1”, bonded, and unbounded knapsack 

optimization problems used.  

 

After the most effective feeding period was 

determined, this period applied to the travelling 

salesman problem (TSP) to determine the 

minimum way between two cities, and the 

liquid storage tank problem to determine the 

minimum connectors areas. 

 

2. ARTIFICIALCAL HONEY BEE 

COLONY 

 

The Artificial Bee Colony (ABC) algorithm is 

a relatively new member of swarm intelligence 

and tries to model the natural behavior of real 

honey bees in food foraging. Honeybees use 

several mechanisms to optimally locate food 

sources and search for new ones. This makes 

them good candidates for developing new 

intelligent search algorithms. 

 

2.1. Coding 

 

The most significant feature that distinguishes 

the proposed (ABC) from other operators is the 

use of codes to represent the design variables. 

The first step in the application of the (ABC) to 

a problem is the determination of the most 

appropriate coding type. The 0-1 knapsack 

problem binary coding was used, but for other 

problems permutation coding was used. 

 

2.2. Formation of Initial Swarm 

 

While the initial swarm is being formed, its 

members must not be selected the same, since 

the members must be chosen randomly. The 

suitable selection of swarm size significantly 

affects the performance of the ABC algorithm. 

  

2.3. Evaluation 

 

The (ABC) basically finds the maximum of an 

unconstrained objective function. To solve a 

constrained objective minimization function, 

two transformations need to be made. The first 

transforms the original objective constrained 

function into an unconstrained objective 

function, using the concept of the penalty 

function. In the second transformation, the 

unconstrained objective function is transformed 

to the fitness function.  

 

2.4. Selection 

 

A sequential selection method was used. In this 

method, members are set in order by a linearly 

decreasing function. The members with the 

lowest fitness value are removed from the 

swarm in a defined ratio and members with the 

highest fitness values replace those removed in 

the same ratio.  

 

3. APPLICATIONS 

 

In the first step of the study, 16 %, 32 %, 47 %, 

63 %, 79 %, and 100 % feeding periods applied 

to the “0-1”, bonded, and unbounded knapsack 

problems. For 0-1 knapsack problems binary 

coding was used, but for bounded, and 

unbounded problems permutation coding was 

used.  

In the second step of the study, the most 

successful feeding period was applied to the 

traveling salesman problem.  

 

3.1. The “0-1” Knapsack Problem 

 

The “0-1”  knapsack problem has two options. 

These options are 0, and 1. If good’s code 

become 0, this good will not become in the 

knapsack, else if good’s code become 1, this 

good will put in the knapsack. In this problem, 

16 %, 32 %, 47 %, 63 %, 79 %, and 100 % 

feeding periods applied to the “0-1” knapsack 

problem. 

Mustafa KAYA

Investigation of The Effect of Feeding Period in Honey Bee Algorithm

Sakarya University Journal of Science 26(6), 1071-1083, 2022 1073



 
 

 

The “0-1” knapsack problem removes the 

restriction of having only one of each good, but 

restricts the number xi of copies of each kind of 

good to an integer value ci. Mathematically the 

“0-1” knapsack problem can be formulated 

using Eq. 1. 
 

Table 1 Items will be put in the knapsack “0-1” 

knapsack problem 
 

Code Item Weight 
(kN) 

Value ($) Number 

1 Map 
2.5 5.225 

1 

2 Compass 
3 7.282 

1 

3 water 
15 1.716 

1 

4 Sandwich 
5 1.716 

1 

5 Glucose 
7 5.225 

1 

6 Tin 
3 3.971 

1 

7 Banana 
6.5 2.475 

1 

8 Apple 
4.5 1.969 

1 

9 Cheese 
4 7.469 

1 

10 Beer 
4.5 3.223 

1 

11 Suntan cream 
6.0 6.369 

1 

13 T-shirt 
3.5 12.716 

1 

14 Trousers 
4.0 20.218 

1 

15 Umbrella 
2.5 7.282 

1 

16 Waterproof  trousers 
4.5 25.223 

1 

17 Waterproof clothes 
5.5 37.719 

1 

18 Note-case 
3 1.782 

1 

19 Sunglasses 
2 5.225 

1 

20 Towel 
5 3.971 

1 

21 Socks 
2 1.716 

1 

22 Book 
3.5 7.282 

1 

 

In this problem, a tourist wants to take a trip. He 

has a knapsack for carrying his goods, but 

knows that he can carry maximum 3 kg weight. 

He creates a list of what he wants to take for the 

trip, but the total weight of all goods will not 

become heavier than 3 kg. Then he add columns 

to his need list detailing their weights and a 

numerical value representing how important 

each good is for the trip (Table 1).  

In this problem the total of the weight of the 

tourist’s knapsack will not exceed 3 kg and their 

total value should be maximized. 

Mathematically the “0-1” knapsack problem 

can be formulated using Eq. 1: 

W(x)=Subject to   
 
∑ wi. xi ≤ W,       xi ∈ {0,1}n

i=1                             (1) 

 

( ) ( )( )KCxWs += 1                                         (2) 

 

K:       a coefficient selected for the problem 

taken as 5 in this study. 

In the first transformation, the constrained 

objective function ( )s was transformed into an 

unconstrained objective function ( )x  as 

shown in Eq. 3. 

 

( ) ( ) ( )max/ ssx  =                                   (3) 

 

In the second transformation, the unconstrained 

objective function was converted to an F(s) 

fitness function in Eq. 4. 

 

( ) ( ) ( )xxsF  −= max                                                 (4) 

 

Using the “0-1” knapsack problem, the highest 

nectar quality was 0.756 for 79 %, the feeding 

period, and the average nectar quality was 0.69 

for this period. The highest nectar quality was 

8.62 % higher than the average nectar quality 

for this problem. In this analysis, 79 % of this 

feeding period provided 100 drones, and 16 % 

feeding period provided only 5 drones in this 

swarm (Table 2). The good's maximum price 

for 0.756 nectar quality was 1918.510 $, and the 

goods’ average price was 1818.430 $. The 

goods maximumm price is 5.50 % higher than 

their average price.  
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Table 2 The nectar quality obtained from different 

feeding periods with pollen for “0-1” knapsack 

proplem 

  16 % 32 % 47 % 63 % 79 % 100 % 

Run 1 
0.572 0.745 0.723 0.756 0.615 0.745 

Run 2 0.658 0.615 0.572 0.766 0.702 0.820 

Run 3 0.529 0.658 0.756 0.626 0.680 0.723 

Run 4 
0.442 0.680 0.637 0.680 0.637 0.637 

Run 5 0.723 0.734 0.658 0.745 0.723 0.766 

Run 6 0.626 0.777 0.691 0.615 0.550 0.507 

Run 7 0.680 0.723 0.529 0.518 0.940* 0.572 

Run 8 0.399 0.637 0.734 0.777 0.615 0.626 

Run 9 0.572 0.658 0.766 0.745 0.756 0.594 

Run 10 0.486 0.756 61.56 0.734 0.745 0.766 

Average 0.569 0.698 0.676 0.696 0.693 0.676 

Best 0.723 0.734 0.658 0.745 0.940* 0.766 

Price ($) 
1897.1 

1785.

3 

1867.

9 

1918.

51* 
1787.6 1695,3 

 

3.2. The Bounded Knapsack Problem (BKP) 

 

In this problem, 16 %, 32 %, 47 %, 63 %, 79 %, 

and 100 % feeding periods applied to the 

bounded knapsack problem.  

 

The BKP places have an upper bound on the 

number of copies of each kind of goods. 

Mathematically, the bounded knapsack 

problem can be formulated using Eq. 9. In this 

problem, a store boss wants to carry his 

computer warehouse to another one. He has 

twenty types, and 12.815 parts (monitors, 

keyboards, mouse, sound cards, graphics card, 

TV cards, modem etc.) in his old warehouse. 

His computer parts total volume 35.72 m3, but 

his new warehouse capacity is only 20 m3. As a 

result, he can carry only 20 m3 expensive parts 

to his new warehouse (Table 3). 
 

 

 

Table 3 Items in the computer warehouse; 

bounded knapsack problem 
  

Name Number Volu

me 

(cm3) 

Am

ount 

($) 

 Total 

volume 

(m3) 

 Total 

Amount 

($) 

1 Monitor 
32000 40000 225 7296000 51300 

2 Keyboard 
960 1200 12 288000 3600 

3 Mouse 
144 180 10 69120 4800 

4 Sound cards 
600 750 30 288000 14400 

5 Graphic card 
600 750 85 324000 45900 

6 Modem 
600 750 15 432000 10800 

7 Speaker 
960 1200 20 864000 18000 

8 Camera 
518 648 30 248640 14400 

9 Hard disk 
480 600 67 201600 28140 

10 DVD drives 
1200 1500 38 504000 15960 

11 Floppy disk 
480 600 20 172800 7200 

12 Case 
36000 45000 30 17280000 14400 

13 Power  
2592 3240 10 1555200 6000 

14 Motherboard 
2400 3000 120 1440000 72000 

15 Memory 
58 72 15 174000 45000 

16 Scaner 
8000 10000 40 2640000 13200 

17  Flash drive 

16 20 20 57600 72000 

18 Adaptor 
480 600 15 288000 9000 

19 Fan 
256 320 3 107520 1260 

20 Ethernet 
136 170 10 57120 4200 

  

W(x)=∑ wi. xi     
n
i=1 Subject to  

 
∑ wi. xi ≤ W,   xi  ∈ {0, . ci} n

i=1                           (5) 

 

In the first transformation, the constrained 

objective function ( )s was transformed into an 

unconstrained objective function ( )x  as 

shown in Eq. 6. 

 

( ) ( ) ( )max/ ssx  =                                       (6) 
 

Mustafa KAYA

Investigation of The Effect of Feeding Period in Honey Bee Algorithm

Sakarya University Journal of Science 26(6), 1071-1083, 2022 1075

http://en.wikipedia.org/wiki/USB_flash_drive


 
 

Table 4 The nectar quality obtained from 

different feeding period with pollen for bounded 

knapsack problem 

  0.025 % 0.050 % 0.1 % 0.25 % 0.5 % 1 % 

Run 1 0.462 0.475 0.759 0.745* 0.598    0.773 

Run 2 0.551 0.553 0.874 0.672 0.579 0.518 

Run 3 0.427 0.444 0.713 0.735 0.722 0.739 

Run 4 0.649 0.639 0.885 0.682 0.484 0.612 

Run 5 0.293 0.327 0.540 0.577 0.579 0.612 

Run 6 0.293 0.327 0.540 0.577 0.579 0.612 

Run 7 0.507 0.514 0.816 0.745 0.807 0.391 

Run 8 0.703 0.444 0.724 0.567 0.636 0.663 

Run 9 0.792 0.530 0.839 0.514 0.465 0.569 

Run 10 0.605 0.600 0.598 0.593 0.437 0.450 

Average 0.528 0.485 0.729 0.653 0.589 0.594 

Best 0.427 0.507 0.551 0.745* 0.676 0.774 

Price ($) 
35712.3

5 

32927.4

5 

34389.4

3 

35824.1

7 * 

35627.1

7 

33762.4

5 

 

In the second transformation. the unconstrained 

objective function ( )x  was converted to an 

F(s) fitness function in Eq. 7. 

 

( ) ( ) ( )xxsF  −= max                                                 (7) 

 

Using the bounded knapsack problem. the 

highest nectar quality was 0.952 for 63 %. 

feeding period, and the average nectar quality 

was 0.501 for 16 % feeding period. The highest 

nectar quality was 16.36 % higher than the 

average nectar quality for this problem. In this 

analysis, 63 % of the feeding period provided 

50 drones, and 16 % feeding period provided 

only 5 drones in this swarm (Table 4). For the 

same knapsack problem, the maximum price of 

0,952 nectar quality was 34918.510 $. The 

computer part’s maximum price was 7.71 % 

bigger than average price. 

 
 

3.3. The Unbounded Knapsack Problem 

(UKP) 

 

In this problem, 16 %, 32 %, 47 %, 63 %, 79 %, 

and 100 % feeding periods applied to the 

unbounded knapsack problem. The UKP places 

no upper bound on the number of copies of each 

kind of goods.  

 

The unbounded knapsack problem (UKP) 

places no upper bound on the number of copies 

of each kind of good and can be formulated as 

above except for that, the only restriction on xi 

is that it is a nonnegative integer. 

Mathematically the unbounded knapsack 

problem can be formulated using Eq. 8: 

 

W(x)=∑ wi. xi  
n
i=1  

 

Subject to ∑ wi. xi ≤ W,    0 ≤ xi  ≤ ∞  n
i=1  (8) 

 

In this problem; a greengrocer wants to buy 

fruits with his all money. He has 100,000 USD 

dollars, and can buy fruits with this money. For 

the greengrocer fruits kind, weight, or volume 

does not important, because he wants to buy 

profitable fruits, with his all money, and want 

to earn maximum money from this trade (Table 

5). 
 

( ) ( )( )KCxWs += 1                                                   (9) 

 

K: a coefficient selected for the problem taken 

as 5 in this study. 

 

In the first transformation, the constrained 

objective function ( )s was transformed into an 

unconstrained objective function ( )x  as 

shown in Eq. 10. 

 

( ) ( ) ( )max/ ssx  =                                     (10) 

 

In the second transformation, the unconstrained 

objective function ( )x  was converted to an 

F(s) fitness function in Eq. 11. 
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( ) ( ) ( )xxsF  −= max                                           (11) 

 

Using the unbounded knapsack problem, the 

highest nectar quality was 0. 704 for a 63 % 

feeding period, and the average nectar quality 

was 0.61 for a 16 % feeding period.  
 

Table 5 Kind of fruits in the greengrocer store; 

unbounded knapsack problem 
 

 
Name Weight 

(kg) 

 

Volu

me 

(m3) 

Amount 

($) 

Total Amount  

($) 

1 Apple 0weight<∞ 300 1.5 1.5≤ (TA) 

<100.000$ 

2 Pear 0≤weight<

∞ 

300 2.2 2.2≤ (TA) 

<100.000$ 

3 Orange 0≤weight<

∞ 

300 1.6 1.6≤ (TA) 

<100.000$ 

4 Banana 0≤weight<

∞ 

300 3.5 3.5≤ (TA) 

<100.000$ 

5 Kangerine 0≤weight<

∞ 

300 1.6 1.6≤ (TA) 

<100.000$ 

6 Kuince 0≤weight<

∞ 

300 1.5 1.5≤ (TA) 

<100.000$ 

7 Kherry 0≤weight<

∞ 

300 4.2 4.2≤ (TA) 

<100.000$ 

8 Alligator 

pear 

0≤weight<

∞ 

300 1.3 1.3≤ (TA) 

<100.000$ 

9 Mango 0≤weight<

∞ 

300 3.2 3.2≤ (TA) 

<100.000$ 

10 Krapes 0≤weight<

∞ 

300 1.5 1.5≤ (TA) 

<100.000$ 

11 Blackberry 0≤weight<

∞ 

300 2.3 2.3≤ (TA) 

<100.000$ 

12 Kiwi 0≤weight<

∞ 

300 2.4 2.4≤ (TA) 

<100.000$ 

13 Grapefruit 0≤weight<

∞ 

300 15.0 15.0≤ (TA) 

<100.000$ 

14 Pepino 0≤weight<

∞ 

300 4.2 4.2≤ (TA) 

<100.000$ 

15 Peach 0≤weight<

∞ 

300 2.5 2.5≤ (TA) 

<100.000$ 

16 Apricot 0≤weight<

∞ 

300 2.1 2.1≤ (TA) 

<100.000$ 

17 Plum 0≤weight<

∞ 

300 1.5 1.5≤ (TA) 

<100.000$ 

18 Pomegranate 0≤weight<

∞ 

300 1.5 1.5≤ (TA) 

<100.000$ 

19 Raspberry 0≤weight<

∞ 

300 3.0 3.0≤ (TA) 

<100.000$ 

20 Pineapple 0≤weight<

∞ 

300 4.0 4.0≤ (TA) 

<100.000$ 

Fruit weight between 0 kg and ∞ 

Total amount (TA) between every unit amount and 

100.000$ 

 

The highest nectar quality was 11.71 % higher 

than the lowest nectar quality for this problem. 

In this analysis, 63 %, of the feeding period 

provided only 50 drones, and 16 % feeding 

period provided only 5 drones in this swarm 

(Table 6). For the same problem, the fruit 

maximum price of 0.704 nectar quality was 

98.700 $, and the average was 94.610 $. Fruits 

maximum price was 4.32 % bigger than their 

average price. 
 

Table 6 The nectar quality obtained from 

different feeding period with pollen for 

unbounded knapsack problem 
  0.025 

%. 

0.050 

%. 

0.1 % 0.25 % 0.5 % 1 % 

Run 1 
0.508 0.593 0.645 0.699 0.627 0.618 

Run 2 0.606 0.691 0.742 0.604 0.607 0.414 

Run 3 0.469 0.555 0.606 0.661 0.758 0.591 

Run 4 
0.713 0.798 0.752 0.613 0.508 0.489 

Run 5 0.322 0.408 0.459 0.519 0.607 0.499 

Run 6 
0.323 0.408 0.459 0.519 0.607 0.467 

Run 7 0.557 0.642 0.697 0.704* 0.847 0.312 

Run 8 
0.773 0.555 0.616 0.510 0.667 0.530 

Run 9 
0.871 0.662 0.713 0.462 0.488 0.455 

Run 10 0.665 0.751 0.508 0.443 0.458 0.366 

Average 0.580 0.606 0.619 0.598 0.617 0.474 

Best 0.871 0.662 0.713 0.704* 0.488 0.455 

Price($) 96143.5

4 

89973.7

3 

94385.1

9 

97612.32

* 

93786.6

1 
89827.72 

 

3.4. Travelling Salesman Problem (TSP) 

 

The travelling salesman problem (TSP) is an 

integer program that gives the shortest route 

when the distance between the pairs of points is 

known and each point is visited only once. It is 

one of the few integer algorithm-based 

programs described in the literature. The TSP is 

also a way of collecting and distributing the 

necessary parts of the objects in the modeling 

system, thus maximizing the profit while 

minimizing the cost using the shortest way. In 
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this problem, a salesman wants to sell his goods 

in n number of cities and he wants to visit all 

the cities using the shortest route. Hence, the 

salesman has a choice of n cities of 
( )!1

2

1
−n

 

different routes. The salesman must travel to 32 

cities, visiting each city only once, and begin by 

travelling from city A to city B. This means 

there are 8.05x1032 different routes for 32 cities 

(Fig. 1.).  

 

A

B

Figure 1 Optimum solution for TSP by using GA 

 

For the TSP the objective function ( )xW  is 

given in Eq. 12 

 

( ) k

nk

k

LxW 
=

=
1

.min

                                               (12) 

Where Lk is the distance between the two cities.  

The constrained objective function was 

transformed into an unconstrained objective 

function ( )s as shown in Eq. 16, 

i: the number of the first city 

j: the number of the second city 

xi and yi: the coordinates of the first city 

xj and yj: the coordinates of the second city 

When the salesman goes to the target city from 

the starting city then; 

 

If xi > xj 

 

( ) ( )( )22
)( jiji yyxxxg −+−=

                      (13) 

 

Else                               

 

( ) ( )( )




 −+−=

22
)( jiji yyxxxg x100    (14) 

 

( )= xgG
                                                             (15) 

 

( ) ( )( )KGxWs += 1                                          (16) 

 

K: a coefficient selected for the problem, taken 

as 10 in this study. 

 

( )xg : a negligence coefficient thmostas 

calculated as follows; 

 

In the first transformation, the constrained 

objective function was transformed into an 

unconstrained objective function ( )x  as given 

in Eq. 19: 

 

( ) ( ) max/ = sx
                                             (17) 

 

In the second transformation in Eq. 20 the 

unconstrained objective function ( )x  was 

converted to the fitness function F(s) 

 

( ) ( )xsF  −= max                                                    (18) 

 

For the travelling salesman problem 79 %, 

feeding period was used to obtain the shortest 

way. Because this feeding period had used 

previous knapsack problems and gave the 

highest nectar quality. For the travelling 

salesman problem, the shortest way was found 

2718 km, and this way 5.78 % shorter than 

average way length (Table 7). 
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Table 7 The result of runs for traveling 

salesman problem (km) 
Run 

1 

Run 

2 

Run 

3 

Run 

4 

Run 

5 

Run 

6 

Run 

7 

Run 

8 

Run 

9 

Run 

10 

2944 2907 2718 2865 2870 2886 2827 2923 2899 2918 

Average way (km): 2885.72 km 

Minimum way (km): 2718 km 

 

3.5. Tsunami Force Effect to The Liquid 

Storage Tank Problem 

 

The tsunami load effects should be considered 

in the design of vertical evacuation structures, 

namely; hydrostatic forces, buoyant forces, 

hydrodynamic forces, impulsive forces, debris 

impact forces, debris damming forces, uplift 

forces, and additional gravity loads from 

retained water on elevated floors Kang et al. 

(2011). In this problem minimum liquid storage 

tank twelve connectors area which connecting 

storage tank floor to the ground under different 

height and velocity tsunami waves.  

R

H

Connector

Ocean direction

Figure 2 Liquid Storage Tank view 

 

In this problem, it was determined the liquid 

storage tank’s twelve connectors area under 

debris impact effect, and hydrostatic forces. In 

the problem, tsunami wave length is 7.30 m, 

tsunami wave speed is 30-50 km/h, tank 

diameter is 20 m, and tank height is 40 m 

(Fig.2). 
 

3.5.1. Hydrostatic force 

 

Hydrostatic forces occur when standing or 

slowly moving water encounters a structure or 

structural component. This force always acts 

perpendicular to the surface of the component 

of interest. It is caused by an imbalance of 

pressure due to a differential water depth on 

opposite sides of a structure or component. 

Hydrostatic forces may not be relevant to a 

structure with a finite (i.e., relatively short) 

breadth, around which the water can quickly 

flow and fill in on all sides. Hydrostatic forces 

are usually important for long structures such as 

sea walls and dikes, or for evaluation of an 

individual wall panel where the water level on 

one side differs substantially from the water 

level on the other side FEMA [18]. 

 

The horizontal hydrostatic force on a wall panel 

can be computed using Eq. 19. 

 

𝐹ℎ = 𝑃𝑐 . 𝐴𝑤 =
1

2
ρ𝑠. 𝑔. 𝑏. ℎ𝑚𝑎𝑥

2                          (19) 

 

𝑀ℎ = 𝐹ℎ .
𝑑

3
                                                                  (20) 

 

Where Pc is the hydrostatic pressure, Aw is the 

wetted area of the panel, ρs is the fluid density 

including sediment, g is the gravitational 

acceleration, b is the breadth (width) of the 

wall, and hmax is the maximum water height 

above the base of the wall at the structure 

location. 

 

3.5.2. Impact force 

 

The impact force from waterborne debris (e.g., 

floating drift wood, boats, shipping containers, 

automobiles, buildings) can be a dominant 

cause of building damage. Unfortunately, it is 

difficult to estimate this force accurately. The 

debris impact force can be estimated using Eq. 

21. 

 

𝐹𝑖 = 𝐶𝑚. 𝑈𝑚𝑎𝑥√𝑘. 𝑚                                           (21) 

 

𝑀𝑖 = 𝐹𝑖. 𝑑𝑖                                                           (22) 
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Where Cm is the added mass coefficient, Umax is 

the maximum flow velocity carrying the debris 

at the site, and m and k are the mass and the 

effective stiffness of the debris, respectively. It 

is recommended that the added mass coefficient 

be taken as Cm = 2.0. Unlike other forces, 

impact forces are assumed to act locally on a 

single member of the structure at the elevation 

of the water surface FEMA (2018). 

 

∑𝑀 = 𝑀ℎ + 𝑀𝑖                                               (23) 

 

𝑀𝑛𝑒𝑡 =∑𝑀 − 𝜋. 𝑟2 . ℎ. 𝛾𝑜𝑖𝑙 .                           (24) 

 

In this problem permutation coding type was 

used. The connectors diameters and their codes 

were given in Table 8. Individual length is 

equal to the number of variable groups 

(connector number) in this problem. Randomly 

determined an individual was given in Table 9. 

 
Table 8 Connector reinforcement diameters and 

codes 

  

Ø24 Ø28 Ø32 Ø36 Ø40 Ø44 Ø48 Ø52 
Diameter 

Code 1 2 3 4 5 6 7 8 

 

Where, An is the reinforcement area,  is the 

specific gravity of reinforcement,  𝑙𝑛 is the 

reinforcement length. The constrained 

objective function was transformed into an 

unconstrained objective function ( )x  as 

expressed in Eq. 31. 
 

Table 9 Randomly selected an individual sites 

codes, and connectors diameters 
 

Number 1 2 3 4 5 6 7 8 

Site 

code 
7  5  3  8  

9 

6 
2  

7 1 

  

Diameters Ø48 Ø40 Ø32 Ø52 Ø44 Ø28 Ø48 Ø24 

 
𝑚𝑖𝑛𝑊(𝑥) = ∑ 𝑙𝑛.𝑛

𝑖=1 𝐴𝑛. 𝜎𝑛                              (25) 

 

 

 

( )xgi =
𝑀𝑛𝑒𝑡

∑ 𝑙𝑛.𝑛
𝑖=1 𝐴𝑛.𝜎𝑛

− 1
                                   (26) 

 

If   
0)( xg i            

)(xgc ii =                   (27) 

 

If    
0)( xg i             

100).(xgc ii =          (28) 

 

= icC
                                                    (29) 

 

( ) ( )( )KCxWs += 1                                    (30) 

 

K: a coefficient selected for the problem taken 

to be 10 in this study. 

 

ic
: negligence coefficient and calculated as 

follows; 

 

In the first transformation, the constrained 

objective function ( )s was transformed to an 

unconstrained objective function ( )x  as 

expressed in Eq. 31. 

 

( ) ( ) ( )max/ ssx  =                                            (31) 

 

Where iFe
 is the required force met by 

reinforcements in the x or y direction in the ith 

zone, ydf
 is the yield strength of reinforcement, 

and ns is the number of reinforcements in the 

ith zone. 

 

In the 2nd transformation, the unconstrained 

objective function ( )x  was converted to a 

fitness function F(s). This transformation was 

achieved using the maximum of the ith element 

of the unconstrained objective function. The 

fitness values of the members were calculated 

according to Eq. 32 as follows;  

 

( ) ( )xxsF  −= max)(
                                           (32) 

 

For the liquid storage tank problem 79 %, 

feeding period was used to obtain the lowest 

total connectors areas. Because this feeding 
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period had used previous knapsack problems 

and gave the highest nectar quality. 

 

For the liquid storage tank problem, the 

minimum 8 connectors area in the tank problem 

was 21991.8 mm2, and connectors average area 

was 23508.81mm2. Minimum area was 6.45 % 

less than average area (Table 10). 
 

 

Table 10 Connector areas determined for liquid storage tank (mm2) 

 1 2 3 4 5 6 7 8 
Total  

area (mm2) 

Run 1 1019.03 805.11 1018.63 805.11 1257.27 1521.03 1809.91 3216.63 11452.72 

Run 2 1258.47 1258.47 617.91 1258.47 1019.83 1258.47 2464.23 2828.47 11452.72 

Run 3 1521.65 1019.25 805.73 805.73 1521.65 1810.53 2124.53 3631.73 11452.72 

Run 4 1020.03 1258.67 1020.03 1258.67 1020.03 1811.31 2125.31 2828.67 11452.72 

Run 5 1257.95 1019.31 1019.31 805.79 1521.71 1521.71 1810.59 3217.31 11452.72 

Run 6 1698.76 1421.19 794.44 1196.36 1497.57 1537.87 2640.76 3394.36 11452.72 

Run 7 1259.34 807.18 807.18 1259.34 1523.1 1811.98 2125.98 3633.18 11452.72 

Run 8 1021.48 1021.48 619.56 807.96 1260.12 1523.88 1812.76 2830.12 11452.72 

Run 9 1523.07 807.15 807.15 1259.31 1259.31 1811.95 1811.95 3218.67 11452.72 

Run 10 1258.17 1258.17 806.01 1019.53 1019.53 1521.93 2124.81 3632.01 11452.72 

Average liquid storage tank connectors area   

 

4. CONCLUSIONS 

 

In the study, it was investigated to the effect of 

feeding with pollen in different periods on the 

ejaculation ability and semen quality of drones. 

In the first stage of the study “0-1”, bounded, 

and unbounded knapsack problems were used 

in this comparison. In the analysis, the 

maximum nectar quality was obtained from 

Using 79 % fertilization fault ratio for “0-1” 

knapsack problem, for this fertilization fault 

ratio drone number is 100, and this drone 

numbers enough for a 20.000 people swarm. 

The maximum nectar quality was obtained from 

63 % fertilization fault ratio for bounded, and 

unbounded knapsack problems. For this 

fertilization fault ratio is 50 drones, and this 

drone numbers too less for a necessary drone 

number for a 20.000 people swarm. Using 79 % 

unfertilizition ratio produced successful results 

in the determination of the highest prices of the 

goods in the tourist’s knapsack, highest prices 

of the computer parts which the store boss 

carried them from old warehouse to a new 

warehouse, and a greengrocer wanted to buy 

fruits with his all money, and he won the 

highest money from this trade. In the second 

step of the study, while it was determined the 

travelling salesman problem, and minimum 

liquid storage tank connectors diameters 79 % 

fertilization fault ratio were used. Using 79 % 

fertilization ratio provided higher nectar quality 

than other fertilization ratios. While 

determining the shortest way using the same 

unfertilazition ratio, provided the most 

successful result in traveling salesman problem. 

 

Using a 79 % fertilization ratio provided higher 

nectar quality than other fertilization ratios. 

While determining the optimum 8 connectors 

area for liquid storage tanks using the same 

unfertilazition ratio, provided the most 

successful result in liquid storage tank 

connector areas between the tank and ground. It 

was seen from the analysis, if the fertilization 

ratio increases, queen and worker bee numbers 

decrease, but drones number increases. Else if 

the fertilization fault ratio decreases queen and 

worker bee numbers increase, but drone 

number decreases. In this study, the optimum 

drone number was determined as 100 for this 

swarm.  
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Comparison of Three-Parameter Weibull Distribution Parameter Estimators 

with the Maximum Likelihood Method 
 

Lazim KAMBERİ21 , Senad ORHANİ*1 , Mirlinda SHAQİRİ2 , Sejhan IDRİZİ2  

 

 

Abstract 

 

Important distributions used to model and analyse data in various real-life sciences such as natural 

sciences, engineering, and medicine are the Weibull, Weibull exponential, and Weibull Rayleigh 

distribution. The main objective of this paper is to determine the best evaluators and compare them 

for the distribution with three-parameters of Weibull, Weibull Rayleigh and Exponential Weibull. 

The methods under consideration for comparing the parameter estimators for these distributions is 

that of maximum likelihood using the statistical program R for the application of real data. Based 

on the results obtained from this study, the maximum likelihood approach used in estimating the 

parameters is the comparison between these distributions. 

 

Keywords: Exponential weibull distribution, maximum likelihood, parameters, weibull 

distribution, weibull-rayleigh distribution 

 

 

1. INTRODUCTION 

 

In probability theory and statistics, the Weibull 

distribution is a continuous probability 

distribution. The widespread interest in study of 

reliability is due to the fast development of the 

world, especially in the field of technology. The 

estimating parameters is the key to the life 

model, it can predict the life of product 

accurately in the reliability. The process of 

estimating three-parameter Weibull 

distribution is important because of the 
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difficulty of obtaining the estimated 

parameters. The estimation process by using the 

maximum likelihood function requires iterative 

methods and therefore requires considerable 

time and effort [1]. 

 

In this paper, first describbes the Weibull 

distribution with three-parameters, where 

further the way of generating certain 

distributions is given, which is taken as the 

basic distribution of the Weibull distribution, 

then for a certain distribution such as Weibull-

Rayleigh, the method of generation of the new 
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distribution, then proceeds with the main 

properties of this distribution such as 

probability density function, distribution 

function, confidence interval for estimated 

parameters, asymptotic behavior of parameter 

estimators with maximum likelihood method 

using simulations for generating it data. 

Estimates of the parameters of these 

distributions can be found graphically via the 

probability bar graph, or analytically, using 

either the smallest squares (linear regression) or 

the method for calculating the maximum 

likelihood (MLE). In this paper, we will only 

use MLE for estimates of Weibull, Weibull- 

Rayleigh and Exponentiated Weibull 

Distribution parameters [2]. 

 

2. MATERIALS AND METHODS 

 

2.1. Maximum Likelihood Estimator: 

Exponentiated Weibull Distribution (EW) 

 
Let𝑋1, 𝑋2, … , 𝑋𝑛 random selection of size n 

with observed values 𝑥1, 𝑥2, … , 𝑥𝑛 that follows 

the Exponentiated-Weibull distribution and let 

𝛹 = (𝛼, 𝛽, 𝜃)𝑇 the parameter vector of the 

model under consideration. The EW 

distribution has the function of cumulative 

distribution (CDF) with three- parameters: 

 

𝐹(𝑥; 𝛼, 𝛽, 𝛾) = (1 − 𝑒−𝛽𝑥𝛾
)

𝛼
, 𝑥 > 0  (1) 

                                  
and probability density function (PDF) with: 

 

𝑓(𝑥; 𝛼, 𝛽, 𝛾) = 𝛼𝛽𝛾𝑥𝛽−1𝑒−𝛽𝑥𝛾
(1 −

𝑒−𝛽𝑥𝛾
)

𝛼−1
, 𝑥 > 0                                     (2) 

 
Where, 𝛼 > 0 and 𝛾 > 0 are form parameters 

and 𝜆 > 0 is the scale parameter. 

 

Gupta and Kundu (1999) considered a special 

case of EW distribution when 𝛾 = 1 and 

referred to it as Generalized Exponential 

Distribution (GE). GE distribution has received 

considerable attention in recent years. Readers 

refer to a review article by Gupta and Kundu 

(2001) for a current account on Generalized 

Exponential Distribution and a book length 

treatment of the various distributions expressed 

by Al-Hussaini and Ahsanullah (2015) in their 

works [3, 4]. 

 

Mudholkar et al. (1996) presented a family with 

three Generalized Weibull (GW) parameters 

containing unimodal and bath-shaped Hazard 

Distribution. They showed that distributions in 

this household are analytical and manageable 

computationally. Modelling and data analysis 

using this family of distributions are discussed 

and illustrated in the analysis section [5].  

 

2.2. Maximum Likelihood Estimator: 

Weibull-Rayleigh Distribution 

 

In this section we have studied the three-

parameter Weibull Rayleigh (WR) Distribution 

[6, 7]. Use 𝐺(𝑥) and 𝑔(𝑥) in in the formula:  

 

𝑓(𝑥) =

∑ ∑ 𝜔𝑖,𝑗𝑔(𝑥; 𝜁)(𝐺(𝑥; 𝜁))
𝛽(𝑖+1)+𝑗−1∞

𝑗=𝑜
∞
𝑖=𝑜     (3) 

  

to be cdf and pdf of  

 

𝑔(𝑥, 𝜃) = 𝜃𝑥𝑒−
𝜃

2
𝑥2

, 𝑥 > 0, 𝜃 > 0     (4) 

 

 𝐺(𝑥, 𝜃) = 1 − 𝑒−
𝜃

2
𝑥2

, 𝑥 > 0, 𝜃 > 0  (5) 

 

Cdf of Weibull-Rayleigh Distribution provided 

by: 

𝐹(𝑥; 𝛼, 𝛽, 𝛾) = 1 − 𝑒
−𝛼(𝑒

𝛾
2

𝑥2−1
)

𝛽

, 𝑥 > 0   (6) 

 

Relevant PDF of the WR Distribution is 

provided by: 

 

𝑓(𝑥; 𝛼, 𝛽, 𝛾) = 𝛼𝛽𝛾𝑥𝑒
𝛾

2
𝑥2

(𝑒
𝛾

2
𝑥2

−

1)
𝛽−1

𝑒
−𝛼(𝑒

𝛾
2

𝑥2
−1)

𝛽

 (7) 
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2.3. Maximum Likelihood Estimator: 

Weibull Distribution 

 

Weibull Distribution is a generalization of 

Exponential Distribution and Weibull-Rayleigh 

Distribution. For random selection 

𝑋1, 𝑋2, … , 𝑋𝑛 of size 𝑛 with the observed values 

𝑥1, 𝑥2, … , 𝑥𝑛 that follows the Weibull 

Distribution and let it be 𝛹 = (𝛼, 𝛽, 𝜃)𝑇 the 

parameter vector of the model under 

consideration. The cumulative function (CDF) 

with three Weibull Distribution parameters and 

the probability density function (pdf) are [8-

10]: 

 

𝐹(𝑥, 𝛼, 𝛽, 𝜃) = 1 − 𝑒
−𝛼(𝑒

𝜃
2

𝑥2
−1)

𝛽

, 𝑥 > 0. (8) 
 
and 
 

𝑓(𝑥, 𝛼, 𝛽, 𝜃) = 𝛼𝛽𝜃𝑥𝑒
𝜃

2
𝑥2

(𝑒
𝜃

2
𝑥2

− 1)
𝛽−1

𝑒
−𝛼(𝑒

𝜃
2

𝑥2
−1)

𝛽

 

𝑥 > 0, (9) 
 

The function of likeness is: 

 

𝐿(𝑥𝑖, 𝛼, 𝛽, 𝜃) = 𝑓(𝑥1, 𝑥2, … , 𝑥𝑛: 𝛼, 𝛽, 𝜃)

= ∏ 𝛼𝛽𝜃𝑥𝑖𝑒
𝛼

2
𝑥𝑖

2

(𝑒
𝛼

2
𝑥𝑖

2

𝑛

𝑖=1

− 1)
𝛽−1

𝑒
−𝛼(𝑒

𝛼
2

𝑥𝑖
2

−1)
𝛽

  
Taking the natural logarithm, we have: 

 

𝑙 = 𝑙𝑛 𝐿 = 𝑛 𝑙𝑜𝑔 𝛼 + 𝑛 𝑙𝑜𝑔 𝛽 + 𝑛 𝑙𝑜𝑔 𝜃 +

∑ 𝑙𝑜𝑔 𝑥𝑖
𝑛
𝑖=1 +

𝜃

2
∑ 𝑥𝑖

2𝑛
𝑖=1 + (𝛽 −

1) ∑ 𝑙𝑜𝑔𝑛
𝑖=1 (𝑒

𝜃

2
𝑥𝑖

2

− 1) − 𝛼 ∑ [𝑒
𝜃

2
𝑥𝑖

2

−𝑛
𝑖=1

1]
𝛽

                                                                    (10) 

 

Deriving (10) based on parameters 𝛼, 𝛽, and 𝜃, 

as well as equalizing the results to zero, we get 

the maximum of this function. Partial 

derivatives of 𝐿(𝜙) with respect to each 

parameter are [11]: 

 

𝑈𝑛(𝜙) =
𝜕(𝐿)

𝜕𝛼
,
𝜕(𝐿)

𝜕𝛽
,
𝜕(𝐿)

𝜕𝜃
 

 
where 

 
𝜕(𝐿)

𝜕𝛼
=

𝑛

𝛼
− ∑ [𝑒

𝜃

2
𝑥𝑖

2

− 1]
𝛽

= 0𝑛
𝑖=1 ,  (11)                       

 
𝜕(𝐿)

𝜕𝛽
=

𝑛

𝛽
+ ∑ 𝑙𝑜𝑔 (𝑒

𝜃

2
𝑥𝑖

2

− 1)𝑛
𝑖=1 −

𝛼 ∑ [𝑒
𝜃

2
𝑥𝑖

2

− 1]
𝛽

𝑙𝑜𝑔 [𝑒
𝜃

2
𝑥𝑖

2

− 1]𝑛
𝑖=1 = 0 (12) 

 

and 
𝜕(𝐿)

𝜕𝜃
=

𝑛

𝜃
+

1

2
∑ 𝑥𝑖

2𝑛
𝑖=1 + (𝛽 −

1) ∑
𝑥𝑖

2𝑒
𝜃
2𝑥𝑖

2

2(𝑒
𝜃
2

𝑥𝑖
2

−1)

𝑛
𝑖=1 −

𝛼𝛽

2
∑ 𝑥𝑖

2𝑒
𝜃

2
𝑥𝑖

2

[𝑒
𝜃

2
𝑥𝑖

2

−𝑛
𝑖=1

1]
𝛽−1

= 0      (13) 

  
Evaluation of parameters with the method of 

maximum similarity for parameters 𝛼, 𝛽, and 𝜃, 

të themi 𝛼̂, 𝛽̂, and 𝜃 are obtained by solving the 

equations [12-14]: 

 
𝜕(𝐿)

𝜕𝛼
=

𝜕(𝐿)

𝜕𝛽
=

𝜕(𝐿)

𝜕𝜃
= 0. 

 

(
𝛼̂
𝛽̂

𝜃

) ~𝑁 [(
𝛼
𝛽
𝜃

)] , (

𝑉𝛼𝛼̂ 𝑉𝛼𝛽̂ 𝑉𝛼𝜃 ̂

𝑉𝛽𝛼

𝑉𝜃𝛼 ̂

̂ 𝑉𝛽𝛽

𝑉𝜃𝛽 ̂

̂ 𝑉𝛽𝜃

𝑉𝜗𝜗 ̂

̂ )  (14) 

 

𝑉−1 = −𝐸 [

𝑉𝛼𝛼̂ 𝑉𝛼𝛽̂ 𝑉𝛼𝜃 ̂

𝑉𝛽𝛼

𝑉𝜃𝛼 ̂

̂ 𝑉𝛽𝛽

𝑉𝜃𝛽 ̂

̂ 𝑉𝛽𝜃

𝑉𝜗𝜗 ̂

̂ ] (15) 

(

where,  
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𝑉𝛼𝛼 =
𝜕2𝐿

𝜕𝛼2 = −
𝑛

𝛼2   (16)                                              

  

𝑉𝛽𝛽 =
𝜕2𝐿

𝜕𝛽2
= −

𝑛

𝛽2

− 𝛼 ∑(𝑒1/2𝜃𝑥𝑖
2

𝑛

𝑖=1

− 1)
𝛽

(𝑙𝑛(𝑒1/2𝜃𝑥𝑖
2

− 1))
2
 

𝑉𝜃𝜃 =
𝜕2𝐿

𝜕𝜃2
= −

𝑛

𝜃2
− (𝛽

− 1) ∑ 1/4

𝑛

𝑖=1

𝑥𝑖
4𝑒1/2𝜃𝑥𝑖

2

(𝑒1/2𝜃𝑥𝑖
2

− 1)
2 

−
𝛼

4
∑

(𝑒1/2𝜃𝑥𝑖
2

− 1)
𝛽

𝛽𝑥𝑖
4𝑒1/2𝜃𝑥𝑖

2
(𝛽𝑒1/2𝜃𝑥𝑖

2
− 1)

(𝑒1/2𝜃𝑥𝑖
2

− 1)
2

𝑛

𝑖=1

 

𝑉𝛼𝛽 =
𝜕2𝐿

𝜕𝛼𝜕𝛽
= − ∑(𝑒1/2𝜃𝑥𝑖

2

𝑛

𝑖=1

− 1)
𝛽

𝑙𝑛(𝑒1/2𝜃𝑥𝑖
2

− 1) 

𝑉𝛼𝜃 =
𝜕2𝐿

𝜕𝛼𝜕𝜃

= −
1

2
∑

(𝑒1/2𝜃𝑥𝑖
2

− 1)
𝛽

𝛽𝑥𝑖
2𝑒1/2𝜃𝑥𝑖

2

𝑒1/2𝜃𝑥𝑖
2

− 1

𝑛

𝑖=1

 

 

𝑉𝛽𝜃 =
𝜕2𝐿

𝜕𝑏𝜕𝜃
= ∑ 1/2

𝑥𝑖
2𝑒1/2𝜃𝑥𝑖

2

𝑒1/2𝜃𝑥𝑖
2

−1

𝑛
𝑖=1 −

𝛼

2
∑

(𝑒

1

2𝜃𝑥𝑖
2

−1)

𝛽

𝑥𝑖
2𝑒

1

2𝜃𝑥𝑖
2

(𝛽 𝑙𝑛(𝑒

1

2𝜃𝑥𝑖
2

−1)+1)

𝑒

1

2𝜃𝑥𝑖
2

−1

   (17)𝑛
𝑖=1      

 
Finding the inverse matrix of the above matrix 

we will obtain the asymptotic values of 

variance and covariance for the estimators 𝛼̂, 𝛽̂, 
and 𝜃. Using (15), we approximate 100(1 −
𝛾)% confidence interval for 𝛼, 𝛽 and 𝜃 like 

below:  

 

𝛼̂ ± 𝑧𝛾

2

√𝑉𝛼𝛼̂, 𝛽̂ ± 𝑧𝛾

2

√𝑉𝛽𝛽̂, 𝜃 ± 𝑧𝛾

2

√𝑉𝜃𝜃̂ (18) 

  
where, 𝑧𝛾 is 100𝛾 standardized normal 

distribution percentage.                                             

3. RESULTS 

 

3.1. Weibull Distribution, Exponential-

Weibull and Weibull-Rayleigh Applications 

with Three- Parameters 

 

In this section we will compare the data [15] 

adjustment results with Weibull-Rayleigh, 

Exponential-Weibull and Weibull 

Distributions. Data are taken from the study 

conducted by Kamberi, Iljazi and Orhani 

(2021) [16]. The main purpose of the study is to 

compare the results of the students who are 

using information technology in learning with 

those students who are not using it. Therefore, 

we here will take the results of student failure 

before and after the tests developed with the 

integration of technology and without its use. 

These data were analysed by means of the R 

program for our study conducted for the real 

data. Based on the results obtained from this 

study, the maximum likelihood approach used 

in estimating the parameters is the comparison 

between these distributions. Student data 

according to failure points are presented as 

follows: 

 

Sample 1: Failure results according to the test 

that students have not used information 

technology: 

 

45, 64, 26, 38, 11, 5, 11, 34, 28, 51, 5, 23, 11, 

26, 30, 17, 59, 26, 26, 21 

 

Sample 2: Failure results according to the test 

that students have used information 

technology: 

 

75, 41, 18, 23, 8, 5, 13, 29, 34, 45, 0, 18, 11, 

18, 23, 34, 56, 18, 26, 11 

 

In this section, we obtained two sets of data, 

representing the results of student failure from 

the reference study. To test the fit of the two 

data samples for Weibull Distribution with 

three-parameters, the Kolmogorov-Smirnov 
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test was used with the resulting values 0.2 and 

the respective P values is 0.7537. It therefore 

refers that the three-parameter Weibull 

Distribution can fit into both data samples. 

 

For the purpose of estimating the reliability 

function of the three-parameter Weibull 

Distribution, the methods described in this 

paper were used. In order to obtain the best 

estimate, we are presenting the results in the 

following table: 

 
Table 1 Evaluating maximum likelihood estimation 

Model Parameters ML – Sample 1 ML – Sample 2 

Weibull 

Distribution 

𝛼̂ 1.775309 1.728758 

𝛽̂ 31.4732 32.86591 

𝜃 -0.120412 -3.89424 

Exponentiated 

Weibull 

Distribution 

𝛼̂ 1.7251257 1.719023 

𝛽̂ 31.057 32.8991 

𝜃 -0.140 -3.99023 

Weibull-Rayleigh 

Distribution 

𝛼̂ 1.7109 1.7201 

𝛽̂ 31.657 32.8098 

𝜃 -0.121223 -3.70982 

 

Estimating parameters of three-parameter 

Weibull Distribution, Exponential-Weibull 

Distribution and Weibull-Rayleigh is an 

important factor in reliability. The estimation of 

Weibull Distribution parameters using 

traditional techniques such as maximum 

likelihood function is difficult because it is 

nonlinear functions. Therefore, from the results 

of the study we are noticing that the Weibull 

Distribution model for sample 1 shows the 

findings for the parameters 𝛼̂ = 1.77, 𝛽̂ =
31.47 and 𝜃 = −0.12, whereas for sample 2 

displays these findings for the parameters 𝛼̂ =

1.73, 𝛽̂ = 31.87 and 𝜃 = −3.89. On the other 

hand, from the results of the study we are 

noticing that the Exponential-Weibull 

Distribution model for sample 1 shows the 

findings for the parameters 𝛼̂ = 1.73, 𝛽̂ =
31.06 and 𝜃 = −0.14, whereas for sample 2 

displays these findings for the parameters 𝛼̂ =

1.72, 𝛽̂ = 32.89 and 𝜃 = −3.99. And finally, 

from the results of the study we are noticing that 

the Weibull-Rayleigh Distribution model for 

sample 1 shows the findings for the parameters 

𝛼̂ = 1.71, 𝛽̂ = 31.66 and 𝜃 = −0.12, whereas 

for sample 2 displays these findings for the 

parameters 𝛼̂ = 1.72, 𝛽̂ = 32.81 and 𝜃 =
−3.71. From Table 1 we notice that the best 

estimators for choices 1 and 2 are for  

𝛼̂ and 𝛽̂ parameters compared to 𝜃 parameter, 

since their values are approximate for the three 

distributions with the maximum depth method. 

The eight parameter values for choice 1 and 2 

are the best estimators, therefore the Weibull-

Rayleigh distribution represents the closest 

distribution to the Weibull distribution, 

compared to the Exponential Weibull 

distribution. 

 

Comparing the results from sample 1 and 

sample 2 for Weibull Distribution, we are 

noticing that for sample 1 shape is 1.76, 

standard deviation with 0.31, as well as scale 

with 31.33 and standard deviation with 4.18. 

On the other hand, we are noticing that for the 

sample 2 shape is 1.18, standard deviation with 

0.12, as well as scale with 26.4 and standard 
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deviation with 5.16. These findings are 

presented below: 

 

Figure 1 Weibull Distribution for sample 1 

 

Figure 2 Weibull Distribution for sample 1 

 
Figure 3 Weibull Distribution for sample 2 

 

 
Figure 4 Weibull Distribution for sample 2 

 

Figures 1, 2 and 3, 4 show that the data are 

distributed approximately with the Weibull 

distribution. Figure 1, 2  has a distribution that 

closely approximates the Weibull distribution 

for the sample 1 data compared to the sample 2 

data. 

 

Comparing the results from sample 1 and 

sample 2 for Exponential-Weibull Distribution, 

we are noticing that for sample 1 the Estimated 

Value rate is 0.04 and the standard deviation is 

0.008. On the other hand, we are noticing that 

for sample 2 the rate of Estimated Value is like 

the result of sample 1 with 0.04 and standard 

deviation with 0.009. These findings are 

presented below: 

 

 
Figure 5 Exponential Weibull Distribution for 

sample 1 
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Figure 6 Exponential Weibull Distribution for 

sample 2 

 

On the other hand, Figure 5 and 6 does not give 

a clear picture of the approximate Weibull 

Distribution for the data of sample 1 and 2. 

 

The results from sample 1 are showing that for 

Weibull-Rayleigh Distribution we have for 

shape a Estimated Value with 2.53 and standard 

deviation with 0.75, as well as a rate for 

Estimated Value with 0.09 and a standard 

deviation with 0.023. On the other hand, the 

results from sample 2 are showing that for 

Weibull-Rayleigh Distribution we have for 

shape an Estimated Value with 1.06 and a 

standard deviation of 0.29, as well as a rate for 

Estimated Value with 0.04 and a standard 

deviation with 0.15. These findings are 

presented below:   

 

 
Figure 7 Weibull Rayleigh Distribution for sample 

1 

 

 
Figure 8 Weibull Rayleigh Distribution for sample 

2 

 

However, Figure 7 and 8 gives a better view of 

the Weibull Distribution for the data in sample 

1 and 2, and in particular for sample 2. 

 

4. CONCLUSION AND DISCUSSION 

 

In this paper are given several types of 

distributions with three-parameters, starting 

from that of Weibull Distribution, Exponential-

Weibull Distribution and Weibull-Rayleigh 

Distribution. Basic knowledge about these 

distributions is given first and the theoretical 

description of the maximum likelihood method 

estimating (MLE) for assessment the 

parameters. 

 

Simultaneously in this study the data in the 

statistical program R were analysed, to see how 

the statistical parameters are evaluated and 

depending on it the parameter evaluations were 

done with the method of maximum likelihood 

which is shown which distribution is more 

efficient. Also, an application with real data 

obtained from the study of the authors Kamberi, 

Iljazi and Orhani (2021), where it is clearly seen 

that the distribution of Weibull is one of the 

distributions that best interprets this data and 

gives a proper statistical analysis [16, 17]. 

 
From the results of Table 1 it is clear that the 

maximum likelihood (MLE) method is quite 

clear as a method and can be used efficiently in 
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practice to estimate the unknown parameters of 

the Weibull (W), Exponential-Weibull (EW), 

and Weibull-Rayleigh (WR) models. 

 
In this paper we examined the Weibull 

distribution for the real data set and also 

compared it to several sub distributions 

(models) such as the Exponential-Weibull and 

Weibull-Rayleigh distributions to show its 

performance. Therefore, the distributions 

reviewed provide a very good opportunity in 

practice for data analysis. 

 

The results of Table 1 were analysed using 

statistical program R. From the parameter 

values in the table, we conclude that the 

Weibull-Rayleigh model provides better 

estimators for the selection data than other 

models. Also, the model graphs suggest that the 

Weibull-Rayleigh model provides better 

parameter estimators compared to other models 

according to the maximum likelihood (MLE) 

method. 
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Highly Selective and Sensitive Non-enzymatic Glucose Biosensor Based on 

Polypyrrole-Borophene Nanocomposite  
 

Gülsen BAYTEMİR*1  

 

Abstract 

In this study, a non-enzymatic glucose sensor composed of two-dimensional (2D) borophene-decorated 

polypyrrole (PPy) nanocomposites (NCs) was developed. The PPy-borophene NCs were prepared 

using a low-cost sonication method. The sensing performance of the PPy-borophene NCs was 

investigated by the cyclic voltammetry (CV) technique against various biomolecules such as glucose, 

maltose, lactose, fructose, and urea. According to the electrochemical results, it was observed that in 

the glucose concentration range of 1.5 to 24 mM within a voltammetric cycle of 1 min, the PPy-based 

sensor and PPy-borophene NCs-based sensor exhibited sensitivities of 11.88 μAmM−1 cm−2 and 

213.42 μAmM−1 cm−2, respectively. The detection limits of the PPy-based and PPy-borophene NCs-

based sensors were determined to be 0.5 µM and 0.04 µM, respectively. Furthermore, selectivity 

measurement results revealed that the proposed non-enzymatic biosensor has remarkably good 

sensitivity and high selectivity, indicating that common biomolecules (glucose, maltose, lactose, 

fructose, and urea) could be captured by the sensor. Consequently, it was proven that the proposed 

biosensor could be a potential device for diabetes diagnosis. 

Keywords: Non-enzymatic electrochemical biosensor, borophene, polypyrrole, glucose. 

 

1. INTRODUCTION 

 

Diabetes is a global health problem that affects 

millions of people. In 2030, the prevalence of 

diabetes is estimated to be 4.4% for all age 

groups worldwide [1, 2]. It is believed that the 

reasons for the rapid increase in the number of 

diabetes patients are accelerating obesity, 

sedentary lifestyles and unhealthy diets. 

Diabetes is a metabolic disease that occurs when 

the pancreas is not able to produce enough 

insulin or the body can not effectively use the 

insulin it produces. Since the cells cannot absorb 
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the blood sugar (glucose) required for the energy 

they need due to insulin deficiency, the level of 

glucose in the blood rises. If not treated or 

controlled, diabetes can damage blood vessels 

and cause a variety of complications when 

glucose concentrations exceed 10–12 mM [2-9]. 

Therefore, accurate monitoring of glucose 

concentration is crucial.  

 

Conventional glucose biosensors make use of 

enzymes such as glucose oxidase and glucose 

hydrogenase due to their simplicity, high 

sensitivity and selectivity to glucose. The signal 
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is obtained from the oxidation of hydrogen 

peroxide produced as a result of the reaction of 

these enzymes. However, although the 

development of enzyme-modified electrodes has 

advanced considerably, these enzymatic sensors 

often suffer from stability issues due to the 

nature of enzymes. In order to overcome this 

problem, it is attractive to produce non-

enzymatic sensors that can directly oxidize 

glucose at the electrode surface [10-15]. In 

general, metal/metaloxides [16-21] such as 

platinum (Pt), gold (Au), platinum-lead (Pt-Pb), 

nickel (Ni), copper (Cu), nickel-titanium (Ni-

Ti), nickel-copper (Ni-Cu), transition metal 

oxides [22-26] such as tricobalt tetroxide 

(Co3O4), nickel oxide (NiO), nickel hydroxide 

(Ni(OH)2), and copper hydroxide (Cu(OH)2) 

etc.,can be used as sensing materials for the 

detection of glucose sensor. However, these 

electrodes have some disadvantages, such as 

low sensitivity, poor selectivity, and poisoning 

by chloride ions. Carbon and carbon-based 

nanomaterials (carbon nanotubes, carbon fibers, 

carbon dots, and graphene) have recently 

received increasing attention due to their unique 

physical and chemical properties. In particular, 

graphene, which is a two-dimensional (2D) 

material, attracts attention as a glucose sensing 

material due to its high surface area, chemical 

stability, and biocompatibility [27-29]. In 

addition, since conductive polymers such as 

polypyrrole (PPy) [30], polyaniline (PANI) 

[31], poly-o-aminophenol (POAP) [32] have 

similar electrical and optical properties to metal 

or inorganic semiconductor materials, they are 

of interest for chemical sensor, biosensor, and 

supercapacitor studies. In particular, PPy has 

been reported as being suitable for the design of 

various sensors since it is a good substrate for 

the immobilization of nanomaterials. For 

instance, the electrochemical sensor fabricated 

for the determination of D-glucose using a 

polypyrrole-N-phenylboronic acid modified Pt 

electrode has been reported to exhibit a low 

detection limit [33]. In another study, glucose 

was detected over a wide dynamic detection 

range of 0.001-4.863 mM using overoxidized 

polypyrrole nanowire electrodes (nf-

Ni(OH)2@oPPyNW) modified with nickel 

hydroxide nanoflakes. The proposed electrode 

exhibits a low detection limit of 0.3 µM, making 

it suitable for a sensitive, selective, and stable 

electrochemical sensor [34]. In another study, it 

has been shown that the limit of detection of the 

hybrid NF/NiCo2O4@Ppy electrochemical 

sensor created by fabricating 

NiCo2O4@polypyrrole nanowires on a nickel 

foam (NF) substrate for glucose sensing was 

0.22 μM [35]. An enzyme-free sensor developed 

for glucose detection based on chemical 

oxidative polymerization of pyrrole monomers 

on the surface of CuFe2O4 nanoparticles 

exhibited a limit detection of 0.1 µM for low 

glucose concentrations and 0.47 µM for high 

glucose concentrations [36]. In a study 

examining an enzyme-free biosensor modified 

with cobalt(II) phthalocyanine tetrasulfonate 

(CoPcTS)-based on the electrodeposition of 

over-oxidized polypyrrole nanofiber on a pencil 

graphite electrode, excellent performance was 

observed for glucose sensing with a wide linear 

range (0.25–20 mM) and highly reproducible 

response. In addition, the calculated limit of 

detection was 0.1 mM [37]. Li et al. worked on 

an enzyme-free glucose biosensor based on Au 

nanoparticles (Au/PPyNFs) supporting 

polypyrrole nanofibers. It has been shown that 

with a non-enzymatic glucose sensor based on 

Au/PPyNFs, 0.2-13 mM of glucose can be 

detected [38].  

 

In recent years, borophene as a two-dimensional 

nanomaterial has been the subject of many 

studies due to its unique physical, chemical, and 

electronic properties. In 2015, in the first 

theoretical studies of borophene, its chemical 

stability at room temperature was reported. As 

of 2018, borophene has started to be prepared by 

wet chemical methods, but there are still a 

limited number of papers. In these studies, it is 

reported that the performance of supercapacitors 

and sensors is improved with the addition of 

prepared borophene to conductive polymers 

[39-44]. Here, the addition of borophene to 

conductive polymers increases the electrical 

conductivity of conductive polymer-borophene 
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nanocomposite-based devices. Therefore, it can 

be predicted that the PPy-borophene NCs 

obtained with the addition of borophene will 

improve the redox interaction between glucose 

and the nanocomposite in a non-enzymatic 

electrochemical sensor.  

In this study, PPy-based and PPy-borophene 

NCs-based non-enzymatic sensors were 

prepared and their glucose sensing properties 

were investigated. It was demonstrated that 

borophene improves the glucose sensing 

properties of the sensor. The novelty of this 

work is that the glucose sensing mechanism of 

the PPy-borophene NCs-based electrochemical 

sensor has been reported for the first time. In 

addition, the prepared sensors have been tested 

to detect urea, fructose, lactose, and maltose, 

and it has been shown that the sensors are more 

selective towards glucose. 

 

2. EXPERIMENTAL 

 

Borophene nanosheets were prepared by 

physical exfoliation of boron microparticles (1.5 

µm particle size) in dimethylformamide (DMF) 

as previously described [45-47]. High resolution 

transmission electron microscopy (HRTEM) 

and X-ray diffraction (XRD) techniques were 

performed to elucidate the crystalline structure 

and morphology of the borophene. Then, PPy 

and borophene were mixed at a ratio of 1:1, and 

the solution was sonicated at 200 W for 15 min. 

Scanning electron microscopy (SEM) and 

Fourier-transform infrared (FTIR) analysis of 

the PPy-borophene NCs were performed.  

Glucose analytes with 1.5 mM, 3 mM, 6 mM, 12 

mM and 24 mM concentrations were prepared 

in phosphate buffer solution (PBS). PPy and 

PPy-borophene solutions were coated on the 

gold (Au) electrochemical transducers by drop 

casting and dried at 40 0C to obtain the sensors. 

Measurements for each glucose concentration 

were carried out by the 3-electrode cyclic 

voltammetry method. In addition, I-V 

characteristics of the sensor for each glucose 

concentration in the range of [-1, +1] V were 

obtained in real-time measurements. Since the 

current response is based on the reduction and 

oxidation reactions, the sensitivities of the 

sensors were thus determined. 

 

3. RESULT AND DISCUSSION 

 

The HRTEM images and XRD pattern of 

borophene were given in Figure 1. The HRTEM 

micrographs of the borophene show that 

borophene, prepared using the ultrasonic 

method, has excellent structural morphology. As 

seen in Figure 1-a, borophene has a uniform 

nanosheet structure with hexagonal boron 

crystals. The nanosheets have a crystalline 

structure with a 0.41 nm stripe pitch, and this 

matches the characteristics of a β-rhombohedral 

boron structure [48]. Moreover, the Fast Fourier 

Transform (FFT) diffraction pattern of an 

individual borophene nanosheet is also given in 

the inset of Figure 1-b. The XRD pattern given 

in Figure 1-c, in which the phase and 

crystallinity of the nanosheets were examined, 

corresponds to the centrosymmetric (0001) 

plane of β- rhombohedra borophene  (0001) 

plane (unit cell parameters: a=10.925Â, 

b=10.925Â and c=23.814Â). The XRD pattern 

was indexed to the crystal system of the β-

borophene was R-3 m (166) [49]. The results of 

HRTEM and XRD techniques are compatible 

with each other. 

 

The surface morphology of the ultrasonically 

prepared PPy-borophene NCs was also 

identified. SEM images of borophene and PPy-

borophene NCs are given in Figure 2 (a-b). The 

SEM image of the PPy-borophene NCs at higher 

magnification is also given in the inset of Figure 

2-b. According to the experimental results of the 

PPy-borophene NCs, it has a random nanofringe 

structure. The results of the FTIR used to 

determine the chemical functional groups of 

borophene and PPy-borophene NCs are 

presented in Figure 2-c.  In the previous studies 

of our group, it was reported that the 

characteristic peaks of borophene were observed 

at 3479 cm−1 (O-H), 2929 cm−1 (B-B), 2861 

cm−1 (B-H), 1653 cm−1 (C=O), 1496 cm−1 (B-

H), 1385 cm−1 (B-O), 1255 cm−1 (B-O), and 

1091 cm−1 (B – O – B vibrations), 865 cm−1 (B–
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OH stretching vibration), and 659 (B–O–B 

stretching vibration) [31]. The characteristic 

peaks of the prepared PPy-borophene NCs were 

observed at 3272 cm−1 (O–H vibrational 

stretching), 1634 cm−1 (C=C stretching), 1126 

cm−1 (C–H in-plane bending vibration), and 

1037 cm−1 (–C–O–C) [50]. According to the 

FTIR results, it was concluded that borophene 

sheets were encapsulated in the polymer matrix 

(PPy). 

 

 
Figure 1 HRTEM images of the β-rhombohedral 

borophene at (a) high magnification, (b) low 

magnification. The inset of (b) is the FFT 

diffraction pattern of an individual borophene 

nanosheet. (c) XRD pattern of the β-rhombohedral 

borophene. 

 

Electrochemical measurements of the PPy and 

PPy-borophene NCs based biosensors were 

carried out in the [−1, +1] V range with a 50 

mV/s scan rate. The sensors were tested to detect 

glucose in the 1.5-24 mM concentration range. 

The measurements started with 1.5 mM glucose 

concentration, and the glucose was added 

continually to 24 mM. The current density-

voltage graphs of the sensors for each glucose 

concentration were presented in Figure 3 a-b. 

The peak current measured during voltammetry 

varied depending on the analyte concentration. 

The response of the sensors to the changes in the 

glucose concentrations is represented by an 

increase in the output current. 

 

 
Figure 2 SEM images of (a) borophene, (b) PPy-

borophene NCs.  (Higher magnification is given as 

inset) (c) FTIR analysis of the borophene and PPy-

borophene NCs. 
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The current peaks arise from redox reactions of 

glucose with the PPy and PPy-borophene NCs. 

The current density-voltage curves of the PPy-

borophene NCs-based sensor indicated a highly 

prominent redox peak for the 1.5-24 mM 

glucose concentration range. The results show 

that the PPy-borophene nanocomposite-based 

sensor detects glucose with higher sensitivity 

due to the enhanced redox mechanism resulting 

from the borophene additive. The sensitivities of 

the PPy and PPy-borophene NCs based sensors 

were obtained by calculating the slope of the 

current density versus glucose concentration 

curves shown in Figure 3-c. PPy-based and PPy-

borophene NCs-based sensors detected glucose 

in 1.5-24 mM concentration range with a 

sensitivity of 11.88 μAmM−1 cm−2 and 213.42 

μAmM−1 cm−2 within 1 min voltammetric cycle, 

respectively (Figure 3-c).  

 

The detection limit of the sensors were 

calculated by the  

 

𝐿𝑂𝐷 = 3𝑆𝑦
𝑥⁄
/𝑏 

 

equation where 𝑆𝑦
𝑥⁄
 is the standard deviation of 

the background current and b is the slope of the 

calibration curve [51]. PPy-based sensor was 

calculated as 0.5 μM, while that of the PPy-

borophene NCs-based sensor was calculated as 

0.04 μM. Table 1 shows the characteristics of 

the non-enzymatic, nanomaterial-modified PPy 

electrochemical biosensors used for glucose 

detection and their limit of detection values.  

 

 

 
Figure 3 (a) Current density-voltage graph of PPy-

based sensor against glucose, (b) PPy-borophene 

NCs-based sensor for varying glucose 

concentration, (c) The sensitivities of the sensors 
Figure 3 (a) Current density-voltage graph of PPy-b 

Furthermore, Figure 4 shows the comparison of 

current density-voltage curves of PPy and PPy-

borophene NCs-based sensors for glucose, 

maltose, lactose, fructose, and urea at 24 mM 

concentration. According to the results given in 

Figure 4 a-b, both of the sensors are remarkably 

selective for glucose. In the literature, there is no 

report on the PPy-borophene NCs-based glucose 

sensor. This is the first report on the preparation, 

structural characterization, and measurements of 

the PPy-borophene NCs-based glucose sensor. 

The measurements were performed 3 times, and 

obtaining similar results shows that the sensor 

has repeatability and stability. In light of the 

above, it can be said that the sensor is a potential 

device for rapid, cost-effective, selective, and 

sensitive diagnosis of diabetes 
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Table 1 The performances of various nanomaterials modified PPy non-enzymatic biosensors for glucose 

detection 
Electrode Concentration 

      Range 

Limit of Detection Detection method Ref. 

 

PPy–phenylboronic acid 

 

0.05–0.52 mM 

 

80 µM 

 

Voltammetry 

 

[33] 

Over-oxidized PPy 

nanowires modified with 

Ni(OH)2  

nanoflakes 

 

 

0.001-

4.863 mM 

 

0.3 µM 

 

Amperometry 

 

[34] 

NiCo2O4@PPy 

nanowires on nickel 

foam substrate 

 

0.001–20 mM 

 

0.22 μM 

 

Voltammetry 

 

[35] 

 

Core-shell–  

CuFe2O4 /PPy nanocomposite 

 

20 μM-5.6 mM 

0.1 μM for low concentrations 

0.47 μM for high concentrations 

 

 

Voltammetry 

 

 

[36] 

 

Overoxidized PPy  

nanofiber electrode  

modified with CoPc 

tetrasulfonate 

 

 

 

0.25–20 mM 

 

 

 

0.1 mM 

 

 

 

Amperometry 

 

 

 

[37] 

 

 

PPy nanofibers 

supporting Au 

nanoparticles 

(Au/PPyNFs)  

 

0.2–13 mM 

 

 

0.2 mM 

 

 

 

Amperometry 

 

 

[38] 

PPy 

 

PPy-borophene NCs 

 

1.5-24 mM 

0.5 μM 

 

0.04 μM 

 

Voltammetry 

 

This work 

 

 
Figure 4 Selectivity of (a) PPy-based sensor (b) PPy-borophene NCs -based sensor. 

 
 

4. CONCLUSION 

 

Borophene with a uniform transparent nanosheet 

structure and PPy-borophene NCs with a random 

nanofringe structure were prepared by the 

ultrasonic method. After that, PPy and PPy-

borophene NCs-based non-enzymatic 

electrochemical sensors were prepared to 

investigate glucose detection and the selectivity of 
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the sensors to glucose, maltose, lactose, fructose, 

and urea. In the 1.5 to 24 mM glucose 

concentration range, the sensitivity of the PPy-

based sensor was 11.88 μAmM−1 cm−2 and the 

sensitivity of the PPy-borophene NCs-based 

sensor was 213.42 μAmM−1 cm−2. The detection 

limits of the PPy-based and PPy-borophene NCs-

based sensors were determined to be 0.5 µM and 

0.04 µM, respectively. These results revealed that 

both of the sensors were remarkably selective for 

glucose. The PPy-borophene NCs-based sensor 

detected glucose with higher sensitivity and lower 

detection limit due to the enhanced redox 

mechanism arising from the borophene additive. 

Moreover, current density-voltage curves of PPy 

and PPy-borophene NCs-based sensors for 

glucose, maltose, lactose, fructose, and urea at 24 

mM concentration show that both of the sensors 

are remarkably selective for glucose. In addition, 

the measurements were performed 3 times and 

similar results were observed. In the light of the 

above, it can be concluded that the PPy-borophene 

NCs-based sensor has high sensitivity, high 

selectivity, and stability. Since this is the first 

report on the preparation, structural 

characterization, and measurements of the the 

PPy-borophene NCs-based glucose sensor it could 

be further developed in the future as a potential 

device for the diagnosis of diabetes. 
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Two New Records for the Fish Fauna of Simenlik-Akgöl Lagoon in Yeşilırmak 

River Basin (Samsun-Turkey) 
 

Melek ÖZPİÇAK*1 , Semra SAYGIN1 , Savaş YILMAZ1 , Nazmi POLAT1    

 

 

Abstract 

 

In this study, two new freshwater fish species, Gambusia holbrooki Girard, 1859 and 

Petroleuciscus borysthenicus (Kessler, 1859) were reported from Simenlik-Akgöl Lagoon in 

Yeşilırmak Basin (Samsun). Turkey has a rich biodiversity in terms of freshwater fish. Because of 

climate change, periodic ichthyofauna monitoring and updating of fish fauna are critical. Gambusia 

holbrooki, Eastern mosquitofish, is an invasive fish species and has a widespread range because of 

biological struggle against mosquitoes in many water sources. However, simultaneously feeding 

with fish eggs presents a significant threat to biodiversity. And also, Petroleuciscus borysthenicus, 

Dnieper chub, is a small bodied-fish from the genus Petroleuciscus with a wide range. Dnieper 

chub and Eastern mosquitofish were assessed as Least Concern (LC) species according to the IUCN 

criteria. The minimum and maximum total lengths of P. borysthenicus and G. holbrooki are 4.5 

cm-5.7 cm and 2.5 cm-5.3 cm, respectively. The results of this study reveal that the existence of 

new fish species has been recorded for the fish fauna of Simenlik-Akgöl Lagoon, and the 

distribution area of both these fish species have reached a different location in Yeşilırmak Basin. 

 

Keywords: New record, Yeşilırmak River Basin, Gambusia holbrooki, Petroleuciscus 

borysthenicus 

 

 

1. INTRODUCTION 

 

Historical natural processes have produced 

biodiversity [1]. This means that the 

identification of biological units, such as 

species, that are the product of evolutionary 

processes is the first step in any logical 

approach to protecting biodiversity [2]. Turkey 

has a rich biodiversity and endemism in terms 
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of freshwater fish, because of having both 

European- and Asian origin species [3].  The 

species whose range crosses Turkey throughout 

different geological epochs settle in these 

locations and establish local colonies there [4].  

And also, Black Sea rivers could have acted as 

glacier refuges during the creation of 

freshwater ichthyofauna [5, 6]. As a result, 

many researchers were interested in the detailed 
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examination of Turkey's ichthyofauna and the 

finding of faunal components [7-16].  

 

Palaearctic leuciscid genus Petroleuciscus was 

first described by [17]. This genus is 

phenotypically and genetically distinct from 

sister group Squalius [6, 18]. In this genus, 

Petroleuciscus borysthenicus is distributed in 

Eurasia: Eastern, northern, and western, Black 

Sea and Azov Sea basins, from eastward in 

Europe to northwestern Turkey [19]. Due to its 

extensive distribution and high abundance, this 

fish was given the IUCN designation of Least 

Concern (LC) species [20].  

 

The mosquitofish, Gambusia holbrooki Girard 

1859, one of the worst invasive fish in the 

world, small fishes of the family Poeciliidae 

only native to freshwater basins of the east coast 

of the U.S.A. and Mexico but has been 

introduced into more than 50 countries [21] in 

order to control mosquito populations and 

hence malaria [22]. They were introduced into 

Turkey for the biological control of malaria 

between the years 1920-1929 [23]. G. 

holbrooki exhibit strong sexual dimorphism, 

with females being noticeably bigger than 

males and males having an anal fin transformed 

into a gonopodium [24]. The conservation 

status of G. holbrooki was classified as Least 

Concern (LC) according to the IUCN Red List 

Criteria [25]. 

 

The aim of this study is to record the presence 

of Petroleuciscus borysthenicus and Gambusia 

holbrooki of the families Leuciscidae and 

Poeciliidae which were not recorded in 

previous studies of Simenlik-Akgöl Lagoon 

located within the borders of Yeşilırmak River 

Basin.  

 

2. MATERIALS AND METHODS 

 

Samples were collected from Simenlik-Akgöl 

Lagoon following coordinates, 41°16' 41.952" 

N - 36°56'29.868" E using SAMUS 725 MP 

electroshocker (Figure 1). 

 

 
Figure 1 The map of Simenlik-Akgöl Lagoon 

 

Petroleuciscus borysthenicus and Gambusia 

holbrooki samples were immediately fixed in 

4% formaldehyde in the field and stored 

permanently in 70% ethanol. Identification of 

the specimens was based on the morphological 

characters following [10, 13, 20]. 

 

Samples were measured for total length (TL), 

fork length (FL) and standard length (SL) (0.01 

cm.). Individual weights (W) were taken using 

a digital balance with a precision of 0.01 g. 

Meristical counts such as Dorsal fin rays (D), 

Anal fin rays (A), Pectoral fin rays (P), and 

Ventral fin rays (V) were performed for each 

sample. Linealateral scales were counted on the 

left side of the fish samples. Sex was 

determined by macroscopic examination of the 

gonads. 

 

3. RESULTS AND DISCUSSION 

 

A total of 20 Petroleuciscus borysthenicus (12 

female, 8 male) indivduals and 31 Gambusia 

holbrooki (15 female, 16 male) individuals 

were sampled from Simenlik-Akgöl Lagoon. 

The minimum and maximum total lengths and 

weights of P. borysthenicus and G. holbrooki 

individuals are 4.5-5.7 cm and 2.5-5.3 cm, and 

0.90-1.98 g and 0.15-1.95 g respectively. And 
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also, morphological data were offered in Table 

1. Meristic characters of the P. borysthenicus 

samples were counted as D: III-IV/8-10; A: III-

IV/9-10, V: I-II/8-9; P: I/9-11 and also, D: I-

II/5-6; A: II-III 7-8, V: I-II/4-5; P: I/7 for G. 

holbrooki.  Scales on linae lateral are counted 

as 33-40 and 29-32 for P. borysthenicus and G. 

holbrooki, respectively. 

 
Table 1 Descriptive statistics of morfometric 

measurements for P. borysthenicus and G. 

holbrooki 

Variables 

P. borysthenicus G. holbrooki 

Min-Max 

(Mean±SD) 

Min-Max 

(Mean±SD) 

Total 

Length 

(cm) 

4.50-5.70  

(5.07±0.4) 

2.50-5.30 

(4.19±0.9) 

Fork 

Length 

(cm) 

3.90-5.30  

(4.64±0.3) 

- 

Standard 

Length 

(cm) 

3.60-4.80  

(4.16±0.3) 

1.90-4.40 

(3.34±0.7) 

Weight (g) 0.90-1.98 

(1.31±0.3) 

0.15-1.84 

(0.95±0.5) 
SD: Standard deviation, Min: Minimum, Max: Maximum. 

 

In the province of Samsun, Simenlik-Akgöl 

Lagoon Lake is located 25 kilometers from the 

center of Terme. The boundaries of Yeşilrmak 

Delta include this region. When the literature is 

examined, it has been found that there are 

different studies carried out with the aim of 

determining the fish fauna of the Yeşilırmak 

Delta [26-31]. There are some studies about 

fish fauna of Simenlik-Akgöl Lagoon in 

litherature. Mugil cephalus, Mugil saliens, Esox 

lucius, Carassius gibelio, Tinca tinca and 

Abramis brama were recorded from Simenlik 

by [32]. In addition, Syngnathus abaster, 

Platichthys flesus, Atherina boyeri, 

Gasterosteus aculeatus, Neogobius 

melanostomus and Proterorhinus marmoratus 

were added to fish fauna of Simenlik-Akgöl 

Lagoon Lake [26, 33]. However, a recent study 

[33] recorded an endemic fish species, 

Anatolichthys marassentensis from Simenlik-

Akgöl Lagoon. 

It is essential to regularly update the fish fauna 

and monitor the ichthyofauna due to climate 

change. Petroleuciscus borysthenicus was first 

declared to belong to the genus Squalius [8]. It 

has been accepted later as valid species 

belonging to the new genus Petroleuciscus by 

many scientists and authorities [17, 20, 34]. P. 

borysthenicus was detected in the Karaboğaz 

Lagoon [26, 35] and [36] in Miliç River in 

Samsun Province. P. borysthenicus is a small 

bodied-fish a wide range. This small-bodied 

fish tolerates a variety of habitats, including 

marshes, lakes, and montane streams, and 

favors shallow places with sluggish currents 

[37- 39]. 

 

Also, G. holbrooki reported in in this study 

clearly corroborate with several data obtained 

by [40] from the Kızılırmak River, Taflan, and 

Yurtluk Streams and [36] from Miliç River. G. 

holbrooki is among the most invasive fish 

worldwide, with well documented ecological 

impacts on ecosystem functioning [41]. The 

detection of this species in a new location in the 

Yeşilırmak Basin will contribute to the 

determination of any potential effects on the 

local fish fauna. There is no record of P. 

borysthenicus and G. holbrooki from Simenlik- 

Akgöl Lagoon.  

 

4. CONCLUSION 

 

In this study, we report two new records of P. 

borysthenicus and G. holbrooki from Simenlik-

Akgöl Lagoon. The results of this study reveal 

that the existence of these fish species has been 

recorded for the fish fauna of Simenlik-Akgöl 

Lagoon. In particular, the fact that one of the 

caught species is an invasive species is 

important for carrying out more comprehensive 

studies in this area. 

 

It is important to look into the effects of 

invasive fish species that have colonized the 

inland waters of Turkey, either naturally or as a 

result of human activity, and have established 
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long-term populations there. Particular 

attention should be paid to endemic species that 

live in these habitats. It is essential for 

scientists, decision-makers, resource managers, 

and the general public to comprehend the 

variety of the freshwater ichthyofauna of any 

nation in order to more accurately assess how 

human activities affect the freshwater fishes 

there. 
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Investigation of Parametric, Non-Parametric and Semiparametric Methods in 

Regression Analysis 
 

Esra YAVUZ*1 , Mustafa ŞAHİN2   

 

 

Abstract 

 

Regression analysis is known as statistical methods applied to model and analyze the relationship 

between variables. Regression method can be examined as parametric, non-parametric and 

semiparametric regression methods. The parametric regression method assumes that the 

dependent variable is in a linear relationship with the independent variables and that the shape of 

the relationship is known. If these assumptions are not met, non-parametric regression methods 

are applied. However, these methods cause difficulties especially in the interpretation part due to 

the problem of multidimensionality when there is more than one independent variable. Thus, 

when there is more than one independent variable, some of the independent variables may be in a 

linear relationship with the dependent variable, while the other part may be in a nonlinear 

relationship. Thus, in order to model these relationships, semiparametric regression methods, 

which are the additive combination of parametric and non-parametric regression methods, are 

used. In this study, parametric regression method, definition of non-parametric regression method 

and assumption conditions are given. It has been shown that the semiparametric regression 

method can be applied in cases where these assumptions are not met. Thus, in the study, 

regression methods were examined in three different parts, and parametric, non-parametric and 

semiparametric regression methods were examined theoretically. 

 

Keywords: Parametric, non-parametric, semiparametric, regression 

 

1. INTRODUCTION 

 

Regression analysis, one of the most important 

subjects of statistics, is an analysis method 

applied to measure the relationship between 

two or more variables.  

 

 

 

 

 

 

 

 

Regression analysis gives information about 

the existence of a relationship between 

dependent and independent variables and, if 

there is, about the type and strength of that 

relationship [1]. In general, regression analysis 

investigates whether there is an effect of 

another variable on a variable.  
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Here, while the dependent variable is one, the 

variables that affect it (independent variables) 

can be one or more. A regression model with 

one independent variable is called simple 

linear regression, and a regression model with 

more than one independent variable is called 

multiple linear regression analysis. Regression 

analysis is based on the assumptions that the 

independent variables affect the dependent 

variable linearly, that the relationship between 

dependent and independent variables is 

known, and that the dependent variable has a 

normal distribution.  

 

However, in many estimation problems, some 

of the independent variables do not affect the 

dependent variable linearly. Thus, the need to 

examine regression models that include 

nonlinear or more complex variables arises. 

For this reason, regression analysis is 

examined in three different groups as 

parametric, non-parametric and 

semiparametric regression [2]. 

 

In the parametric regression model, it is 

assumed that the shape of the regression 

function is known beforehand. At the same 

time, it is assumed that the error variances are 

constant for all independent variables, there is 

no autocorrelation between the error terms, the 

variables are normally distributed, and there is 

no multicollinearity problem between the 

independent variables [3]. If these conditions 

are not met, the estimations made for the 

regression function lead to incorrect results 

and interpretations. In cases where the 

assumptions are not met, these estimations will 

not be a good estimation result, so a non-

parametric regression model that can stretch 

the linearity assumption in the parametric 

regression model is needed. While strong 

assumptions are required in the parametric 

regression model, these assumptions are not 

required in the non-parametric regression 

model [4]. 

 

In the non-parametric regression model, the 

shape of the function is not predetermined and 

there are no assumptions provided in the 

parametric regression model. The only part of 

the assumption requirement is that the mean of 

the error terms is zero and the variance is 

finite. Thus, flexibility is created in the 

emergence of the relationship between the 

variables. In non-parametric regression, it is 

known for the ability of the data to express 

itself [5]. In addition to its advantages in non-

parametric regression, it also has some 

difficulties. One of these challenges is the need 

for a large amount of data. Another challenge 

is the complexity of operations and the need 

for intensive computer use. In cases where the 

number of independent variables is more than 

two, alternative methods are needed because it 

is difficult to apply the analyzes with non-

parametric regression method and to interpret 

the graphs [6]. Thus, semiparametric 

regression model can be applied in cases 

where parametric and non-parametric 

regression methods are not used. In 

semiparametric regression models, time 

dependent and chance variables are included in 

the model with non-parametric methods, while 

continuous independent variables are included 

in the model with parameric methods [7]. 

 

Semiparametric regression method is also 

known as partial linear regression method due 

to the additive combination of parametric and 

non-parametric regression. In the 

semiparametric regression method, if the 

independent variables are unrelated, the 

coefficients of the parametric variables are 

estimated by the least squares method, and the 

non-parametric variables are estimated by 

methods such as spline [8]. The fact that the 

semiparametric regression method is less 

restrictive than parametric and non-parametric 

methods has led to the use of this method 

more. In addition, since the sample size is less 

important in this method, especially in 

applications consisting of small samples, the 

researcher has the opportunity to continue the 
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practice even if he or she has no knowledge 

about the parameter and variable. One of the 

most important features that distinguishes the 

semiparametric method from other methods is 

that the research continues even if the 

assumptions are not fulfilled [9]. 

 

Recently, in addition to parametric and non-

parametric regression methods, the need for 

semiparametric regression method has 

increased. The aim of this study is to use 

semiparametric regression method in addition 

to these methods in cases where parametric 

and non-parametric regression methods are 

insufficient [10]. 

 

2. METHODS 

 

2.1. Regression Methods 

 

The regression method is a method applied to 

measure the relationship between two or more 

variables that have a cause-effect relationship 

between them. In the regression, the existence 

of the relationship between the variables, and 

if there is a relationship, estimations and 

predictions about the strength of the 

relationship are made. In the regression 

method, one of the variables is applied as the 

dependent variable and the others as the 

independent variable [11]. 

 

where 𝑥 is the independent variable and 𝑦 is 

the relationship between the dependent 

variable, 

 

𝑦 = 𝑓(𝑥)                         (1) 

 

shown in the form. 

 

The purpose of the regression method is to 

examine the existence of the relationship 

between the independent variables on the 

dependent variable and to estimate the values 

that the dependent variable can take [12]. The 

regression method is shown in three different 

groups as parametric, non-parametric and 

semiparametric regression  [13]. 

 

2.1.1. Parametric regression method 

 

The method of examining the mean 

relationship between dependent and 

independent variables with a mathematical 

function and determining the parameters in 

this function clearly is called parametric 

regression [14]. Parameters are measures such 

as mean, variance and ratio of the population. 

In the parametric regression method, the 

𝑥1, 𝑥2, … , 𝑥𝑝 arguments are assumed to be 

linear. 𝑋 = (𝑥1, 𝑥2, … , 𝑥𝑝)represents the mean 

of 𝑦 dependent variable versus the change in 

independent variables [15], 

 

𝑦 = 𝑿𝛽 + 𝜀İ                      (2) 

 

shown in the form. 

 

The parametric regression method is based on 

assumptions. It assumes that the functional 

shape between the independent variables, 𝑿𝛽, 

is considered linear and that the 𝛽 parameters 

are finite [15]. 

 

2.1.2. Nonparametric regression method 

 

Non-parametric regression model created with 

the dependent variable (𝑦) and the 

independent variable (𝑥), whose relationship 

with the dependent variable is unknown, 

 

𝑦𝑖 = 𝑓(𝑥𝑖) + 𝜀𝑖 ,       𝑖 = 1,2, … , 𝑛           (3)  

 

shown in the form. In the non-parametric 

regression method, besides estimating the 

parameters, it aims to estimate the unknown 

mean function 𝑓(𝑥𝑖). 

Although there are no limiting assumptions 

when estimating in non-parametric regression, 

some features must be provided. When the 

number of independent variables is large, it 
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becomes increasingly difficult to make an 

estimation. Thus, the interpretation of the 

resulting graphics becomes more complicated 

[16]. Thus, it causes the problem of 

dimensionality. In addition to these situations, 

it is difficult to apply discrete independent 

variables in the non-parametric regression 

method and to interpret the effects of the y 

variable with the increase in the number of 

independent variables. As a result of these 

difficulties, the application of the 

semiparametric regression method provides an 

advantage [17]. 

2.1.3. Semiparametric regression method 

Semiparametric regression method, in which 

some of the variables in the model are 

considered as parametric and the other part as 

non-parametric regression, 

𝑦𝑖 = 𝛼 + 𝑥1𝛽1 +  … + 𝑥𝑗𝛽𝑗 + 𝑓1(𝑥𝑗+1) + ⋯ +

𝑓𝑘(𝑥𝑘) +           𝜀               (4) 

is expressed as. In this model, 𝑗 variables have 

a linear effect on the dependent variable 𝑦 and 

represent the parametric part of the model. It 

creates a non-linear effect on the dependent 

variable y of other variables and represents the 

non-parametric part of the model. Since more 

than one variable is considered in the non-

parametric regression part, the problems that 

occur in the non-parametric regression method 

are also valid for these models. In order to 

eliminate the problems that occur, the 

variables in the non-parametric part of the 

model are included in the model additively, 

and a new model is created. In addition, there 

may be dummy variables in the parametric 

part of the model [18]. 

At the stage of model creation, first of all, the 

variables are determined. Then, the functional 

or mathematical shape of the model should be 

determined. While creating the mathematical 

figure, first of all, the graphics should be 

interpreted. By interpreting the graphs created 

with the dependent variable and the 

independent variables, information is given 

about the structure of the relationship between 

the variables. After examining the graphs of 

the variables, a semiparametric regression 

model is applied in which some of the 

independent variables are suitable for 

parametric and the other part is suitable for 

non-parametric relationships. The parametric 

part of the semiparametric regression method 

creates the linear relationship, and the non-

parametric part creates the nonlinear 

relationship. For this reason, the 

semiparametric regression method is also 

called semi-linear methods. 

Iterative algorithms are generally applied in 

the estimation of semiparametric regression 

methods. These algorithms are many 

algorithms used for estimation of methods and 

these algorithms are analyzed in many 

computer programs. The most preferred 

programs in the analysis of these algorithms 

are R software, SAS software and Stata 

software [15]. 

 

When the independent variables in the 

semiparametric regression model are 

unrelated, the coefficients of the variables in 

the parametric part of the model are analyzed 

with the least squares method, and the non-

parametric variables are analyzed with the 

estimations of non-parametric methods such as 

spline. However, in the semiparametric 

regression method, the parametric and non-

parametric parts of the model may be related 

to each other [13]. Algorithms are needed in 

which the relationships between the variables 

are taken into account when relevant. The 

most preferred among these algorithms are the 

backward fit algorithm, the Newton-Raphdon 

algorithm, the Speckman approach and the 

partial spline approaches [16]. 
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3. CONCLUSIONS AND DISCUSSION 

 

When there is more than one independent 

variable in the regression analysis, some of the 

independent variables may be in a linear 

relationship with the dependent variable, while 

the other part may be in a nonlinear 

relationship. In addition, in cases where the 

number of independent variables is more than 

two, it becomes difficult to apply non-

parametric regression analyzes and interpret 

graphs. In order to model such relationships, 

semiparametric regression methods, which are 

a combination of parametric and non-

parametric regression methods, are used. 

 

In this study, first of all, parametric regression 

method, definition of non-parametric 

regression method and assumption conditions 

are given. It has been shown that the 

semiparametric regression method can be 

applied in cases where these assumptions are 

not met. Thus, in the study, regression 

methods were examined in three different 

parts, and parametric, non-parametric and 

semiparametric regression methods were 

examined theoretically. 
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Synthesis and Structural Characterization of Novel 2-Aminomethyl Quinazolin-

4(3H)-ones as Organic Building Blocks 

Feyzi Sinan TOKALI*1  

 

Abstract 

 

Quinazoline and quinazolinone derivatives display an extensive application in organic and 

pharmaceutical chemistry, and they have been used as natural and synthetic materials for 

medicinal chemistry purposes. Here I reported an investigation of a new series of 

quinazolinone ring derivatives. In this context, starting from the methyl anthranilate, six 

quinazolinone derivatives (4a-f) with various aminomethyl moieties at position 2 were 

synthesized (89-80%). The structures of compounds 4a-f were identified using FTIR and 

NMR Spectroscopy (1H NMR - 13C NMR).  The data obtained from the all spectra clearly 

identify the structures of the compounds. 

 

Keywords: Quinazoline, quinazolinone, synthesis, building blocks, NMR 

 

 

1. INTRODUCTION 

 

Heterocyclic compounds are very important 

building blocks in drug discovery studies. 

They are found in structure of many drugs 

as synthetic or natural products (Figure 1). 

Quinazolines and quinazolinones are some 

of the common chemical building blocks, 

which belong to the family of heterocyclic 

nitrogen compounds. Quinazolines are 

heterocyclic compounds that contain a 

fused pyrimidine and benzene ring in their 

structure. Quinazolinones are the saturated 

form of the quinazolines and classified 

according to the position of carbonyl group 

(2(1H), 4(3H), and 2,4(1H,3H) 

quinazolindiones). 4(3H) derivatives have 

attracted the attention of scientists due to 

their accessibility, ease of synthesis 

methods,   easy   availability   of   starting  

 

 

 

 

 

materials and their biological activities. 

This class of compounds that known natural 

and synthetic derivatives have investigated 

by many scientists for their  antitumor [1, 

2], anticancer [3-6], anti-inflammatory [7], 

antimicrobial [8-10], anticonvulsant [11, 

12], antifungal [13], anticholinesterase [14, 

15], anti-HIV [16], anti-diabetic [17, 18], 

dihydrofolate reductase inhibition [19], and 

kinase inhibition [20] properties. 

Quinazolinones are generally derived from 

the 2-position. Studies on quinazolinones 

with some alkyl [21-26] and aryl group [27-

30] at the 2 position are frequently 

encountered in the literature. However, 

quinazolinones with an aminomethyl 

moiety at position 2 are rarely encountered.  

The ones synthesized from these 

compounds  either  do  not  have  an 

experimental procedure or their structures 

have not been characterized [31]. 

* Corresponding author: feyzitokali@gmail.com 
1 Kafkas University 

ORCID: https://orcid.org/0000-0001-5532-8802 

 Content of this journal is licensed under a Creative Commons Attribution-Non Commercial No Derivatives 4.0 International License. 

 

Sakarya University Journal of Science 26(6), 1117-1130, 2022

https://orcid.org/0000-0001-5532-8802


Figure 1 Some drugs containing quinazolinone 

ring 

 

In this study, it was aimed to synthesize 2-

aminomethyl derivatives of quinazolinones, 

which have great importance in organic, 

pharmaceutical, and medicinal chemistry 

for the scientist wants to study the 

biological activity of quinazolinone 

derivatives and to characterize their 

structures. 

 

2. MATERIALS AND METHODS 

 

2.1. Materials 

 

The starting materials used in this synthesis 

study were purchased from various 

suppliers and used without any treatment. 

WRS-2A Meltingpoint Apparatus was used 

for determine melting points of the 

compounds. The FTIR spectra of the 

compounds were recorded using Alpha-P 

Bruker FTIR spectrophotometer. 1H NMR 

spectras were recorded on Bruker (400 

MHz) and 13C NMR spectras were recorded 

on Bruker (100 MHz) spectrometer. 

Deuterated chloroform (CDCl3) was used as 

solvent. 

 

2.2. Methods 

 

2.2.1. Synthesis of compounds 4a-f 

 

Methyl-2-amino benzoate (methyl 

anthranilate) (1) (1,512 g, 10mmol) was 

dissolved in 20 mL dichloromethane. 

Sodium bicarbonate (1,68 g, 20mmol) was 

added to this solution and stirred for 20 

minutes at 0-5°C. Chloroacetyl chloride 

(1,13 g, 10mmol) was added by dropwise 

and stirred for an hour at room temperature. 

After completion (checked by thin layer 

chromatography; PE:EtOAc – 9:1), the 

mixture was filtered off and the solvent was 

removed. N-chloroacetyl methyl 

anthranilate (2) (2,28 g, 10mmol) was 

added to a solution of secondary amine 

(10mmol) (primer amine for compound 3f) 

and K2CO3 (2,07 g, 15mmol) in acetonitrile 

(30 mL) at room temperature. Potassium 

iodide (catalytic amount) was added and 

refluxed for an hour. After completion 

(checked by thin layer chromatography; 

PE:EtOAc – 7:3), the mixture was filtered 

off and the solvent was removed. The crude 

product (3a-f) (10mmol) was dissolved in 

absolute ethanol (20 mL) and N2H4.H2O 

(1,6 mL, 25mmol, w/w: 80%) was added. 

The solution was refluxed for 12 hours.  

After completion (checked by thin layer 

chromatography; PE:EtOAc – 1:1), 50% of 

solvent was removed and ether (20 mL) 

was added. Formed white crystals were 

filtered off. The crude products (4a-f) were 

recrystallized from ethanol:ether - 1:2 

(Figure 2). 

 

2.2.1.1. 2-(Morpholinomethyl)-3-amino-

quinazolin-4(3H)-one (4a) 

 

White crystals, yield 89% (2,32 g), mp: 

126-128 °C. FTIR (cm-1): νmax 3312, 3262, 

3070, 2953, 1662, 1598, 768. 1H NMR (400 

MHz, CDCl3) δ 8.20 (d, J= 8.0 Hz, 1H, 

ArH), 7.64 – 7.62 (m, 2H, ArH), 7.42 (t, J = 

7.3 Hz, 1H, ArH), 6.16 (brs, 2H, NH2), 3.74 
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(s, 2H, N-CH2), 3.63 (t, J = 4.0, 4H, CH2-

O-CH2), 2.56 (t, J = 4.0, 4H, CH2-N-CH2). 
13C-NMR (100 MHz, CDCl3): δ 159.3 

(C=O), 150.3 (N=C), 146.1, 133.9, 127.5, 

126.9, 126.4, 120.0 (ArC), 66.9 (CH2-O-

CH2), 61.9 (N-CH2), 53.4 (CH2-N-CH2). 

 

2.2.1.2. 2-[(4-Methylpiperazin-1-

yl)methyl]-3-amino-quinazolin-4(3H)-one 

(4b) 

 

White crystals, yield 80% (2,18 g), mp: 

136-138 °C. FTIR (cm-1): νmax 3323, 3249, 

3106, 2956, 1668, 1593, 776. 1H NMR (400 

MHz, CDCl3) δ 8.28 (d, J = 7.8 Hz, 1H, 

ArH), 7.81 – 7.65 (m, 2H, ArH ), 7.49 (t, J 

= 6.3 Hz, 1H, ArH), 6.36 (brs, 2H, NH2), 

3.82 (s, 2H, N-CH2), 2.67 (s, 4H, CH2-N-

CH2), 2.44 (s, 4H, CH2-N-CH2), 2.29 (s, 

3H, N-CH3). 
13C NMR (101 MHz, CDCl3) 

δ 159.1 (C=O), 150.5 (N=C), 146.2, 133.8, 

127.5, 126.8, 126.3, 120.0 (ArC), 61.5 (N-

CH2), 55.1(CH2-N-CH2) , 52.9 (CH2-N-

CH2), 46.0 (N-CH3). 

 

2.2.1.3. 2-[(4-Phenylpiperazin-1-

yl)methyl]-3-amino-quinazolin-4(3H)-one 

(4c) 

 

White crystals, yield 85% (2,86 g), mp: 

156-158 °C. FTIR (cm-1): νmax 3326, 3239, 

3024, 2937, 1662, 1592, 771. 1H NMR (400 

MHz, CDCl3) δ 8.21 (d, J = 7.7 Hz, 1H, 

ArH), 7.75 – 7.55 (m, 2H, ArH), 7.42 (t, J = 

8.2 Hz, 1H, ArH), 7.18 (t, J = 8.0 Hz, 2H, 

ArH), 6.89 – 6.73 (m, 3H, ArH), 6.22 (brs, 

2H, NH2), 3.80 (s, 2H, N-CH2), 3.11 (t, J = 

4.0, 4H, CH2-N-CH2), 2.72 (t, J = 4.0, 4H, 

CH2-N-CH2). 
13C NMR (100 MHz, CDCl3): 

δ 159.3 (C=O), 151.0 (ArC), 150.5 (N=C), 

146.2, 133.9, 129.2, 127.5, 126.9, 126.4, 

120.1, 120.0, 116.3 (ArC), 61.6 (N-CH2), 

53.1 (CH2-N-CH2), 49.3 (CH2-N-CH2). 

 

 
Figure 2 Synthesis of compounds 4a-f  

 

2.2.1.4. 2-[(3-Methylpiperidin-1-

yl)methyl]-3-amino-quinazolin-4(3H)-one 

(4d)  

 

White crystals, yield 80% (2,19 g), mp: 85-

87 °C. FTIR (cm-1): νmax 3306, 3236, 2947, 

1674, 1599, 779. 1H NMR (400 MHz, 

CDCl3) δ 8.29 (d, J = 7.6 Hz, 1H, ArH), 

7.78 – 7.68 (m, 2H, ArH), 7.51 – 7.47 (m, 

1H, ArH), 6.56 (brs, 2H, NH2), 3.76 (s, 2H, 

N-CH2), 2.83 (t, J = 12.0 Hz, 2H, N-CH2), 

2.15 (t, J = 10.1 Hz, 1H), 1.87 (t, J = 10.6 

Hz, 1H), 1.74 – 1.57 (m, 3H), 1.52 – 1.48 

(m, 1H) (Protons of piperidine ring), 1.00 – 

Feyzi Sinan TOKALI

Synthesis and Structural Characterization of Novel 2-Aminomethyl Quinazolin-4(3H)-ones as Organic Bui...

Sakarya University Journal of Science 26(6), 1117-1130, 2022 1119



0.88 (m, 1H, CH), 0.86 (d, J = 6.6 Hz, 3H, 

CH3). 
13C NMR (101 MHz, CDCl3) δ 158.9 

(C=O), 150.7 (N=C), 146.2, 133.6, 127.4, 

126.7, 126.3, 120.0 (ArC), 62.3, 61.6, 53.8 

(N-CH2), 32.5 (CH2), 31.4 (CH), 25.5 

(CH2), 19.4 (CH3). 

 

2.2.1.5. 2-[(3,4-Dihydroisoquinolin-

2(1H)-yl)methyl]-3-amino-quinazolin-

4(3H)-one (4e) 

 

White crystals, yield 89% (2,73 g), mp: 

107-109 °C. FTIR (cm-1): νmax 3241, 3066, 

2934, 1658, 1594, 757. 1H NMR (400 

MHz, CDCl3) δ 8.19 (d, J = 8.0 Hz, 1H, 

ArH), 7.66 (d, J = 3.6 Hz, 2H, ArH), 7.40 

(m, 1H, ArH), 7.09 – 6.97 (m, 3H, ArH), 

6.91 (d, J = 6.6 Hz, 1H, ArH), 6.26 (brs, 

2H, NH2), 3.89 (s, 2H, N-CH2), 3.72 (s, 2H, 

N-CH2), 2.84 (t, J = 4.0, 2H, CH2), 2.82 (t, 

J = 4.0, 2H, CH2). 
13C-NMR (100 MHz, 

CDCl3): δ 159.1 (C=O), 150.6 (N=C), 

146.2, 133.8, 133.7, 128.9, 127.5, 126.6, 

126.4, 120.1 (ArC), 61.4, 55.7, 50.6 (N-

CH2), 29.1 (CH2). 

 

2.2.1.6.2-{[(4-Methoxyphenyl) 

amino]methyl}-3-amino-quinazolin-

4(3H)-one (4f) 

 

Beige solid, yield 87% (2,58 g), mp: 125-

127 °C. FTIR (cm-1): νmax 3394, 3340, 

3200, 3049, 2935, 1673, 1595, 771. 1H 

NMR (400 MHz, CDCl3) δ 8.09 (d, J = 7.8 

Hz, 1H, ArH), 7.65 – 7.57 (m, 2H, ArH), 

7.34 (t, J = 7.3 Hz, 1H, ArH), 6.69 (m, 4H, 

ArH), 4.74 (brs, 3H, NH2 and NH), 4.37 (s, 

2H, N-CH2), 3.64 (s, 3H, OCH3). 
13C NMR 

(101 MHz, CDCl3) δ 161.5 (C=O), 154.1 

(ArC), 152.5 (N=C), 146.4, 141.4, 134.3, 

127.3, 126.7, 126.4, 120.2, 114.9, 114.7 

(ArC), 55.7 (OCH3), 46.7 (NH-CH2). 

 

3. RESULTS AND DISCUSSION 

 

3.1. Synthesis 

 

In this study, six 2-aminomethyl 

quinazolin-4(3H)-one derivatives (4a-f) 

were synthesized with good purity and 

yields. (Figure 2). The reactants and the 

solvents used in this synthesis study were 

supplied from various suppliers and used 

without any treatment. Compounds 4a-f 

were obtained starting from the methyl 

anthranilate (1) in three steps with good 

yields (89-80%). The purity of the all 

compounds synthesized in this study was 

checked using TLC. FTIR and NMR (1H - 
13C) spectroscopies were applied for the 

characterization of the synthesized 

compounds. 

 

3.2. Structural Characterization 

 

In the FTIR spectra of compounds 4a-f, the 

stretching bands of the NH2 group were 

observed at 3340 – 3200 cm-1. Aromatic 

and aliphatic C-H stretching bands were 

seen at 3106 – 3024 cm-1 and 2956 – 2934 

cm-1, respectively. The stretching bands of 

the C=O and C=N bonds were observed at 

1674 – 1658 cm-1 and 1599 – 1592 cm-1, 

respectively. 
1H NMR spectra of the compounds 4a-f are 

seen in Figure 3-8. Peaks of the aromatic 

protons are seen at δ 8.29 – 6.69 ppm as a 

set of signals (multiplet, triplet or doublet) 

relative to their chemical environment. 

Peaks of the NH2 protons at position 3 of 

the quinazolinone ring, are seen as a broad 

singlet at δ 6.56 – 6.16 ppm. For compound 

4f, peaks of the NH2 protons and the NH 

proton at position 2 were overlapped and 

seen as a broad singlet at δ 4.74 ppm 

(Figure 8). The characteristic peaks of the 

aminomethyl protons (N-CH2) were 

observed at δ 3.82 – 3.74 ppm. For 

compound 4f, this peak was observed as a 

singlet at δ 4.37 ppm. Peaks of the aliphatic 

protons are seen at δ 3.63 – 0.88 ppm as a 

set of signals (multiplet, triplet, doublet or 

singlet) relative to their chemical 

environment. Finally, peaks of the OCH3 

protons (for compound 4f) and CH3 (for 

compound 4b) are seen as a singlet at δ 

3.64 ppm and δ 2.29 ppm, respectively 

(Figure 4 and 8). The spectroscopic data 

mentioned above are in accordance with the 
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structure of molecules and the data in the literature [16, 32].

 

 
Figure 3  1H NMR  (4a) 

 

 
Figure 4 1H NMR  (4b)  
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Figure 5 1H NMR  (4c) 

 

 
Figure 6 1H NMR  (4d) 
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Figure 7 1H NMR  (4e) 

 

 
Figure 8 1H NMR  (4f) 
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Figure 9 13C NMR  (4a) 

 

When the 13C NMR spectra of the 

compounds 4a-f were analysed (Figure 9-

14), peaks of the carbonyl carbons (C4) are 

seen at δ 161.5 – 158.9 ppm. Peaks of 

carbons at the 2 position of quinazoline ring 

are observed at δ 152.5 – 150.3 ppm. 

Aromatic carbons are seen at δ 154.1 – 

116.3 ppm. The characteristic peaks of the 

aminomethyl carbons (N-CH2) were seen δ  

 

 

61.9 – 61.4 ppm. For comound 4f, this peak 

was observed at δ 46.7 ppm (Figure 14). 

For all compounds, peaks of the aliphatic 

carbons were seen at δ 66.9 – 19.4 ppm. 

Finally, for compound 4f, peak of the OCH3 

carbon was observed at δ 55.7 ppm (Figure 

14). The spectroscopic data mentioned 

above are in accordance with the structure 

of molecules and the data in the literature 

[16, 32]. 

 

 
Figure 10 13C NMR  (4b) 

Feyzi Sinan TOKALI

Synthesis and Structural Characterization of Novel 2-Aminomethyl Quinazolin-4(3H)-ones as Organic Bui...

Sakarya University Journal of Science 26(6), 1117-1130, 2022 1124



 
Figure 11 13C NMR  (4c) 

 

 
Figure 12 13C NMR  (4d) 
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Figure 13 13C NMR  (4e) 

 

 
Figure 14 13C NMR  (4f) 

 

 

4. CONCLUSION 

 

In this study, the synthesis of new members 

of quinazolin-4(3H)-ones with 

aminomethyl moiety at 2 positions were 

carried out, successfully (according to the 

data from the spectra). The structures of the 

compounds were identified and some 

physical properties were determined. New 

ligands or building blocks have been 
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synthesized for scientists interested in the 

chemical and pharmaceutical properties of 

quinazolines. Because these molecules 

contain an aminomethyl group in their 

structure, they behave like Mannich Bases, 

which have many uses in various fields of 

chemistry [33]. In addition, it is possible to 

synthesize many new molecules by easily 

derivatizing the molecules over the free 

NH2 at the 3 position. NH2 group at the 3 

position of the ring has the character of 

aromatic primary amine in chemical 

reactions. Therefore, Schiff Bases with 

aldehydes, amides with acyl chlorides, and 

sulfonamide derivatives with sulfonyl 

chlorides can be easily synthesized. These 

classes of compounds are mentioned 

because they are frequently used in 

pharmaceutical chemistry, medicinal 

chemistry and biochemistry. Because the 

molecules have a polar aminomethyl group 

in their structure, their solubility is quite 

good in polar solvents (including hot 

water). Molecules are compounds that can 

be stored at room temperature and are not 

affected by heat, light and moisture. 

Therefore, the molecules are excellent 

ligands for scientists who want to study the 

pharmaceutical properties of 

quinazolinones and their derivatives. 
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Abstract 
 

In this study, a patient-specific carotid artery model was analyzed with an open source program 

foam-extend. The research includes the effect of arterial wall deformation by fluid-structure 

analysis. Pulsatile velocity cycle is trained for 144 patients with different hemodynamic 

parameters, by machine learning algorithm using blood flow velocity measured from 337 points of 

the carotid artery. Data used for training is obtained from an open source in the literature. Here, the 

machine learning algorithm was created by the help of an open source code Phyton. Then, using 

trained values of machine learning, and the known systole and diastole blood pressures for a 

specific chosen patient, the patient-specific pulsatile velocity cycle was estimated. The estimated 

pulsatile velocity cycle was then fitted to Fourier series. This pulsatile velocity cycle is used as the 

input boundary condition for the model analyzed in foam-extend. The outlet boundary condition, 

pulsatile pressure cycle is found by 4-Element Windkessel algorithm. Wall shear stresses and time 

averaged wall shear stresses were obtained for both the rigid and fluid structure interaction models, 

and variation of displacement throughout the pulsatile cycle was found for the FSI model. Wall 

shear stresses, velocity, and displacements were obtained high at peak systole, consistent with 

pulsatile cycles. Like the wall shear stresses, the time averaged wall shear stresses for the FSI 

model were also found lower than the rigid model. The wall shear stresses showed an increase 

towards the exit of internal and external carotid artery.  
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1. INTRODUCTION 

 

Hemodynamic studies have an important place 

in the field of biomechanics. The changing 

behavior of blood flow, especially in narrowing 

and expanding vessels, poses an important 

problem for human health. In this emerging 
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problem, it is vital to be able to predict the 

plaque formation and wall shear stresses that 

will occur as a result of the atherosclerosis, 

narrowing, and expansion of the vessels.  

 

Machine learning methods are used in 

hemodynamics for prediction of wall shear 
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stresses, hypertension, pulsatile velocity, and 

pressure cycles. These investigations focus on 

carotid artery as well as aortic branches. 

Mostly, the prediction of pulsatile velocity and 

pressure cycles are made from the 

experimentally obtained Ultrasonic Doppler 

data [1, 2].  

 

The researches conducted in the literature on 

carotid artery cover experimental and 

numerical works widely. The main aim in these 

investigations is determining the wall shear 

stresses (WSS), time averaged wall shear 

stresses (TWSS), oscillatory shear index (OSI), 

and relative residence time (RRT). 

 

Many investigations have studied the effect of 

taking the flow as steady or pulsatile, and 

assuming the fluid is Newtonian or Non-

Newtonian [3-6]. Among the various models 

available to study non-Newtonian flow, the 

Carreau-Yasuda, Power law, Carreau, and 

Casson models are mostly used. But the opinion 

is that, if the blood cells are small according to 

the vessel diameter, and blood vessel are large 

enough the fluid behaves like Newtonian [7]. 

The early studies considered the geometry of 

the carotid artery as 2-Dimensional [8], but 

after in the opinion of that the 3-Dimensional 

models can simulate the secondary flows in a 

better way, 3- Dimensional computer aided 

designed models are started to use. Nowadays, 

to take a realistic geometry, the researchers are 

using solid models based on patient-specific 

data of the carotid artery. The geometrical 

differences of the carotid artery also effect the 

flow characteristics. At that point, many 

investigations were carried out to see the effect 

of the bifurcation angle of the carotid artery and 

sinus region location. Because low shear 

stresses are responsible from the plaque 

formation, and these regions are the places 

where the low shear stresses occur.  

 

Last years the investigations mostly focus on 

fluid-structure interactions (FSI) of the fluid 

and vessel wall. The studies showed that taking 

the vessel walls as rigid over-estimates the wall 

shear stresses slightly but this amount is still 

negligible. Lopes et al. [9] have carried out such 

research to show the difference between rigid 

and elastic wall approaches. They have 

concluded that rigid wall approach, 

overestimates the wall shear stresses, the higher 

elastic modulus produce lower displacement of 

the carotid artery walls. Lopes et al. [10] also 

have investigated the effect of the blood 

viscosity with FSI approach by taking the fluid 

as Newtonian and using Carreau-Yasuda 

viscosity model. They have found the WSS 

values higher, with Carreau-Yasuda model 

than, by taking the blood as Newtonian fluid. 

However, the displacement of the artery wall 

was not affected from the viscosity model. 

Wong et al. [11], have made FSI study with a 

geometry previously used by Tada et al. [12]. 

They have tried to establish a relationship 

between blood pressure, stenotic compression, 

and deformation. With their results, they have 

showed that a high level of compression and 

maximum WSS occurs in the stenotic apex and 

may be responsible from plaque formation. 

Kumar et al. [13], have carried out a 3-

Dimensional FSI study using a patient carotid 

artery created by converting 2-Dimensional 

scan images from CT Angio data into a 3-

Dimensional model using MIMICS. To better 

understand the formation and progression of 

atherosclerotic plaques in the carotid artery 

bifurcation, computer simulations were 

performed with different blood pressures, first 

normal and then indicative of hypertension. 

They have showed that the deformation of the 

artery, wall shear stress and especially 

oscillatory shear index highly affected from 

blood pressure variation. Lee et al. [14] also has 

performed 3-Dimensional FSI analysis with a 

carotid artery model reconstructed from patient 

specific clinical data. They have considered the 

effect of blood viscosity and have predicted the 

WSS values. 
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This research has focused on blood flow in the 

carotid artery, where stenosis and 

atherosclerosis are most commonly seen. The 

carotid artery model used here is patient-

specific model that is taken from literature [15]. 

Computational Fluid Dynamics (CFD) analysis 

was done with foam-extend [16] (based on 

OpenFOAM) in order to get the wall shear 

stresses and displacement. Pulsatile velocity 

cycle as input boundary condition, and pulsatile 

pressure cycle as output boundary condition 

were obtained by machine learning algorithm 

and 4-Element Windkessel algorithm, 

respectively. The training data used in machine 

learning were taken from open source data in 

the literature [17, 18].  

 

This study showed that using known systole 

and diastole blood pressures for a given patient, 

patient-specific pulsatile velocity cycle can be 

predicted with trained values of machine 

learning algorithm. In addition, the effect of the 

flexible structure of the vessel walls on the wall 

shear stresses was revealed by the fluid-

structure interaction analysis on a patient-

specific artery model. 

 

2. PROBLEM FORMULATION AND 

METHODS 

 

In this study, 3-Dimensional patient-specific 

solid model [15] of the arterial geometry was 

drawn from the dicom dataset by using VMTK 

program [19] and shown in Figure 1.  

 

Carotid artery splits into two branches as 

internal carotid and external carotid artery. In 

this study, the diameter of the internal carotid 

artery (ICA) is 4.5 mm, and the diameter of 

external carotid artery (ECA) is 4.15 mm. The 

length and wall thickness of the artery is 

81.6771 mm and 0.55 mm, respectively. The 

carotid artery was modelled as a linear elastic 

isotropic material and the mechanical 

properties of the vessel are taken as 𝜌w = 1160 

kg/m3, v = 0.45, and E = 1.106 ×106 Pa. Here 

𝜌w is artery’s wall density, v is Poisson ratio and 

E is elasticity modulus. 

 

 
(a) 

 
(b) 

 
(c) 

Figure 1 Carotid artery main geometry 

 

 
Figure 2 Mesh independency point 

 

Mesh independency analysis was conducted for 

the displacement and velocity at the point 

shown at Figure 2 with tetrahedral elements 

ranging from 0.2 to 1 million, to determine the 
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accuracy of the solution. According to the 

results of the mesh independency study as 

shown in Figure 3, it was decided that the mesh 

structure constructed with 339872 elements for 

the solid domain and 934376 elements for fluid 

domain is sufficient.  

 

Fluid structure interaction (FSI) simulations 

were made using the Foam-extend which is 

based on OpenFoam [16]. In simulations made 

with foam-extend, the solid model and the fluid 

model should fit together structurally. The 

absence of any gaps at the interfaces of the 

geometries is a necessary condition for 

simulation. The mesh structures of the 

geometries that interact correctly with each 

other structurally must also be compatible for 

simulation. For the fluid model with a higher 

mesh structure, the values after a certain mesh 

structure are also valid for the solid model. 

 

 
Figure 3 Mesh independency 

 

Here, the blood flow in the carotid artery 

assumed as incompressible, laminar, and 

Newtonian. Blood density is taken as 𝜌𝑓 =

1060 𝑘𝑔/𝑚3 and the dynamic viscosity is 𝜇 =
3.71 × 10−3𝑘𝑔/𝑚 𝑠. The governing equations 

for the problem solved here are continuity and 

momentum equations. 

 

Continuity equation is; 

∇.u = 0        (1) 

 

Momentum equation is; 

 

𝜌𝑓 (
∂u

∂t
+u.∇u) = - ∇P + μ∇2u     (2) 

 

here u, P, and ρf is used as the velocity vector, 

static pressure, and fluid density, respectively. 

At the walls, the boundary conditions are no-

slip so u=v=0.  

 

The governing equation for artery wall 

deformation is the linear momentum equation 

expressed as [9,10], 

 

 𝜌𝑠 (
𝜕2𝑤

𝜕𝑡2 − 𝑏⃗ ) − ∇𝜎 = 0                               (3) 

 

Here,  ρs is the structure density and w is the 

displacement of the arterial wall, b is body force 

and 𝜎 is the Cauchy stress tensor. Assuming 

linear isotropic structure, stress tensor can be 

represented as [9,10],  

 

𝜎 = 2 𝜇𝐿𝜀 + 𝜆𝐿𝑡𝑟(𝜀)𝐼                                   (4) 

 

𝜇𝐿 and 𝜆𝐿 is the first and second Lame 

parameters respectively, 𝜀 is strain tensor, tr is 

trace function and 𝐼 is identity matrix. Lame 

parameters are defined as functions of elasticity 

modulus and Poisson ratio [9,10]. 

 

𝜆𝐿 =
𝜐𝐸

(1+𝜐)(2𝜐−1)
                                            (5) 

 

𝜇𝐿 =
𝐸

2(1+𝜐)
                                                    (6) 

 

Wall shear stress is the frictional force per unit 

area applied by the blood on the surface of the 

arteries. In this study wall shear stresses are 

calculated as; 

 

 𝜏 𝑤 = 𝜇. (𝜔𝑤𝑎𝑙𝑙. 𝑛⃗ )                                        (7) 

 

here, 𝜔𝑤𝑎𝑙𝑙 and 𝑛⃗  is the vorticity at the wall and 

the normal unit vector to the artery wall, 

respectively. Time averaged wall shear stresses 

(TWSS) during a pulsatile cycle are calculated 

as; 
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TWSS =
1

T
 ∫ |τw⃗⃗ ⃗⃗  |

T

0
 dt                  (8) 

 

where, T is the period of the pulsatile cycle. 

 

The Support Vector Machine (SVC) [20] is an 

algorithm for learning effectively from a 

limited number of data. In this study, 144 

patient’s data from a small number of data sets 

were processed using the Support Vector 

Machine algorithm from the data file 

downloaded from the relevant web page [17, 

18]. Systolic blood pressure, SBP; Diastolic 

blood pressure, DBP; Mean blood pressure, 

MBP; stroke volume, SV; and cardiac output, 

CO were taken as the hemodynamic properties 

of these patients. Pulsatile velocity cycle was 

trained by taking 337 velocity points for each 

144 patients from the open source literature [17, 

18]. Using the machine learning algorithm, 337 

velocity points were taught depending on these 

five hemodynamic parameters that differ 

according to each patient. First of all, the 

accuracy of the machine learning result was 

checked by considering the 14th patient in the 

existing file. Here, the score of the learning 

algorithm (accuracy score) was obtained as 1. 

The rbf kernel function is used in the SVC 

algorithm. 
 

Table 1 Hemodynamic specifications of 14th 

patient [17, 18] 

SV [ml] 66.277 

CO [L/min] 4.826 

SBP [mmHg] 117.12 

DBP [mmHg] 70.823 

MBP [mmHg] 86.257 

HR [bpm] 75 

Tcardiac [s] 0.8 
 

Table 1 shows the hemodynamic parameters for 

14th patient. According to these parameters, by 

machine learning algorithm pulsatile velocity 

cycle is obtained for 14th patient and was 

compared with the original cycle that can be 

obtained from the open access data set [17, 18] 

and shown in Figure 4.  
 

 
Figure 4 Velocity estimation results for 14th 

patient 

 

Figure 4 shows a very good agreement between 

the original values and the predicted values for 

14th patient.  
 

 
Figure 5 Pulsatile pressure cycle for 14th patient 

 

Pressure pulse cycle is obtained by using 4-

Element Windkessel model and shown in 

Figure 5.  
 

After these validations for the learning result, 

the hemodynamic parameter values were 

determined for a completely different selected 

patient, and the velocity profile that would 

emerge for this patient with the previous 

learning was obtained. The hemodynamic 

values of this specially selected patient are 

given in Table 2, and the pulsatile velocity and 
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pulsatile pressure cycles are shown in Figure 6 

and Figure 7, respectively. 

 
Table 2 Hemodynamic values of a patient 

SV [ml] 62 

CO [L/min] 4.5 

SBP [mmHg] 120 

DBP [mmHg] 75 

MBP [mmHg] 90 

HR [bpm} 75 

Tcardiac [s] 0.8 

 

 
Figure 6 The pulsatile velocity cycle 

 

The pulsatile velocity cycle in Figure 6 was 

used as inlet boundary condition for CFD 

analysis. 

 

Also, the pulsatile velocity and pressure cycles 

are expressed as Fourier series in Equation 9 

and 10, respectively. The coefficients of the 

series are given in Table 3. The frequency,  

for both equations is 7.85398. 

 

V = 𝑎0 + ∑ 𝑎𝑛𝑐𝑜𝑠𝑛𝜔𝑡20
𝑛=1 + ∑ 𝑏𝑛𝑠𝑖𝑛𝑛𝜔𝑡20

𝑛=1       (9) 
 

P = 𝑎0 + ∑ 𝑎𝑛𝑐𝑜𝑠𝑛𝜔𝑡15
𝑛=1 + ∑ 𝑏𝑛𝑠𝑖𝑛𝑛𝜔𝑡15

𝑛=1  (10) 
 

 

 

 

 

Table 3 Parameters for pulsatile velocity and 

pressure cycles 

Coefficients Velocity 

cycle 

Pressure cycle 

a0 0.101388 96.78016 

a1 0.058847 -2.12215 

a2 0.027928 -0.87664 

a3 0.00765 0.48207 

a4 -0.02192 0.706841 

   a5 -0.06202 -1.46143 

a6 -0.02518 -2.42601 

a7 -0.01349 -1.08502 

a8 -0.01019 -1.20661 

a9 -0.00288 -0.76442 

a10 -0.00355 -0.28466 

a11 -0.0045 -0.36057 

a12 -0.00209 -0.36565 

a13 -0.00506 -0.05564 

a14 -0.00418 -0.96011 

a15 -0.00033 -0.82192 

a16 -0.00126 - 

a17 -0.00094 - 

a18 0.000103 - 

a19 0.000225 - 

a20 0.000125 - 

b1 0.051645 11.5202 

b2 0.062584 4.754548 

b3 0.060867 3.21535 

b4 0.059719 3.637598 

b5 0.02457 4.601801 

b6 -0.0153 1.281552 

b7 -0.00544 1.00616 

b8 -0.00743 0.870868 

b9 -0.00482 0.165459 

b10 -0.00141 0.43652 

b11 -0.00184 0.663278 

b12 -0.00154 0.31772 

b13 -0.00024 0.86716 

b14 -0.00453 0.823721 

b15 -0.00344 -0.06602 

b16 -0.00159 - 

b17 -0.00242 - 

b18 -0.00211 - 

b19 -0.00108 - 

b20 -2.6E-05 - 
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Figure 7 The pulsatile pressure cycle 

 

3. RESULTS AND DISCUSSION 

 

In the fluid-structure interaction analysis 

performed in this study, the displacements and 

the wall shear stresses were acquired 

throughout the pulsatile cycle. Wall shear 

stresses were obtained both for rigid and FSI 

model, and then compared at the peak of 

systole, and diastole.  
 

 

Figure 8 The planes for wall shear stresses 

 

Figure 8 shows the planes where the wall shear 

stresses are obtained. 

 

Average wall shear stresses throughout the 

pulsatile cycle for rigid and FSI models are 

shown in Figure 9 and Figure 10, respectively. 

WSS are slightly higher in rigid model than 

FSI. In both cases, at all planes the maximum 

WSS appears at systolic peak. WSS during 

systolic peak and diastole increases towards 

outlet of ICA and ECA. Table 4 gives this 

comparison. The WSS variation shows similar 

trend for both cases. 

 

Figure 9 Wall shear stresses variation for rigid 

model 

 
Table 4 Comparison of wall shear stresses for FSI 

and rigid model at systolic peak, and diastole 

 Systolic Peak Diastole 

 FSI 

model 

WSS      

[Pa] 

Rigid 

model  

WSS 

[Pa] 

FSI 

model 

WSS      

[Pa] 

Rigid 

model  

WSS 

[Pa] 

Plane 1 1.298 1.532 0.0551 0.0872 

Plane 2 2.599 3.072 0.1911 0.2183 

Plane 3 3.585 3.975 0.2190 0.2977 

Plane 4 4.097 4.769 0.3429 0.3895 

 

Figure 11 and 12 represents the time averaged 

wall shear stresses for FSI and rigid models, 

respectively. For both cases TWSS is high at 

the bifurcation point because of separation of 

flow at that point, velocity gradients are high so 

due to this TWSS is high at that region.  

 

 

Figure 10 Wall shear stresses variation for FSI 

model 
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Figure 11 TWSS variation for FSI model 

 

 

Figure 12 TWSS variation for rigid model 

 

Table 5 shows a comparison of TWSS values 

between rigid and FSI models. Like the WSS 

values, TWSS values for the FSI model are 

lower than for the rigid model, and TWSS also 

increases towards the outlet of ICA and ECA. 

 
Table 5 Comparison of time averaged wall shear 

stresses for FSI and rigid model 

 FSI model 

TWSS [Pa] 

Rigid model  

TWSS [Pa] 

Plane 1 0.11665 0.32298 

Plane 2 0.12188 0.36912 

Plane 3 0.16003 0.46383 

Plane 4 0.66452 0.77702 

 

Figure 14 gives the variation of velocity at the 

location shown in Figure 13, Figure 16 gives 

the variation of WSS at the location shown in 

Figure 15 for both rigid and FSI models. 

 

 

Figure 13 The location of velocity point 

 

Wall shear stresses take their highest values 

during the pulsatile cycle near the peak of 

systole. Subsequently, after the peak of systole 

the wall shear stresses tend to decrease. Like 

WSS, velocity is also higher throughout all the 

pulsatile cycle for rigid model.  

 

 

Figure 14 Variation of velocity for rigid and FSI 

models 

 

 

Figure 15 The location of wall shear stress point 
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Figure 16 Variation of WSS for rigid and FSI 

models 
 

 

Figure 17 The location of displacement point 

 

Figure 18 gives the variation of displacement at 

the location shown in Figure 17 for FSI model. 

The displacement decreases during the pulsatile 

cycle, maximum displacement appears at 

systolic peak. This is consistent with the 

pressure cycle, pressure is also high at systolic 

peak. 

 

 

Figure 18 Variation of displacement 

 

4. CONCLUSION 

 

Areas of low wall shear stresses are responsible 

for the formation of atherosclerosis. In this 

study, the variation of wall shear stresses and 

displacements during the pulsatile cycle were 

investigated by considering the fluid structure 

interaction. Here, the input boundary condition, 

the pulsatile velocity cycle, was obtained for an 

independent patient by teaching the data from 

the literature with machine learning method. 

 

In accordance with the studies in the literature, 

in this study, the rigid model revealed higher 

wall shear stresses than the FSI model. Wall 

shear stresses along the branches of the carotid 

artery decrease in both the rigid and FSI 

models. Wall shear stresses, velocity, and 

displacements are highest at the peak of systole 

consistent with the pulsatile cycles. 
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Traditional Medicinal Plants Used in Dermatologic Disorders in Ardahan, Iğdır 

and Kars 

Songül KARAKAYA*1 , Zehra KIMIŞOĞLU1 , Serdar Volkan YILMAZ1 , Özkan 

AKSAKAL1  , Yusuf Ziya SÜMBÜLLÜ2 , Ümit İNCEKARA1 , Ahmet POLAT1  

 

Abstract 

 

Ethnobotany is briefly defined as a"human-plant relationship". Mankind has used plants as a 

food source since ancient times, resorted to healing and accumulated their experiences. About 

12.000 plant species grow in Turkey. The World Health Organization (WHO) has determined 

the number of herbal medicines as approximately 1900 and it has been determined that 

approximately 20,000 plants are grown in Turkey, 600 of which are used for therapeutic 

purposes. This investigation was conducted to document the species, family, and local names, 

usage types and localities of medicinal plants utilized by people living in and around Ardahan, 

Iğdır and Kars provinces between 2020-2021 for dermatologic disorders. To that end, medicinal 

plant species utilized by the local mankind for therapeutic aims were collected and detected. 

The visitations were organised to the investigation regions at regular intervals, and survey 

investigations were realized by interviewing and talking with the local people one-on-one. 82 

medicinal plant taxa belonging to 31 plant families utilized in dermatologic disorders were 

collected from Ardahan, Iğdır and Kars provinces and their surroundings. Of these, 68 species 

are wild and 14 are cultivated plants. It has been reported that the most commonly utilized 

medicinal plant families in dermatologic disorders are Asteraceae (12), Scrophulariaceae (7), 

Boraginaceae (5), Fabaceae (5), and Salicaceae (5). As a conclusion, despite the deep-rooted 

history in such regions, the transmission and use of traditional knowledge have remained 

limited. 
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1. INTRODUCTION 

 

Throughout history, people have benefited 

from plants grown in their region for various 

purposes. Mankind started cultivating the 

plants he collected from nature frequently for 

the first time [1]. The term ethnobotany was 

firstly used by the American botanist Dr John 

William Hershberger and was used to describe 

his research, which he described as his work on 

"plants produced by primitive and indigenous 

peoples" during a conference in Philadelphia in 

1895. Ethnobotany is briefly defined as 

"human-plant relationship". Ethnobotany is 

also the study of interactions and relationships 

between plants and humans in time and space. 

Mankind has used plants as a source of food 

since ancient times, resorted to their healing and 

accumulated their experiences. About 12.000 

plant species grow in Turkey. It has been 

reported that more than 50,000 of the 

approximately 4.22 million flowering plants 

found in the world are used for medicinal 

purposes. The World Health Organization 

(WHO) said that 80% of the world's population 

is mainly dependent on indigenous medicines 

and most traditional treatments involve using 

plant extracts. According to WHO, three-

quarters of the world's population cannot afford 

modern medicines and rely on traditional herbal 

medicines. Until the middle of the 19th century, 

herbs were the main therapeutic agents used by 

humans, and their role in medicine is still valid 

today. In the late 19th century, ethnobotany 

began to develop as a science offering new tools 

for pharmaceutical research. Public institutions 

such as WHO and private pharmaceutical 

companies have started investing in 

ethnobotanical discoveries. Medicinal plants 

are an important element of local medicinal 

systems around the world. Ethnobotanical 

accumulation is accepted as a part of the 

"traditional" knowledge of a culture. For many 

years, Europe benefited from the ancient 

accumulation of local cultures, especially in 

newly discovered regions, and most of the 

modern drug molecules and some 

phytotherapeutic preparations used today are 

derived from plants included in the traditional 

knowledge of indigenous cultures. Eighteenth-

century explorers, British Richard Spruce and 

German Alexander von Humboldt, detailing the 

use of plants by indigenous communities, 

studied in detail the preparation of curare, 

which was used as an arrow poison in South 

America and later became famous as an 

important muscle relaxant. The role of 

ethnobotany in the search for new drugs 

remained important until the second half of the 

20th century, when other approaches became 

more 'fashionable'. In recent years, the use of 

such information in medicinal plant research 

has again attracted great interest in the media 

and some parts of the scientific community. In 

addition, 'Western' use of such information has 

come under increasing scrutiny and national 

and indigenous rights to these resources have 

been recognized by most academic and 

industrial researchers. WHO has determined 

the number of herbal medicines as 

approximately 1900 and it has been determined 

that approximately 20,000 plants are grown in 

Turkey, 600 of which are used for therapeutic 

purposes. Most of the living in the Eastern 

Anatolia Region make their living from 

agriculture and animal husbandry. The fact that 

the plant diversity in the region is high also 

reinforces the closeness of the people of the 

region to the plants [2-5]. 

 

The Eastern Anatolia Region (EWA) covers an 

area of approximately 170.000 km2, 20% of 

Turkey, and is located in the Iran-Turanian 

phytogeographical region. More than 3000 

plants are grown in the region and the region is 

among the richest regions of our country in 

terms of endemism, with a rate of 25%. Due to 

the geographical conditions of the region, the 

distance of the villages from the city centres, 

and the cold and long winter months, herbal 

treatment is still quite common today. Due to 

different ecological conditions, various climatic 

types and vegetation history, it has been 

observed that EAB has a rich flora. The region, 

which has a rich cultural heritage, also has a 

wide wealth of information in terms of 
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ethnobotany, but due to the migration from 

rural areas to cities and advancing technology, 

the youngest generations do not know the value 

of this treasure and this treasure is facing loss 

[6].  

 

Although skin diseases are not life-threatening, 

unlike other organ diseases, they affect the 

external appearance of the person; they can 

negatively affect their psychosocial status, 

personal relationships and daily activities. For 

this reason, it is important to determine the 

effects of the diseases on life apart from the 

clinical severity, to understand how the patients 

perceive the disease, and to determine the 

changes in the psychosocial status of the 

treatment results. “Good quality of life” is more 

relevant to dermatology than any other medical 

field, because the most of dermatology patients 

have chronic and incurable diseases. The 

effects of these diseases are subjective and 

depend on the person's circumstances [7]. 

 

Complementary and alternative medicine 

(CAM) is defined by the American National 

Center for Complementary and Alternative 

Medicine as a "complementary standard 

medical treatment" in various health care 

systems, practices and is referred to as 

“products”. CAM, which is used all over the 

world today; alternative medical systems 

(homoeopathy, or traditional Chinese 

medicine), treatment methods based on the 

mind-body relationship (meditation, prayer, 

dance, art, music), biological-based treatments 

(herbal treatments, dietary supplements), 

manipulative and body-based treatments 

(chiropractic medicine, massage), energy-

focused therapies (Ki gong, Reiki, touch) are 

classified under 5 main groups. The frequency 

of CAM use in dermatology has been reported 

as 35-69% due to studies conducted in different 

countries [8]. 

 

This research was carried out to document the 

parts and preparation methods of medicinal 

plants used in skin diseases by people living in 

and around Ardahan, Iğdır and Kars provinces 

between 2020 and 2021. 

 

2. MATERIALS AND METHODS 

 

2.1. Study Areas 

 

The Eastern Anatolia Region has the largest 

surface area in Turkey and is the region with the 

lowest population density. The average altitude 

of the region is 2000 m. and three quarters of 

the region's land is approximately 1500-2500 

m. is in the range. The Eastern Anatolia Region 

is located in the east of our country and it is a 

region that has borders with the Black Sea, 

Mediterranean, Southeastern Anatolia and 

Central Anatolia Regions and draws attention 

with its length of land border with neighboring 

countries. The region has borders with five 

neighboring countries (Nakhchivan 

(Azerbaijan), Iraq, Georgia, Armenia and Iran). 

Severe continental climate is seen in most of the 

region and low temperature values and long and 

snowy winter months dominate in the region [9] 

(Figure 1). 

 

2.2. Data Collecting 

 

Within the scope of the study, the information 

was compiled by face-to-face interview method 

in the field studies carried out in 120 villages 

(Ardahan-40, Iğdır-30 and Kars-50). In order to 

identify people with traditional knowledge, 

general information about the project was given 

by contacting the reeves beforehand, and 

information was obtained about people with 

traditional knowledge. In addition, interview-

based interviews in the form of questions and 

answers were held with people in village coffee 

shops, mosques, village/district 

solidarity/association associations, public 

education centers, agricultural chambers, and 

cooperatives. As much as possible, women over 

the age of 60, midwives, shepherds, people 

referred to as "cookers" or "healers" were 

interviewed. Before starting the fieldwork, a 

“Question List” was created regarding the 

questions to be asked to the interlocutors during 
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the fieldwork, taking into account the following 

main headings and the detailed headings in the 

standard information forms. Thus, it was 

ensured that a fast and fluent compilation was 

made without skipping any title. Of the 

informants, 149 (35.82%) were women, while 

the remaining 267 were men. 

 

2.3. Plant Samples 

 

The plants were collected from the villages of 

Ardahan, Iğdır and Kars regions in 2020-2021. 

Identification of the collected plants was made 

by Prof. Dr. Özkan Aksakal. 

 

3. RESULTS 

 

The demographic characteristics of the 

participants were recorded through face-to-face 

interviews. 94 participants (36 women, 58 men) 

were interviewed in Ardahan. It was observed 

that 18.92% of the participants were illiterate. 

A total of 144 participants (50 women, 94 men) 

were interviewed in Iğdır. It was observed that 

18.66% of the participants were illiterate. A 

total of 178 participants (63 women, 115 men) 

were interviewed in Kars. It was seen that 

12.09% of the participants were illiterate. 

82 medicinal plant taxa belonging to 31 plant 

families utilized in dermatologic disorders were 

collected from Ardahan, Iğdır and Kars 

provinces and their surroundings. Of these, 68 

species are wild and 14 are cultivated plants. It 

has been reported that the most commonly 

utilized medicinal plant families in 

dermatologic disorders are Asteraceae (12), 

Scrophulariaceae (7), Boraginaceae (5), 

Fabaceae (5), and Salicaceae (5). The most 

commonly used plants were Achillea 

biebersteinii (as a blood stopper for wounds), 

Achillea millefolium (as a blood stopper for 

wounds), Onosma armena (for wounds), 

Alkanna tinctoria (for burns and wounds), 

Alkanna orientalis(for burns and wounds), 

Euphorbia iberica (for warts and eczema), 

Astragalus microcephalus (for cracks of the 

hands), Medicago sativa (as a blood stopper for 

wounds), Malva neglecta (as a wound healer), 

Pinus sylvestris (as a wound healer), Plantago 

major (as a wound healer), Plantago lanceolata 

(as a wound healer), Rumex crispus (as a wound 

healer), Salix fragilis (for “Demiro”), Salix 

armenorossica (for eczema), Verbascum 

agrimoniifolium (for fungus foot), Tamarix 

smyrnensis (for scabies), and Ulmus minör (as 

a wound healer). The 82 plants identified in the 

area were prepared according to the 

alphabetical order of the families and their 

botanical names are given in Table A1. 

 

4. DISCUSSION 

 

Ethnobotanical studies on the use of plants by 

the public increased, especially in the 90s and 

2000s, in our country as well as all over the 

world, and as a result, the number of 

ethnobotanical studies has increased. Almost 

all of the research on the determination of 

traditional knowledge based on biodiversity in 

Ardahan, Iğdır and Kars environs have an 

ethnobotanical content, and most of the 

qualified studies belong to the recent past. As a 

result of the literature review, the most of 

ethnobotanical studies on Ardahan, Iğdır and 

Kars regions cover Eastern Anatolia. As in the 

studies carried out in Ardahan, Iğdır and Kars, 

it has been observed that Achillea millefolium, 

Eryngium campestre, Achillea biebersteinii, 

Arctium platylepis, Cichorium intybus, 

Glycyrrhiza glabra, Medicago sativa, Mentha 

longifolia, Malva neglecta, Plantago 

lanceolata, Rumex crispus, Galium verum, 

Ulmus minör, Urtica dioica, Juglans regia, 

Fumaria officinalis, Morus alba, and Pinus 

sylvestris are used for similar purposes [3, 10-

13]. Factors such as the difficulty of the 

climatic conditions in the region, the difficulty 

in reaching modern methods due to the distance 

from the district and city centers, and the 

economic inadequacy have positively affected 

the use of existing traditional methods. 

However, this situation continued until the 

1990s. With the death of people called "cooks" 

or "healers", whom rural people often refer to 

for all kinds of problems, a large part of the 

experiences based on traditional knowledge 
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could not be transferred to new generations. In 

almost every village, the words "if you had 

come 20-30 years ago" were said to the project 

team, "if you had come when my healer-cooker 

grandfather, grandmother, midwife were alive". 

In addition, very precious traditional 

information with high potential to be used and 

popularized in the future has been recorded 

from the field.  

 

The Eastern Anatolia Region is a mountainous 

and high region that is rich in terms of physical 

geography due to the mountains extending in 

the east-west direction and the basins between 

these mountains. While fertile agricultural 

areas are found in intermountain basins and 

tectonic depressions, high mountains are 

important grassland areas. In this context, the 

region can be considered as an important 

agriculture and animal husbandry area of our 

country. The region has difficult conditions, 

especially with its climatic and geographical 

structure. The reflection of environmental 

conditions on the cultural process and the 

traceability of this reflection through the data to 

be obtained through the studies to be carried out 

are of great importance [14, 15]. 

 

 
Figure 1 Ardahan, Iğdır and Kars Provinces 

Traditional Information Recorded Villages (Cirled) 

 

Numerical data on the use of medicinal plants 

in Ilıca (Erzurum) were evaluated and it was 

reported that the rate of plants used in skin 

problems was 14.5% [16]. Numerical data on 

the use of medicinal plants in Iğdır were 

evaluated and it was reported that the rate of 

plants used in skin diseases was 11.05% [17]. 

 

5. CONCLUSION 

 

Although it has a deep-rooted history, limited 

data have been reached in villages where the 

number of households has decreased due to 

various reasons, especially immigration. Those 

who settled in the villages, which are cultural 

transition areas, through migration, left a 

significant part of their traditional knowledge, 

manners and experiences in the places they 

came from. On the other hand, they had 

difficulty in learning and assimilating much of 

the traditional knowledge of the region they 

came from. For this reason, despite the deep-

rooted history in such villages, the transmission 

and use of traditional knowledge have remained 

limited. Despite the deep-rooted history in such 

villages, the transmission and use of traditional 

knowledge have remained limited. 
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Table A1. Plants Used in Skin Diseases in Ardahan, Iğdır and Kars Provinces and Surroundings. 

NO Species Name  Family Name Local Name Usage Types Localite 

1.  Allium sativum L.* 

 

Amaryllidaceae 

 

Sarımsak 

 

Garlic is crushed in the oil. A little salt is added. It 

is applied to “Demiro” skin disease. 

Iğdır 

Garlic is used by crushing for the sty. Iğdır 

2.  Eryngium campestre 

L. var. virens Link 

Apiaceae Devetabanı 

 

Fresh leaves are crushed and put on wounds. Iğdır 

3.  Achillea 

biebersteinii Afan. 

Asteraceae Kılıç otu, Sarı 

civanperçemi, 

Oymaderem, 

Zınıkaner 

After the leaves of the plant are lightly beaten, they 

are placed on the cut area and wrapped in order to 

stop the bleeding. 

Iğdır 

After the flowering aerial parts of the plant are 

boiled, the foot with fungus is washed with this 

water. 

Kars 

After the leaves of the plant are crushed, they are 

placed on the cuts as a blood stopper. 

Iğdır 

The fresh aerial parts of the plant are crushed and 

applied to the bleeding area. 

Kars 

The leaves of the plant are crushed and used as an 

astringent. 

Kars 

4.  Achillea millefolium 

L. 

 

Asteraceae Kılıç otu, Pisik otu, 

Gılıç otu 

 

 

After the leaves of the plant are lightly beaten, they 

are placed on the cut area and wrapped in order 

stop the bleeding. 

Iğdır 

After the plant’s leaves of are lightly beaten, they 

are placed on the cut area and wrapped in order to 

stop the bleeding. 

Ardahan 

The plant’s leaves are dried and powdered and 

used on wounds. 

Kars 

After the plant’s leaves are lightly beaten, they are 

placed on the cut area to stop the bleeding and 

wrapped. 

Iğdır 

The resin of Pinus sylvestris and aerial parts of the 

plant are crushed into a paste. It is applied to the 

bleeding part. 

Ardahan 

The plant’s leaves are crushed and used as a blood 

stopper. 

Kars 

The plant’s leaves are crushed and mixed with lard 

oil and used as a wound healer. 

Kars 

After the plant’s leaves are crushed, they are mixed 

with butter and used in bruises after they become 

an ointment. 

Kars 

5.  Cichorium intybus 

L. 

 

Asteraceae 

 

Cıtlanguş, Çıtlı öz 

 

 

It is used to treat burns after the aerial parts are 

burned. 

Iğdır 

The aerial parts are cooked with eggs and used in 

sty treatment. 

Iğdır 

Stems are burned for inflammatory wounds and 

boils; The resulting ash is placed on the wound 

until the inflammation dries up. Each time ash is 

added to the wound, and the previous deposits are 

not deleted. This ash is also used for scabies. 

Kars 
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6.  Xanthium spinosum 

L. 

Asteraceae Pitrak The stems are crushed and put on the wound. Iğdır 

7.  Lactuca serriola L. 

 

Asteraceae 

 

Artok 

 

Plant's aerial part is boiled and is applied to the 

area with alopecia. 

Iğdır 

Plant aerial part juice is used for foot fungus. Iğdır 

The aerial parts of the plant are boiled. The area 

with foot fungus is washed with this water. 

Iğdır 

The aerial part of the plant is boiled against eczema 

and its water is used.  

Iğdır 

The whole plant is boiled and the person with 

scabies is washed with its juice. 

Iğdır 

8.  Scorzonera cana 

(C.A.Mey.) 

O.Hoffm. 

Asteraceae Sıpıng 

 

The latex obtained from the plant's roots is used in 

the treatment of warts. 

Iğdır 

9.  Arctium platylepis 

(Boiss. & Bal.) 

Sosn. ex Grossh. 

Asteraceae Garahort The plant’s leaves are crushed and put on wounds. Iğdır 

10.  Tragopogon aureus 

Boiss. 

Asteraceae Sıpıng The latex obtained from the roots of the plant is 

applied in the itching. 

Kars 

11.  Cichorium 

glandulosum Boiss. 

& A.Huet 

Asteraceae Çakçak 

 

After the plant’s roots are burned and mixed with 

butter, it is applied to the wounds. 

Kars 

12.  Helichrysum 

plicatum DC. 

 

Asteraceae Altınbaş 

 

The plant’s flowers are boiled with garlic until they 

have the consistency of an ointment and applied to 

the wounds. 

Kars 

13.  Achillea tenuifolia 

Lam. 

Asteraceae Kiliç otu The plant’s leaves are crushed and used as a blood 

stopper. 

Kars 

14.  Tanacetum 

punctatum (Desr.) 

Grierson 

Asteraceae Sandal The plant is added to the bath water. It is used for 

hair. 

Ardahan 

15.  Betula alba L. Betulaceae Kayın The plant tar is applied directly to the area with 

fungus foot, 1-2 drops. 

Ardahan 

16.  Betula pendula Roth Betulaceae Huş Plant bark tar is used as a healer in eczema 

wounds. 

Ardahan 

17.  Echium vulgare L. Boraginaceae Havaciva The aerial parts are boiled and the water is applied 

to the burns. 

Ardahan 

18.  Onosma armena 

DC. 

 

Boraginaceae Havaotu, Yara 

yaprağı, Hevaju, 

Havaju, Enlik 

 

 

 

 

The plant’s leaves are wetted with hot water. The 

softened leaves are closed on the wound. 

Kars 

Roots are roasted in a pan. When the roots are 

roasted, the oil comes out. That oil is rubbed into 

the wounds. 

Kars 

The plant’s roots are roasted in a pan and the oil is 

extracted. It is used as a wound healer.  

Kars 

The water obtained by boiling the root is used for 

eczema. This water is used until eczema dries up. 

Kars 

19.  Alkanna tinctoria 

(L.) Tausch 

 

Boraginaceae Havajo, Havaciva, 

Hevaco 

 

 

 

 

The plant’s roots are cooked with butter and used 

for red cream burns. 

Iğdır 

The plant’s root, which is roasted in oil to the 

consistency of ointment, is applied to the wound 

after it takes this state. 

Kars 

The plant’s root are boiled until they reach the 

consistency of ointment and this ointment is 

applied to the circumcision wounds. 

Kars 
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The plant’s root is roasted and used to treat of burn 

wounds. 

Kars 

The plant’s root are collected, roasted in butter, 

wax is put on it and fried a little more, the prepared 

mixture is kept at room temperature and applied to 

wounds and cracks. 

Ardahan 

The plant’s root is roasted in butter with beeswax. 

When it becomes an ointment, it is applied directly 

to the wounds.  

Ardahan 

20.  Anchusa azurea 

Mill. 

 

Boraginaceae Havajo, Havaciva 

 

The plant’s root are cooked with butter and rubbed 

into the wounds. 

Kars 

The root is boiled and mixed with unsalted butter 

and applied to burns and wounds. 

Kars 

21.  Alkanna orientalis 

Boiss. 

Boraginaceae Havaciva, Havago, 

Hevaco, Havejo, 

Havajo 

The plant’s root are cooked with butter and used as 

a wound healer. 

Kars 

The plant's roots are cooked with butter and used 

to treat burns. 

Kars 

The plant’s root are cooked with butter and used 

for burns. 

Kars 

It is combined with rosin, olive oil, the root of the 

plant, lime, white wax, beeswax, garlic, and 5 g of 

each. These crushed components are applied to the 

burned area like a cream. 

Kars 

The plant’s root are cooked with butter and used 

for burns. 

Kars 

The poultice obtained after the roots of the plant 

are cooked with butter is used as a wound healer. 

Iğdır 

30-40 g of plant root, which is put in 100 g of 

butter, is roasted until it reaches the consistency of 

ointment. The resulting arrangement is applied to 

the injured area. 

Kars 

22.  Cephalaria procera 

Fisch. & Avé-Lall.  

Caprifoliaceae Cipreş 

 

The plant’s aerial parts are crushed and used as a 

wound healer. 

Kars 

23.  Cuscuta campestris 

Yunck.  

Convolvulaceae Kevze 

 

The whole plant is applied directly to the bleeding 

site. 

Ardahan 

24.  Elaeagnus 

angustifolia L. 

Elaeagnaceae İğde Fruit peels are used for skin diseases and psoriasis. Iğdır 

25.  Euphorbia iberica 

Boiss.  

Euphorbiaceae Sütlegen, Hulişirk 

(Sütleğen), 

Sütlübiyan, Südyan 

For warts, 1-2 drops of plant milk are dripped. Ardahan 

Its latex is used to dry fungal diseases or acne. Iğdır 

The latex of the plant is used to cure eczema and 

warts. 

Iğdır 

The latex of the plant is applied directly to the 

eczema and “Demiro “areas. 

Iğdır 

Its latex is dripped onto the wounds on the skin. It 

dries the wound. 

Kars 
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26.  Euphorbia 

orientalis L.  

Euphorbiaceae Sütligen The latex on the body of the plant dries the wart. Kars 

27.  Euphorbia virgata 

Waldst. et Kıt. 

Euphorbiaceae Topuştopuğu  

 

The milk of the plant is mixed with some water. 

The milk of this plant is good for skin wrinkles. 

Kars 

28.  Trifolium campestre 

Schreb. 

Fabaceae Üç yaprak yonca 

 

The leaves of the plant are dried, ground into 

powder and mixed with Cichorium intybus. It is 

poured into watery wounds. It dries the wound. 

Iğdır 

29.  Medicago lupulina 

L. 

 

Fabaceae Kara yonca, Yabani 

yonca 

The aerial parts of the plant are used as a blood 

thinner. It is applied by crushing lightly. 

Iğdır 

30.  Glycyrrhiza glabra 

L.* 

Fabaceae şirinbiyan The resin obtained from the roots of the plant is 

used in foot wounds. 

Iğdır 

31.  Astragalus 

microcephalus 

Willd. 

 

Fabaceae 

 

Geven, Guni 

 

 

The liquid obtained by squeezing the roots of the 

plant is applied externally to treat swelling and 

bruises caused by sprains. 

Ardahan 

The root oil of the plant is applied to the cracks of 

the hands. 

Iğdır 

The plant’s root oil is applied to the cracks of the 

hands. 

Ardahan 

The gum obtained from plant roots is used as a 

wound healer. 

Kars 

The gum obtained from the roots of the plant is 

mixed with barley flour and applied as a wound 

healer.  

Kars 

The root oil of the plant is applied to the cracks of 

the hands. 

Kars 

The gum obtained from the roots of the plant is 

used as a wound healer. 

Kars 

32.  Medicago sativa L. 

 

Fabaceae 

 

Kara yonca, Yabani 

yonca, Oncarej 

 

 

The plant is chewed a little in the mouth and 

pressed on the bleeding place. 

Ardahan 

The leaves of the plant are chewed and tied to the 

bleeding wound. 

Iğdır 

The aerial part of the plant is chewed and tied to 

the bleeding wound. 

Iğdır 

The aerial part of the plant is lightly chewed and 

wrapped as a blood thinner on cut wounds.  

Iğdır 

The leaves of the plant, and the root of Salix sp. are 

pounded in a stony mortar and then clay is added. 

This mixture is suitable for mouth sores. 

Iğdır 

The leaves of the plant are applied as a boil 

remover by chewing lightly in the mouth. 

Iğdır 

33.  Fagus orientalis 

Lipsky 

Fagaceae Kayın The resin of the plant is used directly as a wound 

healer. 

Ardahan 

34.  Gentiana lutea L. 

 

Gentianaceae 

 

Camışkıran, 

Egzema otu 

The person with scabies takes a bath with the 

boiled water of the plant’s roots. 

Ardahan 

The flowering plant is boiled above ground and 

drunk for eczema. 

Kars 

35.  Hypericum 

venustum Fenzl 

Hypericaceae Kantoron 

 

The plant’s aerial part of the is kept in olive oil for 

more than 40 days in the sun and is used as a 

wound healer. 

Kars 

36.  Salvia verticillata L. Lamiaceae Dermanigali The aerial part of the plant is crushed and used 

when fresh as a blood thinner and a wound healer. 

Kars 
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37.  Teucrium orientale 

L. 

Lamiaceae Mayasıl otu Aerial parts with flowers are boiled and fungus feet 

are washed with water. 

Kars 

38.  Mentha longifolia 

Host 

 

Lamiaceae 

 

Yarpuz 

 

Powdered leaves are used for aphthae. Iğdır 

It is added to bath water and used to relieve itching. Ardahan 

39.  Juglans regia L.* 

 

Juglandaceae Ceviz 

 

Walnuts are crushed, and ezvay (Aloe sp.) is 

pounded and mixed. Henna is added to this 

mixture. This mixture is wrapped around the 

person's hair. If it is applied 2-3 times, hair loss 

stops. 

Iğdır 

Henna and walnut inner membrane are crushed 

and applied to the area with fungus foot. 

Kars 

40.  Malva neglecta 

Wallr. 

 

Malvaceae 

 

Dolik, Ebegümeci, 

Dolig, Dolık, Dolig,  

Dalık  

 

 

The leaves of the plant are boiled in water, mixed 

with chopped onion, some barley flour is added, 

mixed and applied to the boil. 

Ardahan 

The aerial parts of the plant are crushed and used 

for burns. 

Iğdır 

The aerial parts of M. neglecta and Plantago major 

are crushed and mixed with linseed oil and used as 

a wound healer. 

Iğdır 

After the leaves of the plant are lightly boiled, it is 

used as a wound healer. 

Iğdır 

After the plant leaves are crushed, it is used as a 

wound healer. 

Iğdır 

The plant’s leaf is mixed with Galium sp. and used 

for burns. 

Iğdır 

The leaves of the plant are boiled with red wheat 

flour, the dough is made and placed on the wounds 

for 3 days. 

Kars 

After the aerial parts of the plant are crushed, they 

are mixed with milk and honey. On the 1st day, it 

is applied to the crushed and injured area. On the 

2nd day, after the plant is crushed again, barley 

flour and milk are mixed and applied to the same 

area. 

Kars 

The leaves are crushed and mixed with soft soap. 

It is applied to the furuncles. 

Iğdır 

The leaves of the plant, which is boiled with milk, 

are placed on the furuncles.  

Kars 

41.  Alcea calvertii 

(Boiss.) Boiss.  

Malvaceae Hırılgülü After the roots and flowers are crushed, it is 

cooked with milk and used externally on inflamed 

wounds. 

Iğdır 

42.  Alcea striata (DC.) 

Alef. subsp. 

rufescens (Boiss.) 

Cullen 

Malvaceae Hiro 

 

The aerial parts of the plant are crushed and boiled. 

Its water is filtered and the pulp is placed on the 

wound. 

Iğdır 

43.  Gossypium hirsutum 

L.* 

Malvaceae Pamuk Papillomas are cured by burning with cotton. Iğdır 

44.  Ficus carica L.* 

 

Moraceae İncir The latex of the fig leaf is applied directly to the 

wart. 

Iğdır 

The latex of the fruit or leaf dries warts. Iğdır 

45.  Morus nigra L.* Moraceae Karadut The fruits of the plant are eaten against mouth 

sores. 

Iğdır 

46.  Orobanche minor 

Sm. 

Orobanchaceae Pişikotu The aerial parts of the plant are boiled and the 

water is rubbed into the rash. 

Kars 
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47.  Fumaria officinalis 

L. 

Papaveraceae Egzema otu After the aerial parts of the plant are boiled, the 

places with eczema are washed. 

Kars 

48.  Pinus sylvestris L.  

 

Pinaceae Sarıçam 

 

The resin of the plant is mixed with “Raspberry 

(Pisik otu)”. It is applied to bleeding wounds. 

Ardahan 

The plant’s resin is used as a healer for cracks in 

the hand. 

Ardahan 

The tar of the plant is used as a wound healer. Ardahan 

The plant’s resin is mixed with wax and lime in a 

one-to-one ratio, turned into an ointment and 

applied to burns. 

Ardahan 

The plant’s resin is wrapped around the wounds by 

being slightly heated. 

Ardahan 

After the rotten dust of pine (called “putur ağaç”) 

is finely sieved, its dust is applied to the 

circumcision wounds. 

Ardahan 

The powder of the rotten plant tree is applied over 

the circumcision wound by passing it through 

cheesecloth. 

Ardahan 

Alkanna orientalis root, the plant's tar and butter 

are roasted. The resulting cream is used as a wound 

healer. 

Ardahan 

The tar of the plant is used as a healer in eczema 

wounds. 

Ardahan 

Pine tar is rubbed directly into the wounds. Ardahan 

Pine tar is rubbed into hand cracks. Ardahan 

Plant tar is used as a healer for hand cracks. Ardahan 

Plant tar is used as a healer in eczema wounds. Ardahan 

The fine dust of rotten trees is used as a healer for 

the circumcision wound. 

Kars 

Rotten wood dust is applied to the circumcision 

wound as a blood thinner. 

Ardahan 

Plant tar is used as a healer in eczema wounds. Ardahan 

49.  Pinus nigra Aiton Pinaceae Karaçam Karaçam reçinesi çıban tedavisi için yara üzerine 

tatbik edilir.  

Ardahan 

50.  Abies 

nordmanniana 

(Steven) Spach  

Pinaceae Köknar The resin of the plant is roasted with butter and 

applied directly to the cracks of the hands. 

Ardahan 

51.  Plantago major L. 

 

Plantaginaceae 

 

Bağa yaprağı, Yara 

otu, Boz otu, Boğa 

yaprağı, Belhevis, 

Yara yaprağı 

Pelheves, 

Pelhevesek, 

Pelhevis, Belhevis, 

Belgeheves, 

Belhavis, 

Belgeheves, 

Belgevis  

 

The leaf of the plant is wrapped directly on the 

finger with the entanglement. 

Ardahan 

The leaves of the plant are boiled and wrapped 

around the swellings in the body. 

Ardahan 

The leaves of the plant are wrapped around the 

wound, either directly or by slightly crushing 

them. 

Ardahan 

The leaf of the plant is directly attached to the non-

tipped boils. 

Ardahan 

The leaves of the plant are slightly crushed and 

wrapped around the finger. 

Kars 

The leaves are boiled and the pulp is wrapped in 

wounds. 

Kars 

For whittle, the leaf of the plant is directly coiled. Kars 

After the leaves of the plant are slightly crushed, it 

is used externally in the treatment of fungus. 

Kars 

Fresh leaves of the plant are put on the wound. Kars 

The leaves of the plant are crushed and placed on 

the boil. 

Kars 
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After the leaves of the plant are crushed, they are 

put on the wounds. 

Kars 

The leaves of the plant are crushed and put on 

wounds. 

Kars 

The leaves of the plant are placed in hot water, 

after adding granulated sugar, it is put on the 

wounds. 

Kars 

The aerial parts of the plant are dried and ground 

into powder. This powder is left on the open skin 

wound for 3 days. Fresh leaves can also be used by 

covering the open wound directly. If the dry leaf is 

to be placed directly, the leaf is wetted and then 

placed on the wound. 

Kars 

The leaf of the plant is lightly crushed and wrapped 

on a boil. 

Kars 

The fresh leaves of the plant clean the wound and 

expel the secretions. 

Ardahan 

The fresh leaves of the plant clean the wound and 

expel the secretions. 

Ardahan 

The fresh leaves of the plant are slightly crushed 

and put on the wound or boil and bandaged. 

Ardahan 

The fresh leaves of the plant are used as wound 

healing. 

Iğdır 

The fresh leaves of the plant take the swelling of 

the wounds. 

Iğdır 

Fresh leaves are crushed and put on boils and 

pimples. 

Iğdır 

The fresh leaves are used for boils. Iğdır 

The leaves of the plant are crushed and put on the 

wound as a wound healer. 

Iğdır 

The leaves of the plant are slightly crushed and put 

in place of wounds or boils and bandaged. 

Iğdır 

After the leaves of the plant are crushed, it is used 

as a desiccant. 

Iğdır 

52.  Plantago lanceolata 

L. 

 

Plantaginaceae 

 

Kılıç otu, Zilleganer 

Pisik kuyruğu, 

Kaynak otu, 

Belgeheves, Kılıç 

otu, Bağa yaprağı,  

 

Fresh leaves are used as a wound healer. Iğdır 

The fresh leaves of the plant are used as an anti-

inflammatory. 

Kars 

The fresh leaf of the plant is wrapped directly over 

the bleeding cut. 

Kars 

The leaves of the plant are dried in the shade and 

ground. It is sprinkled on the bleeding places as a 

blood suppressant. 

Ardahan 

The leaves of the plant are slightly crushed and put 

in place of wounds or boils and bandaged. 

Iğdır 

The leaves of the plant are slightly crushed and put 

in place of wounds or boils and bandaged. 

Ardahan 

The leaves of the plant are crushed into deep cuts 

and wounds. 

Iğdır 

The fresh leaf of the plant is used directly as a 

blood thinner. 

Iğdır 

After the fresh leaves of the plant are crushed, they 

are placed on the cuts as a blood stopper. 

Iğdır 

53.  Lolium perenne L. Poaceae Çimen The person with the itching rolls naked in the wet 

grass. 

Ardahan 

54.  Oryza sativa L.* Poaceae Pirinç  They use the oil obtained from the plant for temre. Iğdır 
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55.  Triticum aestivum 

L.* 

Poaceae Buğday The wheat is roasted in a pan and the oil is 

extracted. It is applied to the area with ringworm. 

Kars 

56.  Hordeum vulgare 

L.* 

Poaceae Arpa Barley oil is extracted by roasting. It is applied to 

the psoriasis area. 

Kars 

57.  Rumex acetosella L. Polygonaceae Evelik The seeds are used for psoriasis. Ardahan 

58.  Rumex crispus L.  

 

Polygonaceae 

 

Evelik, Ğala, Evelik 

 

Dry leaves are boiled with milk, powdered onions 

are added, and then cooked with flour and oil. The 

mixture is used in burn treatment. 

Iğdır 

The leaves of the plant are applied directly to the 

boil, by crushing or slightly boiling. It causes the 

boil to burst by tipping. 

Ardahan 

The root of the plant is cut into small pieces, mixed 

with yogurt, left in the sun for 1 day and applied to 

the scabies area for 3 days. 

Ardahan 

59.  Armeniaca vulgaris 

Lam.* 

Rosaceae Kayısı The stems of the plant are peeled and the liquid 

inside is removed. This liquid is applied to children 

with a rash. 

Iğdır 

60.  Rosa canina L. 

 

Rosaceae Şilan 

 

The tar obtained by dry distillation of the stems of 

the plant is used in “Demiro” skin disease. 

Kars 

61.  Prunus cerasifera 

Ehrh.*  

Rosaceae Alca, Erik 

 

The fruits of the plant are crushed, mixed with 

vinegar, and applied directly to the areas with 

eczema. 

Iğdır 

62.  Galium verum L. 

 

Rubiaceae Sim otu After crushing the flowers, linseed oil is added. 

This mixture is applied to reddened and swollen 

areas. 

Kars 

63.  Salix fragilis L. 

 

Salicaceae 

 

Civirsöğüt, 

Çivirsöğüt, Çivrebi 

Söğüt, Yabani söğüt 

 

Dry branches of the plant are heated. The oil that 

comes out is rubbed into the area with ringworm. 

Iğdır 

The fresh branch of the plant is heated, 1-2 drops 

are applied from the dripping water to the 

“Demiro” area. 

Iğdır 

The fresh branches of the plant are kept close to 

the fire and heated, and the water dripping from the 

tip is applied directly to the areas with “Demiro” 

disease. 

Iğdır 

The medicine prepared from the root of the plant 

is used for temre. 

Iğdır 

For temre disease, the root of the plant is crushed 

and applied directly. 

Iğdır 

64.  Salix alba L. 

 

Salicaceae 

 

Söğüt, Yabani söğüt 

 

The leaves of the plant are crushed in vinegar, the 

mixture is applied directly to the area with 

ringworm. 

Iğdır 

For foot fungus, the branch of the plant is heated. 

The water that comes out is applied directly to the 

area with fungus foot. 

Iğdır 

65.  Salix armenorossica 

A. SKV. 

Salicaceae 

 

Duzik, Söğüt 

 

Tar obtained from the wood of the plant is used in 

eczema. 

Kars 

The leaf of the plant is boiled before the daylight 

strikes and the child is washed with that water 

against sunstroke (gün çalgını). 

Kars 

The plant’s branches are put on the wart after 

waiting for a while on the fire. 

Kars 
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66.  Salix 

pseudomedemii 

E.Wolf 

Salicaceae Kara söğüt ağacı 

 

When the outer bark of the plant is placed on the 

fire, it gives its sap. This water is applied to places 

with eczema once a day for 1 week. 

Kars 

67.  Salix babylonica L. Salicaceae Salkım söğüt The branches and leaves of the plant are boiled and 

used externally for itching. 

Kars 

68.  Verbascum 

georgicum Benth. 

 

Scrophulariaceae 

 

Öküzkuyruğu, 

Sığırkuyruğu 

 

The aerial parts of the plant are boiled in water. It 

is mixed with flour and turned into a slurry. This 

mixture is applied to the boiled area. 

Ardahan 

The aerial part of the plant is boiled. The area with 

foot fungus is washed with this water. 

Ardahan 

69.  Verbascum 

transcaucasicum 

E.Wulff 

Scrophulariaceae Sığırkuyruğu 

 

The leaf of the plant is put on the sole of the shoe. 

It heals the fungus. 

Iğdır 

70.  Verbascum 

orephilum C.Koch 

var. joannis 

Scrophulariaceae Mejok The base leaves of the plant are placed in the area 

of the foot fungus. 

Iğdır 

71.  Verbascum 

agrimoniifolium 

(K.Koch) Hub.-

Mor. 

 

Scrophulariaceae 

 

Şahmerhemi, 

Sığırkuyruğu, 

Majork, Mayork, 

Marjek, Majalk 

 

The root is boiled. The person with scabies is 

washed with this water. 

Iğdır 

200-300 g of fresh oxtail is boiled. In the warm 

water, the feet with fungus are kept in the water for 

30 minutes. 

Kars 

The leaves of the plant are put directly between the 

fingers against fungus foot. 

Kars 

The leaves and roots are boiled, a paste is made 

with the water obtained. The dough is wrapped on 

the inflamed swelling. The swelling goes down. 

Kars 

The root of the plant is boiled. The person with 

scabies is washed with water. 

Iğdır 

Tea made from its leaves is drunk by people for 

fungal diseases. 

Iğdır 

72.  Verbascum 

speciosum Schrad. 

Verbascum 

speciosum 

 

Scrophulariaceae Sığırkuyruğu, 

Mejok, Majork  

Mejok 

 

The aerial part of the plant is boiled, the person 

with scabies is washed with its water. 

Kars 

The aerial part of the plant is boiled and the fungus 

foot is washed with its water. 

Kars 

The fresh base leaves of the plant are placed in the 

area of the foot fungus. 

Iğdır 

The aerial part of plant is boiled and used against 

foot fungus. 

Iğdır 

73.  Verbascum 

orephilum C.Koch 

var. joannis 

Scrophulariaceae Mejok The fresh base leaves of the plant are placed in the 

area of the foot fungus. 

Iğdır 

74.  Verbascum 

songaricum Schrenk 

Scrophulariaceae sığırkuyruğu The flowers of the plant are boiled and the hand 

with eczema is washed with its juice. 

Iğdır 

75.  Solanum nigrum L.* Solanaceae Siyah baldırcan Roasted eggplants are used for skin wounds and 

inflammations. 

Iğdır 

76.  Lycopersicon 

esculentum Mill.* 

 

Solanaceae 

 

Süper domates 

 

Tomatoes are sliced, wrapped around the calloused 

area, and socks are put on. 

Iğdır 

For foot fungus, tomato juice is squeezed and feet 

are washed. 

Iğdır 

The super tomato is sliced and tied to the callus. Iğdır 

77.  Solanum tuberosum 

L.* 

Solanaceae Kartol A raw potato is placed on the burned part to heal 

the burn. 

Iğdır 

78.  Tamarix tetrandra 

Pall. ex M.Bieb. 

Tamaricaceae Ilgın The branches of the tree of the plant are heated. 

Dripping water is applied to the area with 

ringworm. 

Iğdır 
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* Cultivated plants 

 

79.  Tamarix tetrandra 

Pall. ex M.Bieb. 

 

Tamaricaceae Ilgın 

 

For temre disease, the branches of the plant are 

heated. The dripping water is applied directly to 

the relevant area. 

Iğdır 

The fresh branches of the plant are brought close 

to the fire and the water is removed. The water is 

applied directly to the area with scabies. 

Iğdır 

The fresh branches of the plant are brought close 

to the fire and the water is removed, which is 

applied directly to the area with the temre. 

Iğdır 

80.  Tamarix smyrnensis 

Bunge 

 

Tamaricaceae 

 

İlıgın, Kırmızı ılgın, 

Ilığın, Boz ılgın 

 

When the plant is exposed to fire, it is watered and 

this water is applied to the temre. 

Iğdır 

The branches of the plant are heated, the water that 

comes out is applied directly to the area with 

ringworm. 

Iğdır 

The tar obtained by burning wood is used for 

scabies. 

Iğdır 

The branches of the plant are heated. Dripping 

water is applied directly for ringworm disease. 

Iğdır 

The branches of the plant are heated, the water that 

comes out is applied directly to the wart area. 

Iğdır 

The branches of the plant are heated. Dripping 

water is directly dripped onto the wart area. 

Iğdır 

81.  Ulmus minor Mill. 

 

Ulmaceae 

 

Karaağaç 

 

The ointment is made from the bark of the stem to 

heal wounds. 

Iğdır 

The root bark of the plant and the onion are boiled 

together. It is made into an ointment. If it is applied 

to the boils, it will burst the boil and the pus will 

fall out. 

Iğdır 

The root bark is boiled with water and used on 

wounds. 

Iğdır 

The roots are boiled and used on wounds. Iğdır 

The barks are boiled with milk and flour and oil 

are added. It is applied to open wounds. 

Iğdır 

The plant’s roots is crushed by pounding and 

applied directly to the non-spiky boil. 

Kars 

82.  Urtica dioica L. 

 

Urticaceae Isırgan, Gezgezik 

 

The aerial part of the plant, green clover, barley 

flour, mallow are boiled together. The resulting 

water is rubbed on the swollen area. 

Kars 

After boiling the aerial parts of the plant, its water 

is used as a hair thickener. 

Kars 
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A New Gradient-Based Surface Defect Detection Method for the Ceramic Tile 

Murat Alparslan GÜNGÖR*1  

 

Abstract 

Ceramic tiles are controlled to detect surface defects after production because many defects 

may occur on their surface during production. The detection of ceramic tile surface defects is 

usually performed by human observations in most factories. In this paper, an image processing 

method was proposed to detect the defects. In the proposed method, first, the user selects the 

homogenous region in the image. Then the gradient-based image processing algorithm is 

applied. We conducted our study using simulated and real images to which we applied the 

conventional image processing methods and our proposed method. Performance of the 

proposed method was evaluated with quality metric and subjective evaluation. The obtained 

results demonstrate that the proposed method has very good performance and is very promising 

for ceramic tile application. 

Keywords: Ceramic tile, surface defect, defect detection, image processing 

 

 

1. INTRODUCTION 

Nowadays, the ceramic tile (CT) industry is a 

very important sector, but in the production of 

CTs, many surface defects occur such as 

cracks, edges, holes, and pinholes [1, 2]. 

Human vision control can be used for the 

detection of defective products. This depends 

on human experience and expertise. Thus, 

using image processing in the CT industry 

becomes very important for an effective, 

objective, and repetitive evaluation. This is 

done by computers automatically without or 

with little human intervention [3].  

 
* Corresponding author: alparslangungor@hitit.edu.tr 
1 Hitit University, Faculty of Engineering, Department of Electrical and Electronics Engineering 

ORCID: https://orcid.org/0000-0001-7446-7808 

 Content of this journal is licensed under a Creative Commons Attribution-Non Commercial No Derivatives 4.0 International License. 

The block diagram of the defect detection 

algorithm is shown in Fig. 1 [4]. The first 

stage in the pre-processing step is image 

acquisition. In this stage, the CT image is 

captured from the real-world source and 

stored into a computer for further processing. 

The captured image is in the RGB format and 

is converted to gray-scale format. Then 

various operations such as contrast stretching, 

noise reduction, and image cropping are 

performed to realize a more effective defect 

detection algorithm [3, 5, 6]. Finally, the 

defect detection methods are applied.  

Up to now, various methods have been 

proposed to detect surface defects. One of the 
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methods is selecting an appropriate threshold. 

Ng [7] proposed a thresholding approach 

based on the Otsu method. The proposed 

method is effective, simple and fast for defect 

detection. Hocenski et al. [8] focused on 

detecting one kind of defect, and highly 

contrasted dot shaped formation of pixels. To 

find highly contrasted dot shaped formations, 

they proposed the convolution-based method 

with local intensity difference analysis. The 

presented method shows better performance 

than similar methods but is less accurate than 

any complex morphology analysis-based 

method. Shire et al. [6] compared reference 

and test images to decide the defect after pre-

processing operations but the proposed 

method is useful only for plain ceramic tiles. 

Sioma [9] presented 3D image analysis to 

evaluate defects on the surface of ceramic tiles 

and successful results were obtained for quick 

defect detection in automated control systems 

installed on production lines. Latif-Amet et al. 

[10] used wavelet transform for texture defect 

detection. Considering computational 

complexity and reliability, their approach is 

feasible for real-time applications. In [4], the 

Rotation Invariant Measure of Local Variance 

operator was employed for surface defect 

detection. The proposed system has high 

accuracy and can be used for the detection and 

classification of ceramic tile defects that 

occured in firing unit. Sobel, Prewitt and 

Canny edge detectors are gradient-based edge 

detection methods used to find the edge pixel 

in an image. These detectors have been 

employed in many studies for the surface 

defect detection of ceramic tiles [3, 11-13].  

In this paper, a new gradient-based surface 

defect detection method for ceramic tile was 

proposed. In the proposed method, one or 

more homogeneous regions in the image are 

selected first. According to the selected 

regions, a threshold value and mean pixel 

value are calculated. Then, the gradient-based 

algorithm is applied using these values. We 

present, in detail, the proposed method and the 

materials used to assess the performance of 

the proposed method in Section 2. The 

proposed method is evaluated in Section 3 and 

our conclusions are presented in Section 4.  

 

Figure 1 Block diagram of the defect detection 

algorithm 

2. MATERIALS AND METHOD 

The proposed method was applied to CT 

images having surface defects and compared 

with the existing gradient-based methods. The 

performance of the proposed method was 

evaluated with image quality metric and 

subjective evaluation. 

2.1. Image Quality Metric and CT Images 

In our study, we used real and simulated CT 

images. Performance was evaluated both 

objectively and subjectively. For objective 

evaluation, the first type of image used in this 

paper was the real CT images (these images 

were also used in [4]) shown in Fig. 2. The 

images in Fig. 2 are in the RGB format and 

they were converted to gray-scale format 

based on the NTSC conversion formula as Eq. 

(1), used in the image processing toolbox of 

MATLAB [14]. 

𝑟𝑔𝑏2𝑔𝑟𝑎𝑦 = 0.2989𝑅 + 0.587𝐺 + 0.114𝐵   

(1) 

 

Figure 2 Real CT images for objective evaluation 
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The obtained gray level images are shown in 

Fig. 3. We named the images in Fig. 3a, Fig.3b 

and Fig. 3c as RI1, RI2 and RI3 (RI=Real 

Image), respectively. As shown in the images, 

all of them have one or more defective 

regions. 

 

Figure 3 The gray level CT images (a) RI1 (b) 

RI2 (c) RI3 

The second type of image used in this paper 

was the simulated image shown in Fig. 4 for 

objective evaluation. We named the images in 

Fig. 4a, Fig.4b and Fig. 4c as SI1, SI2 and SI3 

(SI=Simulated Image), respectively. The SIs 

were created using MATLAB [14]. The pixel 

values of the SIs are 210 except in the 

defective regions. The pixel values of the 

defective regions are zero in the SIs.  

Any surface defect detection method aims to 

find pixels in the defective regions. The 

quality metric, the detection accuracy rate (%) 

(DAR) [4],  is used for objective evaluation of 

the method, defined by:  

𝐷𝐴𝑅 =
𝐴+𝐷

𝐴+𝐵+𝐶+𝐷
∗ 100                                         (2) 

where A is the number of the defective pixels, 

which are detected as defective pixels; D is the 

number of the non-defective pixels, which are 

detected as non-defective pixels; B is the 

number of the pixels detected as defect, but 

these are non-defective pixels; C is the 

number of the pixels detected as non-defect, 

but these are defective pixels. The DAR value 

is between 0 and 100. The higher this value, 

the better the performance of the applied 

method. 

           

                                              
Figure 4 The simulated images (a) SI1 (b) SI2 (c) 

SI3 

2.2. Existing Gradient-Based Methods for 

Defect Detection 

In this paper, we developed a new gradient-

based surface defect detection method for 

ceramic tile. Sobel [15], Prewitt [16] and 

Canny [17] edge detectors which are gradient-

based methods have been employed in many 

studies for defect detection. Canny 

implements a multi-step algorithm, while 

Sobel and Prewitt usually use 3*3 masks for 

the detection of edges. The purpose of these 

methods is to obtain the edges of the defective 

regions. 

After the edges of the defective regions of the 

CT are determined using edge detection 

methods, a morphological operator is used to 

fill in the detected regions [3, 4, 13]. In all the 

morphological processes, structuring 

elements are used. There are different 

structuring elements such as diamond, disk, 

and octagon [18]. Each structuring element 

has its own parameter. A proper structuring 

element and parameter selection is important. 

(a) 

(b) (c) 

(a) 

(b) (c) 
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The structuring elements and parameters used 

in this paper are shown in Table 1. 

Table 1 The structuring elements and parameters 

used in this paper 
Structuring Element                     Parameter 

diamond                           R 

disk                           R 

octagon                           R 

line                    LEN, DEG 

square                           W 

The parameter R shown in Table 1, specifies 

the distance for the diamond and octagon, and 

the radius for the disk. For the line, the 

parameters LEN and DEG specify length and 

angle, respectively. The parameter W 

specifies the width for the square. We used the 

closing morphology operator. The 

morphological closing of I by S, denoted I • S,  

is defined by Eq. (3) [18]. 

𝐼 • 𝑆 = (𝐼 ⊕ 𝑆) ⊖ 𝑆                                             (3) 

where I is a binary image, and S is a matrix of 

0s and 1s that specifies the structuring 

element. The closing morphology operator is 

a dilation followed by an erosion as shown in 

Eq. (3). While the dilation operator fills the 

intra borders of defective regions, erosion 

operator eliminates the extra borders of 

defective regions. 

2.3. Derivation of the Proposed Method 

This paper provided the derivation of a new 

gradient-based surface defect detection 

(GBSDD) method for CT images. In this 

method, one or more homogeneous regions in 

the image are selected first. According to the 

selected regions, a threshold value and mean 

pixel value are calculated. Then, a reference 

pixel is determined in the CT image. By 

comparing the reference pixel with the 

relevant pixel in the CT image, it is 

determined whether the relevant pixel is 

defective. The GBSDD method has two steps: 

1- Determination of threshold and mean pixel 

values. 2- Obtaining the defective pixels in the 

CT image using these values. 

2.3.1. Determination of Threshold and 

Mean Pixel Values 

To calculate the threshold value (T) and the 

mean pixel value (Pmean), first, a homogeneous 

region is selected in the CT image as shown in 

Fig. 5. 

 

Figure 5 Selected homogenous region in the gray 

level image 

The row and column numbers of the selected 

part of the image are ms and ns, respectively. 

Then, Eq. (4) is computed for each pixel in the 

first row of the selected region 

𝑇𝑥 = |𝐼(𝑥) − 𝐼(𝑥 + 1)|  

𝑓𝑜𝑟 𝑥 = 1, 2, 3, . . . , 𝑛𝑠 − 1                                (4)                         

where “I(x) - I(x+1)” indicates the difference 

between the two horizontally adjacent pixels. 

After calculating the threshold values for the 

first row, (ns-1) number of threshold values 

are obtained. For each row in the selected 

region, Eq. (4) is repeated. Finally, the 

maximum value (Txmax) is selected among 

((ns-1) * ms) number of threshold values for 

the horizontal direction. 

Then, Eq. (5) is computed separately for each 

column in the selected region 

𝑇𝑦 = |𝐼(𝑦) − 𝐼(𝑦 + 1)|  

𝑓𝑜𝑟 𝑦 = 1, 2, 3, … , 𝑚𝑠 − 1                                  (5) 
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where “I(y) - I(y+1)” indicates the difference 

between the two vertically adjacent pixels. 

After calculating all the threshold values, the 

maximum value (Tymax) is selected among 

((ms-1) * ns) number of threshold values for 

the vertical direction.                                                                                            

If the number of selected homogeneous 

regions (h) is z, then z number of Txmax (Txmax1, 

Txmax2, Txmax3, …Txmaxz) and z number of Tymax 

(Tymax1, Tymax2, Tymax3, …Tymaxz) values are 

obtained. After eliminating max {Txmax1, 

Txmax2, Txmax3, …Txmaxz} and max {Tymax1, 

Tymax2, Tymax3, …Tymaxz}, the mean value of 

the remaining values is calculated (Tm).  

Finally, T is calculated by Eq. (6) 

𝑇 = 𝑇𝑚 + 𝑑𝑝                                                        (6) 

where dp is the defect parameter. dp 

determines the sensitivity of the defective 

detected. Larger values of dp decrease the 

sensitivity.   

The second parameter, Pmean, is obtained by 

calculating the mean value of the pixels in the 

selected region. If more than one region is 

selected, the mean of the obtained Pmean values 

is calculated. As the number of selected 

homogeneous regions increases, the accuracy 

of the proposed method increases, but the 

processing time also increases. 

2.3.2. Obtaining Defective Pixels in the CT 

Image 

The detailed block diagram of the proposed 

defect detection algorithm is shown in Fig. 6. 

First, the proposed algorithm shown in Fig. 6 

is applied for the first row. The first pixel in 

the row is determined as the reference pixel 

(I(r)). The reference pixel is compared with 

the pixel just to the right. The aim is to 

determine whether the compared pixel (I(c)) 

is defective. If the following two conditions 

are met, I (c) is determined as defective. 

|𝐼(𝑟) − 𝐼(𝑐)| > 𝑇  

and 

𝐼(𝑐) > (𝑃𝑚𝑒𝑎𝑛 + 𝑇) 𝑜𝑟 𝐼(𝑐) < (𝑃𝑚𝑒𝑎𝑛 − 𝑇)   

If I(c) is defective, the pixel just to the right of 

the I(c) becomes the new pixel to be compared 

(I(c) = I(c+1)). Then I(r) is compared with the 

I(c) to determine whether the I(c) is defective. 

When I(c) is not defective, the compared pixel 

becomes the new reference pixel. Then the 

obtained reference pixel is compared with the 

pixel just to the right. This process continues 

until the last pixel in the corresponding row is 

involved in the process. For each row in the 

CT image, the above algorithm is repeated. As 

a result, a defective binary image is obtained 

according to the detected defective and non-

defective pixels. The pixel in the obtained 

image is “1” if it is defective, otherwise, it is 

“0”. 

 

Figure 6 Block diagram of the proposed defect 

detection algorithm 

Let's show a CT image by using pixels as in 

Fig. 7. 
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Figure 7 CT image represented by pixels 

A CT has four edges, and each edge was 

numbered as shown in Fig. 7: Edge 1, Edge 2, 

Edge 3 and Edge 4. The defect detection 

algorithm mentioned above is repeated four 

times, with each edge selected as the starting 

edge. The starting edge is Edge 1 for Fig. 7. 

Fig. 8 shows when the starting edges are Edge 

2, Edge 3 and Edge 4. 

 

 

Figure 8 The starting edge is (a) Edge 2 (b) Edge 

3 (c) Edge 4 

Thus, four defective binary images are 

obtained for the four starting edges. For the 

final defective binary image, the obtained four 

defective binary images are combined 

according to Eq. (7). 

𝐼(𝑖, 𝑗) =

(𝐼𝑒1(𝑖, 𝑗)|𝐼𝑒3(𝑖, 𝑗)) & (𝐼𝑒2(𝑖, 𝑗)|𝐼𝑒4(𝑖, 𝑗))   

𝑓𝑜𝑟 𝑖 = 1, 2, 3, … , 𝑁 𝑎𝑛𝑑 𝑗 = 1, 2, 3, … , 𝑀    (7) 

where Ie1(i,j), Ie2(i,j), Ie3(i,j) and Ie4(i,j) are the 

pixels at position (i,j) in the defective binary 

images when the starting edges are Edge 1, 

Edge 2, Edge 3 and Edge 4, respectively. I(i,j) 

is the pixel at position (i,j) in the final 

defective binary image, M and N are the sizes 

of the CT image. According to Eq. (7), if at 

least one of the Ie1(i,j) and Ie3(i,j) values and at 

least one of the Ie2(i,j) and Ie4(i,j) values are 

“1”, the value of I(i,j) in the defective binary 

image is “1”, otherwise its value is “0”. 

A CT image and its defective binary image are 

shown in Fig. 9. 

 

Figure 9 (a) Original CT image (b) defective 

binary image 

The defective binary image shown in Fig. 9b 

was obtained from the original image shown 

in Fig. 9a using the GBSDD method. The non-

defective and defective pixels are shown as 

black and white in Fig. 9b, respectively. 

The proposed method cannot be applied to 

tiles with defects on the edges. It is accepted 

that there is no defective pixel on the edge of 

the CT image. Besides that, if the image has 

regions containing edge, these regions can be 

identified as a defect after the proposed 

method. These regions are image specific and 

known, so these edge regions are eliminated 

before the defect detection method is applied. 

3. RESULTS AND DISCUSSION 

To evaluate the GBSDD method, we used the 

existing gradient-based methods: Sobel, 

Prewitt and Canny, both with and without the 

morphological operator, six CT images which 

(a) 

(b) (c) 

(a) (b) 
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were RI1, RI2, RI3, SI1, SI2, SI3 for objective 

evaluation and four CT images for subjective 

evaluation. We applied the structuring 

elements and the different values of the 

parameters, shown in Table 1, when the 

morphological operator was used. Table 2 

gives the obtained best results using the 

existing methods for RI1, RI2 and RI3. 

Table 2 The best results obtained with the 

existing method for RI1, RI2 and RI3 
Images  DAR and The type of 

method with 

the best result 
its parameters 

RI1  99.9547 Prewitt+Square 

(W=3) A=72, B=4,   

C=22, D=57254 

RI2  99.4997 Prewitt 

A=21, B=448, 

C=50, D=99027 

RI3  99.577 Prewitt+Line 

(LEN=14, 

DEG=45) 
A=312, B=337, 

C=100, D=102571 

Among the existing gradient-based methods 

for RIs, Table 2 shows that the best 

performance was Prewitt.  While the best 

results were obtained by using the 

morphological operator for RI1 and RI3, the 

best results were obtained for RI2 without the 

morphological operator. The defective binary 

images corresponding to the best results for all 

three images are shown in Fig. 10. 

For RIs, the obtained results and defective 

binary images using the proposed method are 

given in Table 3 and Fig. 11, respectively. 

For the proposed method, eight homogeneous 

regions were selected. Then T and Pmean were 

calculated by selecting different dp values for 

the three images. When the results obtained 

after applying the proposed method are 

compared with the results shown in Table 2, 

the proposed method gives better results than 

the existing methods for all three images. 

Comparing Fig. 10 with Fig. 11, the proposed 

method better identifies both defective and 

non-defective regions. 

For SIs, the obtained results and images for 

both the existing and the proposed methods 

are given in Tables 4-5 and Figs. 12-13. 

 
Figure 10 Obtained defective binary images 

using existing methods corresponding to the best 

results for (a) RI1 (b) RI2 (c) RI3 

Table 3 The obtained results with the GBSDD 

method for RI1, RI2 and RI3 
Images  DAR and The proposed 

method parameters its parameters 

RI1  99.9983 dp=4, h=8 

A=93, B=0,    

C=1, D=57258 

RI2  99.9879 dp=1, h=8 

A=61, B=2, 

C=10, D=99473 

RI3  99.9642 dp=1, h=8 

A=385, B=10, 

C=27, D=102898 

 

 
Figure 11 The obtained defective binary images 

using the GBSDD method for (a) RI1 (b) RI2 (c) 

RI3 
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Table 4 The best results obtained with the 

existing method for SI1, SI2 and SI3 
Images  DAR and The type of method 

with the best result its parameters 

SI1  99.8949 Sobel+Disk (R=4) 

A=152, B=103,   

C=0, D=97745 

SI2  99.8776 Sobel+Disk (R=3) 

A=60, B=120, 

C=0, D=97820 

SI3  99.9255 Sobel+Diamond 

(R=4) A=89, B=73, 

C=0, D=97838 

 

 
Figure 12 Obtained defective binary images 

using existing methods corresponding to the best 

results for (a) SI1 (b) SI2 (c) SI3 

 

Table 5 The obtained results with the GBSDD 

method for SI1, SI2 and SI3 
Images  DAR and The proposed 

method parameters its parameters 

SI1  100 dp=0, h=8 

A=152, B=0,    

C=0, D=97848 

SI2  100 dp=0, h=8 

A=60, B=0, 

C=0, D=97940 

SI3  100 dp=0, h=8 

A=89, B=0, 

C=0, D=97911 

 

 

 
Figure 13 The obtained defective binary images 

using the GBSDD method for (a) SI1 (b) SI2 (c) 

SI3 

As in the RIs, eight homogeneous regions 

were selected within the SIs. Table 4 shows 

that the best performance was Sobel among 

the existing gradient-based methods for SIs.  

As shown in Table 4, parameter B negatively 

affected the results. Table 5 shows the 

proposed method gives excellent results for 

SIs. There is no wrongly identified pixel for 

the output images of the proposed method. If 

we compare Fig. 4 with Figs. 12 and 13, it is 

understood that the GBSDD method has a 

better performance than the existing methods.  

Table 5 shows the values of the dp were 

determined as zero for all SIs. For the RIs, 

different dp values were determined as shown 

in Table 3. If the values of dp in Eq. (6) are 

selected as zero for all RIs, the obtained DAR 

values were 99.9686, 99.9859 and 99.9555 for 

RI1, RI2 and RI3, respectively. If we compare 

these DAR values with DAR values in Table 

2, the values obtained for dp = 0 are bigger 

than the best results obtained with the existing 

method. For improving the defective binary 

image, the value of the dp parameter is 

important. The DAR values shown in Table 3 

are bigger than the DAR values obtained for 

dp = 0. For example, Fig. 14 shows the 

reference and the defective binary images 

obtained using the GBSDD method for RI3 

when dp=0 and dp=1. 

(a) 

(b) (c) 

(a) 

(b) (c) 
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(a) 

 
(b) 

 
(c) 

Figure 14 The reference and defective binary 

images obtained using the GBSDD method for 

the RI3 (a) reference image (b) dp = 0 (c) dp = 1 

When Fig. 14a is examined, there are very 

small defective pixels. Comparing Fig. 14b 

with Fig. 3c, invisible defects by people can 

be determined by the proposed method. 

Moreover, a better defective binary image can 

be obtained as shown in Fig. 14c by increasing 

the dp value. Increasing the dp value too much 

can cause these pixels to disappear. 

Finally, the tests were carried out with some 

real CT images, shown in Fig. 15, for 

subjective evaluation. There is no reference 

image for these images. The obtained 

defective binary images using the GBSDD 

method are shown in Fig. 16. By comparing 

Fig. 15 and Fig. 16, it can be seen that the 

GBSDD method has good defect detection 

capability. 

 

Figure 15 Real CT images for subjective 

evaluation 

 

Figure 16 Defective binary images of the CT 

images shown in Fig. 15 
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Image processing methods have been used in 

the ceramic industry for various purposes 

[19]. Our target is to detect the surface defects 

for the CT using the image processing method 

we developed. The tests carried out on the CT 

images show that the proposed method 

assures a good performance. 

4. CONCLUSIONS 

In this paper, we proposed a new method, 

GBSDD, as a way to detect the surface defects 

of CTs. For this purpose, one or more 

homogeneous regions in the CT image are 

selected. After calculating the threshold and 

mean pixel values, the reference pixel is 

compared to another pixel in the image to 

determine whether the compared pixel is 

defective. If the compared pixel is defective, 

the same reference pixel is compared with 

another pixel. When the compared pixel is not 

defective, the reference pixel changes. Thus, 

the defective binary image showing defective 

and non-defective regions of the CT image is 

obtained. The obtained results show us that 

the proposed method assures a good 

performance, and as such, we recommend it as 

a useful method. 
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2,4,6-Tris(p-aminoanilino)-1,3,5-triazine: Synthesis and Electron 

Paramagnetic Resonance (EPR) Analysis 

 

Özgül KARATAŞ *1 , Yusuf CEYLAN2 , Ziya Erdem KOÇ 2  

 

 

Abstract  

 

A significant group of compounds arise from substituted s-triazine derivatives that have tripodal 

heterocyclic compound. Compounds classified as heterocyclic possible created the largest and 

most diverse family of organic compounds. In this study, we reported that a new template has 

been syntheses from a cyanuric chloride and its diamine derivative. The desired triamine a 

tripodal 2, 4, 6-tris (p-aminoaanilino)-1, 3, 5-triazine (C21H21N9), called to be TRIPOD, has been 

obtained from cyanuric chloride with 3 eq of p-phenylenediamine reaction in acetone. After 

synthesis, TRIPOD sample which was polycrystal form was irradiated by cobalt-gamma source. 

The electron paramagnetic resonance spectra of TRIPOD were recorded using X-band EPR 

spectrometer at room temperature in three axes (x, y, z) which are perpendicular at 10 intervals. 

The EPR spectrum was simulated using computer program and by using the spectrum.  The 

radical structure was determined in the sample.  

 

Keywords: EPR, S-triazine, radical, synthesis, irradiation effects 

 

 

1. INTRODUCTION  
 

It is known that 1,3,5-Triazine (or s-

triazines) derivatives attract mainly great 

attention because of their applications in 

different fields. These compounds have 

commonly used such as explosives, 

pesticides, dyestuffs, polymer 

photostabiliser, optical bleaches and surface-

active agents [1-11]. Looking at the past 

studies, it is seen that this compounds group 

has been studied quite a lot [12-19]. The 

1,3,5-triazine ring has been shown to be an 

appropriate structural element to be 

assembled into thermotropic liquid crystals. 

 

 

 

 

The s-triazine derivatives can be simply 

prepared with cyanuric chloride (C3N3Cl3), 

2,4,6-(trichloro)-1,3,5-triazine (1) which is 

inexpensive and easily existing. [20-21]. 

Cyanuric chloride is a fantastic starting 

compound for preparation of a very well 

multitopic molecule. Any nucleophile 

reactant can substitute every 2,4,6-trichloro-

1,3,5-triazine chloride atom (Figure 1.) [22]. 

When looking on the tripodal-s-triazine 

derivatives preparation, the first substitution 

step was exothermic, so, the mixture of 

reaction temperature was kept at 0°C. Then, 

at room temperature the second one step is 
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Figure 1 Tripodal-s-triazine derivatives 

preparation process  

chloride and the third step was 

operationalized under with refluxing solvent. 

Consequently, the synthesis of 2,4,6-

trisubstituted-triazines was obtained with the 

temperature control during the substitution 

reactions and sequential addition of grignard 

reagents, amines, thiols, or alcohols. The 

performance of every substitution step 

generally exceeded 95%. Also, the 

symmetric trisubstituted derivatives could 

even be obtained in a one pot synthesis [23].  

 

Irradiation has an important role to change 

of chemical and physical characteristics of 

materials. It is in preference for chemistry 

fields for different usage purposes such as 

sterilization or pathogen killing etc. [24-29]. 

The electron paramagnetic resonance (EPR) 

is the most effective method for 

determination of free radicals formed in 

various crystalline materials by gamma 

irradiated [30-34]. Furthermore, this method 

is widely used for providing information 

about the paramagnetic defect centers and 

detail description for structures [35-40].  

 

To understand chemical reaction, it is 

necessary to investigate the electronic 

structure of molecules. In this study, we 

aimed to synthesize of 2,4,6-tris(p-

aminoaanilino)-1,3,5-triazine (C21H21N9), 

TRIPOD, understanding its chemical 

reaction after gamma irradiation by using 

EPR method. 

2. MATERIALS AND METHODS 

The chemicals were used in the study. The 

2,4,6-trichloro-1,3,5-triazine was used like a 

connection agent and provided commercially 

from Aldrich. The pure cyanuric chloride by 

recrystallizations was used for providing the 

pure petroleum ether (60–90°C) [41].  

 

Measurements as follow: Carlo Erba 1106 

elemental analyzer was used for elemental 

analyses; Perkin Elmer 1600 model FT-IR 

spectrophotometer was used for recording 

the IR spectra;  Varian MAT 711 

spectrometer was used for examination of 

metal contents; Bruker 200 MHz 

spectrometer was used for obtained the 1H - 

NMR spectra in 6-DMSO;  MMM-

Medcenter and Einrichtungen GmbH 

Vacucell 22 were used as Vacuum Cabinets; 

Buchi SMP-20 melting point apparatus was 

used for measuring the melting points; Arex 

Velp Sci. as Heating Magnetic stirrer 

equipped with a contact Vetex thermostat 

connection was used for direct control of the 

temperature of the stirred liquid; Jeol JES-

FA 300 X-Band ESR spectrometer was used 

for EPR measurements. 

2.1 The 2,4,6-tris(p-aminoaanilino)-1,3,5-

triazine Synthesis 

Firstly, acetone (75 mL) was used for 

disolving the cyanuric chloride (1) (1.84 g, 

10 mmol). Then, NaHCO3 (6.30 g, 75 mmol) 

in water (100 mL) which was saturated with 

N2 was added and three necked round 

bottomed flask was cooled to 0°C. p-

Phenylenediamine (3.24 g, 30 mmol) was 
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added gradually. When the addition was 

complete, the suspension mix was warmed 

to room temperature and then heated under 

reflux for 48 h. The residual was suspended 

in water (100 mL) and the acetone was 

removed by vacuum. The water phase was 

extracted three times with dichloromethane 

and the precipitate was removed by 

filtration. Powder solid product was washed 

with cold water (3x100 mL) to remove the 

sodium bicarbonate and collected by 

filtration. The CHN analyse results of the 

compound were similar the molecular 

formula C21H21N9. (Elemental analysis was 

obtained as: C, 63.94; H, 5.34; N, 31.68 %). 

Calc.: C, 63.14; H, 5.30; N, 31.56. FT-IR 

(cm-1) 3335–3290 (NH), 2835 (CH), 1589-

1484 (triazine C=N). 1H NMR (6-DMSO) 

6.73 (,6H), 7.32 (, 6H). 

2.2 The EPR Measurement 

Polycrystalline form of sample was obtained 

as the TRIPOD was synthesized. This 

polycrystalline sample was irradiated for 72h 

at room temperature. For irradiation, cobalt-

gamma irradiator which has 0.985 kGy/h 

dose speed was used. After that, all EPR 

spectra of this sample were recorded in the 

magnetic fields for three perpendicular 

planes at room temperature. The 

spectrometer conditions were set as 

following: microwave power of 5mW, 

modulation amplitude of 0.4mT, center field 

of 325mT, modulation frequency of 100kHz. 
 

3. RESULTS AND DISCUSSION 

The results showed that, a new synthetic 

route was enhanced for versatile ligands 

prepared using 2,4,6-trichloro-1,3,5-triazine 

as core. The reaction contained the selective 

substitutions of p-phenylenediamine onto 

three chlorides of the triazine ring via a 

stepwise manner at 1:1, 1:2, or 1:3 eq. and 0, 

25, 130°C, respectively. An effective 

synthesis of a new class of versatile 

molecules was enhanced with high 

efficiency chloride substitution steps of 

2,4,6-trichloro-1,3,5-triazine by amines. The 

versatile molecules which was mono-new 

1,3,5-triazine derived were synthesized and 

characterized by means of elemental 

analysis, 1H NMR, FT-IR spectroscopy 

(Figure.2 and Figure.3).  

 

 

Figure2 FT-IR spectrum of 2,4,6-tris(p-

aminoaanilino)-1,3,5-triazine 

 

 

Figure 3 1H NMR spectrum of 2,4,6-tris(p-

aminoaanilino)-1,3,5-triazine 

 

These analyzes showed that replacement of 

the chloro by the amine group induced 

lowering of the energy of the NH2 stretch in 

the FT-IR spectrum and a shift to higher 

field of the NH proton signal in the 1H-NMR 

spectrum. 
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The particularity of amine substitution over 

three chlorides of cyanuric chloride and the 

optimization of reaction temperatures were 

studied using p-phenylenediamine as the 

intial amine. The p-phenylenediamine has 

only a single -NH2 functional group for 

substitution on the triazine ring. During the 

reaction, the different reaction temperatures 

and molar ratios of triazine to amine at 1:3 

eq. were used for confirmition the 

particularity mode for the substitutions of 

three chlorides (Figure 4.). 

 

N

N

N

HN

NHN
H

NH2

H2N

NH2  

Figure 4 Reactions of cyanuric chloride with p-

phenylenediamine 

The 1H-NMR spectra were obtained in 

DMSO-6. 
1H-NMR spectra were also 

correlated with the synthesized compounds 

structures. 1H-NMR, FT-IR, of the product 

p-phenylenediamine and cyanuric chloride 

established that each a NH group of p-

phenylenediamine had reacted with triazine 

ring. This was confirmed by Fujiwara test 

[23,41]. This s-triazine compound was easily 

converted to the amine derivative and the 

yield of the conversion reaction was very 

high 82%. In the 1H NMR spectra of 

compounds 2,4,6-tris(p-aminoaanilino)-

1,3,5-triazine, the signals were detected at 

about 10.28 and 3.88 ppm, respectively. All 

signals appeared as broad singlets and were 

attributed to the N–H in the tripodal-s-

triazine. The chemical shifts of the aromatic 

protons are in a range of 6.73 and 7.32 ppm 

respectively [42-46].  The presence of N–H 

was also identified by FT-IR spectroscopy as 

a sharp band at about 3325–3290 cm−1. Also, 

the vibrations of the triazine C=N of 

compounds s-triazine ring were observed at 

1589–1484 cm−1 range, respectively [47]. 

 

According to the EPR measurements, there 

were not detected any EPR signal on non-

irradiated TRIPOD polycrystalline sample. 

But, after the sample was irradiated using 

gamma irradiator with about 70 kGy dose, 

by using EPR spectrometre the obtained 

spectra results showed that free radical 

occured over the sample (Figure 3.).  
 

 

Figure 5 The EPR spectra of gamma-irradiated 

TRIPOD at different angles towards the x, y, z 

axes in magnetic field at room temperature 

Figure 5 showed that one strong peak and 

one weak peak were obtained from the EPR 

measurements. Also, the shapes, intensities 

and distances between lines were not 

changed in the spectra along the three (x, y, 
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z) axes which are perpendicular to each 

other. So, the results mean that those 

isotropic behaviors were seen. Also, it was 

found that obtained spectra were not 

dependent on the magnetic field.  

 

 
 

Figure 6 Radicalic molecular structures 

 

When the recorded spectra were examined, it 

was defined unpaired electrons, which were 

produced by breaking of bonding of nitrogen 

and hydrogen atoms (NH2, NH). As a result 

of deep analyzed, it was determined that 

there were two radicals formed under the 

gamma-rays (its representation is marked as 

1. radical and 2. radical in Figure.6). Taking 

account to recorded EPR spectra and 

molecular structure, the first radical was 

defined as NḢ, so the spectrum was split into 

1:1 intensity ratio, firstly and then split into 

1:1:1 intensity ratio, due to hydrogen and 

nitrogen atoms in the molecular structure, 

respectively. The second radical was 

localized on the carbon atom and interacted 

with hydrogen atom. But, it was found that, 

its hyperfine constant was small. So, it was 

observed that second radical has small 

effects on the spectrum. The hyperfine 

constants and spectroscopic splitting factors 

(g-values) were calculated for each radical as 

follow: aH=1.475 mT, aN=0.985mT and 

g=1.9995 for labeled 1. radical; aH= 0.38mT 

and g=1.9957 for labeled 2. radical.  Also, 

these arguments were supported by a 

simulation, as shown in Figure 7. 

 

Figure 7 The EPR spectrum of gamma irradiated 

TRIPOD and its simulation 

 

4. CONCLUSION 

 

In present work, multidirectional cyanuric 

chloride based was synthesized. The 

versatile molecule including 1, 3, 5-triazine 

derivative was prepared by the reaction of 

cyanuric chloride with p-phenylenediamine. 

The one step was consisted of preparing 

2,4,6-tris(p-aminoaanilino)-1,3,5-triazine by 

substitution of only chloride atoms of 

cyanuric chloride. It was characterized by 

the elemental analysis, 1H - NMR, FT-IR 

measurements where exchange of the chloro 

by the amine group was seen. According to 

the EPR measurement, unirradiated 

polycrystalline sample did not give any 

signal. After irradiation, the stable free 

radical structure was determined.  Hyperfine 

couplings and spectroscopic splitting factor 

of radical structure were formed under the 

gamma-rays and these values were 

calculated and verified by computer 

simulation. 
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Structural Strength Properties of Waste Textile Fiber Reinforced Cementitious 

Lightweight Composite Mortars 

Şevket Onur KALKAN*1 , Lütfullah GÜNDÜZ1  

Abstract 

This study aims to investigate the utilization of recycled textile waste fiber (RTWF) as fiber 

reinforcement in cementitious lightweight composite mortars. The effect of RTWF percentage 

on cementitious lightweight composite mortar (CLCM) consistency, plastic and dry set density, 

splitting tensile and compressive strength was measured. In particular, the effect of RTWF 

percentage on the structural mechanical properties of hardened mortar was examined in detail. 

Mohr-Coulomb Failure Criterion was used to examine the structural strength properties of 

composite mortars. Failure angle, internal friction angle, normal and shear strength and cohesion 

of RTWF reinforced composite mortars were investigated. Three different types of fibers were 

used including cotton-polyester mixture (Type 1), only polyester (Type 2) and cotton-polyester-

acrylic mixture (Type 3). Different percentages of fibers, i.e. 1%, 2%, 3%, 5% and 7%, were 

added to CLCM. Test results showed reduction in dry set densities compared with the control 

specimen. It has been determined that the use of 1 % fiber improves the mechanical properties 

of light mortars. On the other hand, decreasing trend was observed in compressive and splitting 

tensile strength of mortars with higher amount of fiber usage. When structural strength properties 

were considered, same trend was kept. However, this research work has unique value from an 

innovative perspective in terms of evaluation of structural strength parameters.  

 

Keywords: Waste textile fiber, lightweight, mortar, composite, structural strength, fiber 

reinforcement 

 

 

1. INTRODUCTION 

 

Construction sector is one of the most widely 

resource of material user industry. Therefore, 

more effective raw materials should be used 

in producing construction materials. 

Recycling materials and/or reusable materials 

are effective materials in terms of 

sustainability. One of these materials is textile 

waste fiber. Textile production in worldwide 

scale is more than 88.5 million tons per year. 
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 Content of this journal is licensed under a Creative Commons Attribution-Non Commercial No Derivatives 4.0 International License. 

Large amount of waste from textile industry 

and discarded textile products after used are 

disposed worldwide. Textile industry 

produces around 12 million tons of waste in a 

year in Europa. Some of the wastes are turned 

into yarn at the recycling factory. However, 

fibers in very small sizes are created as waste 

products in this recycling process. Such textile 

waste fiber or textile waste cuttings are burned 

in various plants [1, 2]. Thus, they are 

damaging to the environment because they are 
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non-biodegradable, or they are burned. In fact, 

this large amount of textile waste fiber 

accumulation creates an opportunity for the 

use of textile wastes in construction materials. 

Textile and garment industry is one of the 

main sectors that receiving driving force in the 

booming economy of Turkey. According to 

2014 data, Turkey is the third country among 

European countries on textile export. Also, it 

is the world's sixth largest garment exporter. 

With such a large production capacity, waste 

and/or residual materials are composed 

depends on the production in Turkey’s textile 

sector. It can be seen that some of these 

materials are used in the internal components 

of the sector as a recycling material again. 

However, also the accumulation of waste fiber 

amount leftover from the recycling process 

can not be underestimated. The use of waste 

materials in the construction industry is 

gaining increasing importance in recent years. 

These wastes are used in cementitious 

materials due to their various advantages such 

as thermal conductivity, sound insulation, 

structural reinforcement, to lighten composite, 

etc. One of these waste raw materials is the 

textile waste fiber. Nowadays, the use of these 

materials could be investigated more in the 

cementitious composites, in the economical 

and sustainable points of views. 

 

The use of fiber in concrete in developed 

countries began in the early 1960s and the use 

of fiber-reinforced concrete applications has 

been increased [3]. It can be seen that in the 

literature, various types of fibers are used as 

reinforcement element in cementitious 

composites. Various studies about fiber 

reinforcement in cementitious composites 

according to different advantages of the fibers 

as follows; steel fibers [4, 5], polypropylene 

fibers [6, 7], glass fibers [8, 9] and organic 

fibers, such as sisal [10, 11], coconut and oil 

palm [12], banana [13], etc. Though textile 

reinforced cementitious composites are 

frequently studied in order to strengthening 

masonry walls and concrete sections [14-18], 

studies on the usage of waste textile fibers in 

cementitious composites have not been 

investigated enough. In the literature, waste 

carpet fiber use as reinforcement material is 

seen more [19-21] than other types of waste 

textile fibers such as cotton [2, 22], 

polypropylene [23] and acrylic [24, 25]. 

 

Due to the increasing use of waste materials in 

the construction industry, it is predicted that 

advanced engineering properties should be 

examined in depth. For this purpose, the 

structural mechanical properties of the 

specimens carried out, i.e., the structural 

strength, are tested. Internal friction angle, 

failure angle, normal strength, shear strength 

and cohesion were predicted as structural 

strength parameters by the authors. Structural 

strength analysis of materials provides more 

comprehensive information about the 

material. Also, it can be obtained from 

structural strength parameters better 

understanding about what happens inside the 

material before it reaches fracture. For 

example, normal strength gives the strength 

value when the first crack occurs while 

loading the material. Mohr Coulomb Failure 

Criterion was tried to use to determine the 

structural strength properties of the 

specimens. Mohr Coulomb Failure Criterion 

could be estimated by some mechanical 

properties of concrete based on the tension 

and compression. Although a few Mohr 

Coulomb failure criterion practices related 

with concrete can be seen in the literature [26, 

27], there are no such studies related to 

cementitious mortars. 

 

Also, the usage of lightweight aggregates 

shows an increasing trend thanks to reduce 

dead load and provide insulation in the 

construction industry. Lightweight aggregates 

can be divided into two: organic cellular such 

as expanded polystyrene foam (EPS), 

extruded polystyrene foam (XPS) and 

polyurethane foam and inorganic cellular 

from natural and artificial sources such as 

expanded perlite, expanded clay, exfoliated 

vermiculite, etc. [28, 29]. Cementitious 

lightweight composite mortar normally 

created by these lightweight aggregates such 

as pumice, perlite, expanded clay, 

vermiculite, or air entraining agents [30]. 
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Lightweight aggregates have a wide weight 

range distribution from 80 to 900 kg/m3 [31]. 

According to TS EN 998-1 [32] a lightweight 

mortar is required to have a dry hardened 

density of less than 1300kg/m3. 

 

In this study, the use of short-dimensional 

textile recycling waste materials as 

reinforcement in cementitious mortars was 

investigated. Effect of short-dimensional 

recycled textile fibers on CLCM is a 

developing subject and a few studies available 

about this topic in the literature. Furthermore, 

this investigation can be interesting from 

technical point of view because any study of 

the structural strength properties of cement 

mortar cannot be found in the literature.  

 

The study presented in this paper reports a 

research on the behavior of cement-based 

lightweight composite mortar produced by 

mixing EN 197-1 CEM I 52.5R white cement 

with various ratios of RTWF. Compressive 

strength values of specimens were obtained 

from compressive strength tests on cubic 

specimens and splitting tensile strength values 

of the specimens were obtained from 

Brazilian Test on cylindrical specimens. 

 

In this study, a total 16 mortar mixtures were 

casted, and it was aimed to have the internal 

strength values of the materials produced by 

combining these two parameters, compressive 

strength and splitting tensile strength, through 

the Mohr circles. 

 

2. EXPERIMENTAL WORK 

 

2.1. Materials Used in the Study 

 

In this experimental work, White Ordinary 

Portland cement (PC) conforming to EN 197-

1 CEM I 52.5R white was used as binder 

material. Since the fibers used in the study are 

textile waste fibers, they have different colors. 

The reason for using white cement in this 

study is to see the coloration of the final 

product due to the colors of the waste textile 

fibers (Fig.1). The chemical composition of 

the white Portland cement is shown in Table 

1. The X-ray Fluorescence (XRF) analysis 

was used to determine mineralogical 

composition of the aggregates, lime, and 

cement. Also, physical and mechanical 

properties of white Portland cement are shown 

in Table 2. 

 

In this study, pumice was evaluated as the 

main aggregate. Also, due to low unit volume 

weight of pumice, it was used as lightweight 

aggregate in this experimental work. Pumice 

is a geological material, and it has spongy and 

porous structure. Pumice contains numerous 

pores, because during the formation, gases in 

the structure in the pumice rapidly leave the 

body and then sudden cooling takes place. 

Thus, the porous structure occurs. 

Disconnected hollows generally form these 

pores. Therefore, pumice has low 

permeability, and it has very high thermal and 

sound insulation. Because of these 

characteristics, pumice is widely used as a 

lightweight aggregate in lightweight concrete 

designs. Besides, pumice is used in production 

of lightweight building elements such as 

bricks, masonry blocks, panels, and boards, 

etc. [33]. 

 
Table 1 Chemical composition of WPC, NPA, 

HPL and EP 
Major 

element 
PC (%) 

NPA 

(%) 

HPL 

(%) 

EP 

(%) 

SiO2 21.60 74.10 < 1.3 72.20 

Al2O3 4.05 13.45 0.4 – 0.8 11.40 

Fe2O3 0.26 1.40 < 0.3 0.53 

CaO 65.70 1.17 80 0.63 

MgO 1.30 0.35 < 2 0.33 

SO3 3.30 - < 2 1.87 

Na2O 0.30 3.70 < 0.8 3.3 

K2O 0.35 4.10 - 4.20 
PC : White Portland Cement 

NPA : Nevşehir Pumice Aggregate 

HPL : Hydrated Powder Lime 

EP : Expanded Perlite 

 

Pumice aggregate used in this experimental 

work was supplied from a pumice mining 

quarry in Nevşehir-Turkey. Nevşehir pumice 

aggregate (NPA) was primarily crushed by a 

crusher and then screened into 0/0.5 mm as 

fine aggregate and 0.5/3 mm as coarse 

aggregate for this study.  
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Figure 1 Mortar specimens produced using 

different colored fibers 

 

Expanded perlite was used in this 

experimental work as lightweight aggregate. 

Expanded perlite as a commercial product 

used in this study was supplied from İzmir 

Region in a size of 0-2 mm. Any procedure 

was not applied to the material and was 

directly used in the CLCM combinations. 
 

Table 2 Physical and mechanical features of PC 
Specific gravity (g/cm3) 3.06 

Blaine specific surface (cm2/g) 4600 

Initial setting time (min) 100 

Final setting time (min) 130 

Volume expansion (mm/m) 1 

Compressive strength (MPa)  

7 days 37.0 

14 days 50.0 

28 days 60.0 

 

Perlite is a glassy and volcanic origin rock 

type. When perlite granules are heated in the 

temperature range between 900 °C and 1100 

°C, its volume increases about 20 times and it 

becomes a porous structure. Resulting new 

material after heat-treating is called expanded 

perlite. This formal transformation or 

expansion makes expanded perlite a very 

lightweight material and very efficient 

thermal insulator. Expanded perlite aggregate 

is often used for these features when thermal 

insulation and lightness required cases are 

needed. In Table 1, the chemical component 

of the expanded perlite is also given. 

 

Hydrated Powder Lime (HPL) was supplied 

as a commercial product in the sector. The 

HPL used in this study belongs to the CL80 

category according to EN 459-1 standard. 

HPL additive was used in the mixture 

combinations in order to stabilize pH balance. 

The chemical content of HPL is given in Table 

1. 

 

The mixing water was regular tap water. 

Recycled textile fiber as a new type of 

reinforcement element is proposed in this 

study. Recycled textile fibers used in CLCM 

combinations were collected from denim 

factories in Uşak Region, textile recycling 

center of Turkey. In these factories, wastes are 

produced at three stages such as, production 

stage, ageing stage, and abrasion stages. 

Textile wastes produced after these stages are 

powder sized. 

 

Three types of recycling waste are supplied 

from Uşak Region (Fig.2). First one is mixture 

of cotton waste fibers from recycling of cotton 

products and polyester waste fibers, the waste 

of plastic bottles during the conversion of PET 

bottles to textile fiber. Cotton fiber is a 

vegetable textile fiber. The main component 

of cotton fiber is cellulose with a ratio of 94%. 

The remaining of cotton fibers consists of 

hemicellulose, pectin and inorganic 

substances. While diluted bases minimal 

effect on cotton fiber, cotton fiber shows 

degradation with concentrated and strong 

acids. Cotton fibers do not exhibit degradation 

up to 150 °C [34, 35]. 

 

 
Figure 2 Fiber specimens 

The second type of recycled textile waste fiber 

consists of fully polyester fibers. Polyesters 
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fibers are chemical fibers with synthetic raw 

materials [35]. Polyester fibers can be 

obtained by recycling of PET (Polyethylene 

terephthalate) bottles. PET has usage areas 

such as soft drink, food and beverage 

containers, and polyester fibers. Polyester 

fibers are resistant to weak acids even at the 

boiling point. They have good resistance to 

strong acids at room temperature while poor 

resistance to strong bases. Melting point of 

polyester fibers is 250 °C [34, 35]. 

 

The last type of RTWF is mixture of cotton 

waste fiber, polyester waste fiber and acrylic 

waste fiber, the remaining waste from the 

recycling stage of the acrylic products were 

made from synthetic fibers. Acrylic fibers are 

obtained by mixing ratio of 85 % acrylonitrile 

polymers and more than one monomer with a 

ratio of 15 %. Acrylic fibers are resistant to 

other acids except nitric acid. Especially 

dense and hot state alkali damages the fibers. 

There is not a certain melting point of the 

acrylic fibers. Melting point of them ranges 

from 215 to 255 ° C [35]. 

 

Recycled textile waste fiber (RTWF) was 

used in this research to improve mortar’s 

physical and mechanical properties. Any 

pretreatment was not applied to the RTWFs 

used. Physical properties of RTWFs are given 

in Table 3. 

 
Table 3 Physical properties of fibers 

Color Blue, white, 

black, pink 

Fiber length (µm) < 200 

Fiber diameter (µm) <20 

Specific gravity of cotton (g/cm3) 1.50-1.55 

Specific gravity of polyester (g/cm3) 1.38 

Specific gravity of acrylic (g/cm3) 1.14-1.20 

Water absorption capacity of cotton 25-27 % 

Water absorption capacity of 

polyester 

0.2-0.8 % 

Water absorption capacity of acrylic 0.30-1.30 % 

 

2.2. Mortar Mix Design 

Mixture proportioning of the CLCM 

combinations for this experimental study is 

shown in Table 4. Sixteen different 

cementitious mortar combinations were 

prepared and analyzed in order to observe the 

possible effect of utilizing very fine sized 

textile waste fibers on CLCMs. The amount of 

cement ratio was kept constant as 33 % by 

weight for all mixture combinations.  

 
Table 4 Mortar combinations and mix design 

 

 

PC 
(wt.%) 

NPA 
(wt.%) 

EP 
(wt.%) 

Fiber 
(wt.%) 

HPL w/s w/c 

LF-R 33.0 48.0 10.0 0.0 9.0 0.50 1.52 

LF1-1 33.0 47.0 10.0 1.0 9.0 0.51 1.55 

LF1-2 33.0 46.0 10.0 2.0 9.0 0.60 1.82 

LF1-3 33.0 45.0 10.0 3.0 9.0 0.69 2.09 

LF1-5 33.0 43.0 10.0 5.0 9.0 0.80 2.42 

LF1-7 33.0 41.0 10.0 7.0 9.0 0.97 2.94 

LF2-1 33.0 47.0 10.0 1.0 9.0 0.55 1.67 

LF2-2 33.0 46.0 10.0 2.0 9.0 0.67 2.03 

LF2-3 33.0 45.0 10.0 3.0 9.0 0.75 2.27 

LF2-5 33.0 43.0 10.0 5.0 9.0 0.97 2.94 

LF2-7 33.0 41.0 10.0 7.0 9.0 1.18 3.58 

LF3-1 33.0 47.0 10.0 1.0 9.0 0.56 1.70 

LF3-2 33.0 46.0 10.0 2.0 9.0 0.68 2.06 

LF3-3 33.0 45.0 10.0 3.0 9.0 0.76 2.30 

LF3-5 33.0 43.0 10.0 5.0 9.0 0.93 2.82 

LF3-7 33.0 41.0 10.0 7.0 9.0 1.10 3.33 

 

Again, the amount of the expanded perlite and 

hydrated powder lime ingredients in all mixes 

was kept constant as 10 and 9 % by weight, 

respectively. Within the scope of the study, 

the mixture design was evaluated by weight. 

In order to keep the total mixture amount 

constant as 100%, the amount of fiber added 

to the mixtures by weight was removed from 

the pumice aggregate in the same proportion. 

 

First mortar mixture, which is named as LF-

R, was analyzed as a reference mortar and this 

mixture does contain RTWF additive. This 

mix actually was considered to understand the 

impact of textile waste fiber to the mortar’s 

properties. 

 

In order to examine the physical and 

mechanical properties of CLCMs reinforced 

with different types of fibers, three different 

types of RTWF were studied in this research. 

First five mixtures (LF1-1, LF1-2, LF1-3, 

LF1-5, LF1-7) were mixed with combination 

of cotton and polyester fibers and this group is 

going to be named as Type 1 RTFW, second 

five mixtures (LF2-1, LF2-2, LF2-3, LF2-5, 

LF2-7) were mixed with only polyester fibers 

and this group is going to be named as Type 2 

RTWF and the last five mixtures (LF3-1, LF3-

2, LF3-3, LF3-5, LF3-7) were mixed with 

combination of cotton, polyester and acrylic 
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fibers and this group is going to be named as 

Type 3 RTWF, in this work.  

 

In order to determine the water demand for 

each mixture separately and to provide the 

same workability for each mixture, flow table 

test was carried out by the requirements of the 

ASTM C 1437-13 standard. The water/solid 

ratios were changed from 0.50 to 1.18. The 

water-solids ratio investigated in this research 

can be defined as the ratio of total mass of 

water to the total mass of solids (cement, lime, 

aggregates, and fibers). Mixing was carried 

out by a mortar mixer. Then, the fresh cement 

mortar specimens were placed into the molds 

and left for 24 hours. Subsequently, 

specimens were removed from the molds and 

placed in wet surface curing condition (21 ± 1 

˚C and 95 % RH) for the first 3 days and after 

that the specimens were left to dry in a normal 

air condition (21 ± 1 ˚C and 40 % RH) to the 

testing time (7 and 28 days). 

 

In this work, the influence of RTWF was 

investigated in the usage of simultaneously, 1, 

2, 3, 5 and 7 %. The fresh mortar properties 

such as consistency and fresh density were 

studied. 7- and 28-days compressive strength 

of mortars were investigated. Also, splitting 

tensile strength of hardened mortars were 

tested on 28 days. Compressive and splitting 

tensile strength tests were conducted on 

50x50x50 mm cubic test specimens and 

Ø50x100 mm cylindrical test specimens, 

respectively. Compressive and splitting 

tensile strength were determined as the 

average of 3 specimens test results. Structural 

strength values of the CLCMs have been 

achieved through splitting tensile and 

compressive strength tests by using Mohr 

Circles. 

 

3. TEST RESULTS AND DISCUSSION 

 

3.1. Flow and Water Demand 

 

The flow diameters and water demand of 

mortar mixtures were analyzed on fresh 

mortar specimens. The water to solid ratio 

(W/S) of all mixtures is shown in Table 4. The 

W/S of the mixtures were changed from 0.50 

to 1.18 based on the RTWF amounts. Flow 

diameters of mixtures were calculated 

according to ASTM C1437-13 standard with 

flow table test and were given in Figure 3. In 

the study, when the water/solid ratio is fixed, 

there are great problems in the mixing and 

molding stages of the mortars using high fiber 

ratios. For this reason, mortars with similar 

workability were produced by keeping the 

flow diameters constant in all mixtures. The 

flow diameters of all mixtures were fixed to 

be 142 ± 5 mm. For all three types of fiber, the 

mixing water was increased depending on the 

fiber ratio in order to provide a similar 

workability in fresh mortars. 

 

 

 
Figure 3 Flow diameter of CLCMs versus RTWF 

percentage of CLCM specimens 

 

3.2. Fresh and Hardened Densities 

 

With the increase of the W/S ratio, in plastic 

unit weight changes were not observed too 

much. However, despite the increase in W/S 

ratio, gradually decreasing at dry set densities 

was recorded in all three types of RTWF 

mixtures (Table 5). This is because the fibers 

have fluffy structure and thus, bring more unit 
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volume to the mortar. The fresh density of 

cement mortar specimens was varied between 

1055 kg/m3 and 1184 kg/m3 based on the 

percentage of RTWF ratio. Dry set density 

values were varied between 611 kg/m3 and 

959 kg/m3. Compared to the control specimen, 

Type 1, Type 2 and Type 3 mixtures 

containing 1.0 % fiber were found 1.04 %, 

3.75 % and 5.94 % lighter, respectively. The 

same case was observed at 7 % RTWF 

containing mixtures. They were found 23.15 

%, 36.29 and 32.74 % lighter than unit volume 

weight of control specimen. It is stated that in 

TS EN 998-1 standard [32], lightweight 

mortars should be lighter than 1300 kg/m3. In 

this research, it was reached much better 

results than this value. 

 
Table 5 Physical and mechanical properties of 

mortars 
Mix Flow 

(mm) 

Fresh 

density 

(kg/m3) 

Hardened 

density 

(kg/m3) 

28-days 

compressive 

strength 

(MPa) 

28-days 

splitting 

tensile 

strength 

(MPa) 

LF-R 154 1159 959 4.89 0.83 

LF1-1 142 1143 949 6.88 1.05 

LF1-2 130 1164 902 5.64 0.96 

LF1-3 120 1184 854 4.38 0.86 

LF1-5 112 1393 816 4.06 0.68 

LF1-7 110 1254 737 2.58 0.47 

LF2-1 146 1124 923 5.77 0.68 

LF2-2 138 1120 830 3.30 0.51 

LF2-3 136 1142 794 2.53 0.44 

LF2-5 131 1121 708 1.38 0.30 

LF2-7 126 1055 611 0.82 0.25 

LF3-1 141 1147 902 5.48 0.87 

LF3-2 130 1138 850 3.77 0.55 

LF3-3 128 1135 800 2.88 0.47 

LF3-5 120 1123 730 1.98 0.36 

LF3-7 112 1138 645 1.27 0.30 

 

3.3. Compressive Strength 

 

Compressive strength is the ability to resist 

the show to break the material under axial load 

impact. The compressive strength tests were 

conducted according to EN 1015-11 standard. 

In the compressive strength tests, cubic 

specimens were used for each batch. The 

specimens, after removal from the molds and 

cured in water for 3 days and then dried at 

room temperature until the testing time, were 

taken directly on the compressive strength test 

without any further action. The 7- and 28-days 

compressive strength values of all mortar 

mixtures are presented in Figure 4 and Figure 

5 based on percentage of RTWF usage by 

weight, respectively.  

 

 
Figure 4 Compressive Strength versus RTWF 

percentage of CLCM specimens on 7 days curing 

time 

 
Figure 5 Compressive Strength versus RTWF 

percentage of CLCM specimens on 28 days 

curing time 

 

The results showed that compressive strength 

of mixture combinations was decreased with 

increase in fiber content in both 7 days and 28 

days curing time. One reason for this is that 

the fibers agglomerate with the increase in the 

fiber content, and another reason is that with 

the increase in the fiber content, the amount of 

mixing water increases and the water/cement 

ratio decreases. On the other hand, at 1 % fiber 

usage rate, all three types of fibers improved 

the compressive strength of lightweight 

mortars. In addition, Type 1 fibers with a fiber 

usage rate of 2 % are also effective in 

improving the compressive strength. With the 

addition of 1 % fiber to the lightweight 

Şevket Onur KALKAN, Lütfullah GÜNDÜZ

Structural Strength Properties of Waste Textile Fiber Reinforced Cementitious Lightweight Composite M...

Sakarya University Journal of Science 26(6), 1180-1195, 2022 1186



mortars, the compressive strengths of the 

mortars with the addition of Type 1, Type 2 

and Type 3 fibers were improved by 40.70 %, 

18.00 % and 12.07 %, respectively, compared 

to the reference mortar. However, above 1 % 

usage for Type 2 and Type 3 fibers, and above 

2 % of Type 1 fiber, the compressive strength 

tends to decrease, and the compressive 

strengths remain below the compressive 

strength of the reference mortar with the 

increase in fiber usage ratio. The reason can 

be regarded as, because fiber usage causes an 

increase in volume of mortar, unit volume 

weight of mortar decreases, and this decrease 

creates lighter unit volume weight. This action 

causes a return of loss of compressive 

strength, as mentioned before. The other 

reason for these reductions is that the use of 

high fiber content reduces the workability of 

the mortar. To fix the workability of mortars, 

extra mixing water added to the fresh mortars, 

and extra water increased the w/c of the fresh 

mortar. Increasing w/c caused a decrease in 

compressive strength. Also, agglomeration 

occurs as a result of the effect of its 

distribution and orientation of fibers in the 

mortar. Studies have shown that the fiber 

fraction can affect the compressive strength of 

concrete by 25%, either positively or 

negatively [36, 37]. 

 

Analyzing Figure 5, compressive strength 

values of specimens with 28 days curing time 

were found higher than 7 days curing time 

specimens, as it should be. When examined 

according to fiber types, it is seen that the 

specimens mixed with Type 1 RTWF has the 

highest compressive strength. Comparing 1 % 

fiber usage specimens for 28 days 

compressive strengths, Type 1 RTWF content 

specimens can be described as the best and 

Type 2 and the last one is Type 3. However, 

above 1% of fiber usage, it was observed that 

Type 3 RTWF content mixtures have greater 

compressive strength values than Type 2 

RTWF content mixtures. As previously 

mentioned, Type 1 contains cotton and 

synthetic fibers, Type 2 contains only 

synthetic fibers and Type 3 contains mostly 

synthetic and a small amount of cotton fibers. 

Having studied the compressive strength 

values, specimens containing cotton fibers 

appear to be higher compressive strength 

values. This phenomenon can be explained as; 

cotton fiber makes better bonds with the 

mortar.  

 

When viewed under a microscope, face of the 

synthetic fibers seems to be rounded shape 

and smooth surface. On the contrary, surface 

of cotton fibers is rough and they have volute 

structure (Fig. 6a and 6b). Therefore, it can be 

said that cotton fibers can hold the mortar 

better. 

 

 

 
Figure 6 Microscope view of the cotton (a) and 

synthetic (b) fibers. 

 

28 days compressive strength classification of 

cement mortars are grouped in 4 different 

classes in TS EN 998-1 standard. These 

compressive strength classes are;  

• CS I (0.4 – 2.5 N/mm2),  

• CS II (1.5 – 5.0 N/mm2),  

• CS III (3.5 – 7.5 N/mm2) 

• CS IV (≥6 N/mm2).  

When compressive strength values of CLCM 

specimens is evaluated according to the 

prescribed categories in TS EN 998-1 

standard, it was observed that the 28 days 

curing time compressive strength values for 

1% and 2% fiber utilization in CLCM ensure 
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the compressive strength of 3.5 N/mm2 for CS 

III class and the strength values drop to CS II 

class between 3 % and 5 % fiber utilization 

and 7 % fiber usage in CLCM drops the 

compressive strength class for CS II to CS I. 

In fact, even the lowest compressive strength 

value (0.54 N/mm2) at 7 days curing time 

ensures CS I class foreseen in TS EN 998-1 

standard (Fig. 3). 

 

3.4. Splitting Tensile Strength 

 

The simplest and most frequently applied 

method used to determine the tensile strength 

of concrete is splitting tensile test also known 

as the Brazilian Test. This test provides a 

lower coefficient of variation. In splitting 

tensile test, same materials and equipment are 

used with compression test. This test is 

performed by applying a diametric 

compressive force along the length of a 

cylindrical specimen between two plates [38-

40]. 

The splitting tensile strength, T, can be 

calculated by the following Equation (1): 

 

𝑇 =
2𝑃

𝜋𝐿𝑑
              (1) 

 

Where, T is splitting tensile strength in 

N/mm2, P is peak load in N, d is diameter of 

specimen in mm and L is length of specimen 

in mm. 

 

For the splitting tensile strength testing, 

cylindrical specimens, with dimensions of 

Ø50x100 mm, were used for each batch. The 

specimens, after removal from the molds, they 

cured at 3 days in a wet surface condition and 

then dried at room temperature until the 

testing time. They were taken directly on the 

test without any further action after 28 days 

curing time. 28 days splitting tensile strength 

results of all mortar mixtures are given in 

Figure 7 based on weight percentage of 

RTWF usage.  

 
Figure 7 Splitting Tensile Strength versus RTWF 

percentage of CLCM specimens on 28 days 

curing time 

 

As analyzing Figure 7, it can be easily seen 

that the owner of the better values is Type 1 

RTWF. Type 2, which has only polyester fiber 

content in it, comes after Type 1 and Type 3 

RTWF, exhibits the worst splitting tensile 

strength values. The mixture of different 

fibers provides more improvement effect on 

the tensile strength of hardened mortars. 

These fibers are the wastes that occur while 

producing yarn from textile wastes. 

Therefore, these fibers are woven fibers. 

However, only polyester fibers (Type 2) are 

obtained from pet bottles and are non-woven. 

Therefore, the strength of composite fibers is 

higher (Type 1 and Type 3). As a general 

acceptance, compressive strength and 

splitting tensile strength are proportional to 

each other. This phenomenon can be clearly 

observed from the results of compressive 

strength and splitting tensile strength 

experiments. Having 1 % fiber content 

specimens have the highest splitting tensile 

strength values as they have in the 

compressive strength. Likewise, having 7 % 

fiber content specimens have the lowest 

splitting tensile strength values as they have in 

the compressive strength.  

 

In cementitious composites, there is a relation 

between strength values and unit volume 

weight of composites. This relationship is 

given in the Figure 8. In this figure, relation 

between compressive strength and unit 
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volume weight and relation between splitting 

tensile strength and unit volume weight are 

given. 

 

 
Figure 8 Strength versus Unit Volume Weight of 

CLCM specimens 

 

According to Fig. 7, both compressive and 

splitting tensile strength and unit volume 

weight relations were obtained as increasing 

in a form of power function. According to this 

function, when the unit volume increases, 

both the compressive strength and the splitting 

tensile strength have been shown to increase. 

 

3.5. Structural Strength Properties 

 

Structural mechanical properties, which are 

internal friction angle, failure angle, normal 

strength, shear strength and cohesion 

parameters, of the specimens were carried out 

in this study. Structural strength analysis of 

materials provides more comprehensive 

information about internal actions of the 

material. 

 

Mohr Coulomb Failure Criterion was used to 

determine the structural strength properties of 

specimens. Mohr Coulomb Failure Criterion 

can be estimated some mechanical properties 

of concrete based on the tension and 

compression stresses.  

 

Mohr envelopes were drawn by the use of the 

compressive and splitting tensile stress data. 

One examples of drawn Mohr envelopes is 

given in Figure 9. These drawings have been 

done separately for each mixture combination 

and structural mechanical properties of the 

materials have been found through the 

drawings.  

 

 
Figure 9 Mohr Circle drawing of LF6 

 

Firstly, a coordinate system, which x plane 

represents normal strength and y plane 

represents shear strength, is drawn. Mohr 

circles were generated by plotting a half circle 

to the left of the x-axis of the coordinate 

system representing splitting tensile strength 

and another half circle to the right of the x-

axis of the coordinate system representing 

compressive strength. Then, a tangent line is 

drawn to the two half circles. The slope of this 

line gives the internal friction angle of the 

material. The point where the tangent line cut 

the y plane gives cohesion. Center of the 

compressive strength and tangent line are joint 

by a straight line. Value of this point at x-axis 

gives normal strength and at y-axis shear 

strength. In this study, these values are 

discussed as structural strength values.  

 

Structural strength parameters are chiefly 

used in rock mechanics and soil mechanics. 

Internal friction angle, failure angle and 

cohesion parameters are the main parameters 

in rock and in soil classification and load 

bearing calculations. Mohr coulomb criterion 

is used to obtain these parameters. With a 

similar approach, in order to find these 

parameters and to understand the inner 

structure of cementitious mortars, Mohr 

Coulomb criterion was used. Structural 

strength properties of CLCMs are given in 

Table 6. 
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Table 6 Structural mechanical properties of the 

CLCMs 
Mix α (°) ϕ (°) σn 

(MPa) 

C 

(MPa) 

σs 

(MPa) 

LF-R 66.5 43.0 0.79 1.13 2.24 

LF1-1 68.0 46.0 0.99 1.35 2.35 

LF1-2 67.0 45.0 0.88 1.17 2.03 

LF1-3 66.0 42.0 0.73 1.00 1.64 

LF1-5 67.5 45.0 0.59 0.82 1.40 

LF1-7 66.0 44.0 0.41 0.58 0.95 

LF2-1 71.0 52.0 0.69 1.00 1.98 

LF2-2 68.5 47.0 0.46 0.65 1.13 

LF2-3 66.5 45.0 0.41 0.54 0.92 

LF2-5 64.0 41.0 0.26 0.33 0.54 

LF2-7 60.0 32.0 0.20 0.23 0.35 

LF3-1 68.5 47.0 0.73 1.10 1.85 

LF3-2 68.5 48.0 0.50 0.72 1.26 

LF3-3 67.5 45.0 0.44 0.60 1.01 

LF3-5 66.5 44.0 0.31 0.43 0.72 

LF3-7 64.0 38.0 0.25 0.31 0.50 

α: Failure Angle 

ϕ: Internal Friction Angle 

σn: Normal Strength 

C: Cohesion 

σs: Shear Strength 

 

In rock mechanics, the value of failure angle 

mostly depends on formation type of the rock. 

Whereas failure angle is steeper in hard and 

brittle rock, it is less inclined in other words; 

value of failure angle is smaller, in the soft and 

ductile rock types. In particular, the value of 

the failure angle is very small in the 

formations that can be easily slide, such as 

sand. The same approach may be valid for 

cementitious compounds. When examining 

Table 6, decreasing trend was observed in 

failure angle of CLCMs with an increase in 

the amount of fiber content in the mixtures. In 

the fiber usage from 1 % to 7 %, failure angle 

of Type 1 fiber mixtures decreased 2 degrees, 

11 degrees decrease was seen in Type 2 fiber 

mixtures and 4.5 degrees declining was 

observed in Type 3 fiber mixtures. Therefore, 

use of Type 2 fiber in mixtures could be said 

to make the mortar more ductile. When the 

fibers are included into the cement mortar, it 

loses its brittle property and it becomes more 

flexible structure. Therefore, as the 

acceptance of rock and soil mechanics, failure 

angle values of the CLCMs are decreased 

because of the increase of their flexibilities. It 

can be seen in the table that the most ductile 

specimen was found as LF2-7 with a failure 

angle of 60 ° and the most brittle one was 

found as LF2-1 with a failure angle of 71 °. 

 

Internal friction angle for a given material is 

the angle on the Mohr's Circle graph of the 

shear stress and normal stresses at which shear 

failure occurs. Researchers have used the 

internal friction angle in rock and soil 

classification. In soil classification, soils with 

less than 30° internal friction angle are 

considered as very loose and as the internal 

friction angle increases the classification 

continues as loose, compact, dense and very 

dense soil. Similar phenomenon can be seen 

in rock classification; rocks with internal 

friction angle less than 15° are called as very 

poor and as the internal friction angle 

increases the classification continues as poor, 

fair, good and very good rock. With this 

perspective, cementitious composites with 

higher value of internal friction angle could be 

evaluated as better-compacted materials. 

According to Table 6, internal friction angles 

of CLCMs decreases with increase in fiber 

content. CLCMs are becoming more loose 

structure with increase in RTWF content in 

the mortar combinations. Thus, it is thought 

that the loose mortar structure reduces the 

internal friction angle of the material. 

 

The most compact specimen was found as 

LF2-1 with an internal friction angle of 52 ° 

and the loosest specimen was found as LF2-7 

with an internal friction angle of 32 °. 

 

The normal strength and shear strength is 

found, which cause the failure, by using the 

angle of slope of the plane of failure on Mohr 

Circle. Normal strength is the normal load to 

be carried by the material. Normal strength is 

the load that material could carry without 

deforming. Higher loading than normal 

strength of material causes deformation in the 

material. Up to normal strength that found by 

Mohr’s Circle, deformation does not occur in 

the material. However, the material is 

permanently damaged between normal 

strength and compressive strength. In this 

case, it could be said that normal strength is 
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the moment that material take the first 

damage. According to Table 6, it is seen that 

normal strengths of CLCMs have a decreasing 

trend depending on the reduction in splitting 

tensile and compressive strength in each type 

of mixtures. As it can be seen from the Table 

6, normal strength parameter of Type 1 

mixtures with highest value of 0.99 MPa 

(LF1-1) and lowest value of 0.41 MPa (LF1-

7) are greater than the others as in splitting 

tensile and compressive strengths. Which 

means that Type 1 mixtures could resist more 

load before first deformation inside. As 

previously mentioned, according to TS EN 

998-1 standard, minimum compressive 

strength of cementitious mortars must be at 

least 0.4 MPa. It is seen from Table 6 that 

normal strength values of almost all mixtures 

are less than the value (0.4 MPa) specified in 

TS EN 998-1 standard. In other words, the 

produces mixtures can provide the 

compressive strength condition prescribed in 

the standard even without any deformation 

inside the material. 

 

Cohesion is the force that holds the particles 

of concrete or mortar together. Cohesion 

indicates that what extent materials that 

forming the concrete or mortar are connected 

to each other. Additionally, the strength of the 

mortar or cement paste is dependent on the 

cohesion of the cement paste and adhesion of 

cement paste with aggregate particles [41]. If 

an assessment is done with this approach, it 

could be said that decrease in strength 

parameters of produced mortar specimens is 

caused by the decrease in the cohesion 

parameter (Table 6). According to the 

cohesion values given in Table 6, it is easily 

observed that Type 1 mixtures have the best 

cohesion values and Type 2 mixtures have the 

lowest cohesion values. This phenomenon 

could be explained by the inability of cement 

to adhesion on the polyester fiber as 

previously discussed.  

According to Mohr-Coulomb Criterion, 

factors that affect the shear strength are 

normal strength, cohesion, and internal 

friction angle. Besides, shear strength can be 

obtained by the Mohr’s Circle. Decrease in 

internal friction angle and cohesion leads a 

reduction on shear strength parameter 

according to Mohr-Coulomb Criterion. This 

situation can be easily seen in Table 6. When 

the table is examined, Type 1 specimens 

exhibit the highest shear strength values. On 

the other hand, despite the reduction on shear 

strength parameters, specimens were gained 

flexibility characteristics against vertical and 

lateral loads by fiber content. 

 

4. CONCLUSIONS 

 

In this paper, a unique experimental work on 

the influence of RTWF additive on CLCMs’ 

mechanical and structural strength parameters 

is reviewed and mainly presented. The results 

obtained from the study are summarized as 

follows: 

 

1. As the RTWF is an industrial solid waste of 

textile recycling sector, this paper can be 

evaluated as an important piece of work on 

behalf of utilization of the waste. The results 

analyzed in this work present that the effect of 

adding of RTWF in the behavior of composite 

lightweight cementitious mortar is promising. 

It could be concluded that the use of RTWF 

can improve the ductility and flexibility of 

composite mortar. Produced CLCMs provides 

the criterions foreseen in TS EN 998-1 

standard in terms of unit volume weight and 

compressive strength. 

 

2. Type 1 fiber, which is the mixture of cotton 

and polyesters waste fibers, was found as 

more suitable in order to use it in lightweight 

composite mortars. It provided higher 

compressive and splitting tensile strength 

through its cotton content during the tests. It is 

thought that cotton fibers can fit to the mortar 

by its rough surface. Besides, it was found that 

Type 1 mixtures had better characteristics on 

structural strength parameters than Type 2 and 

Type 3 mixtures. 

 

3. It has been determined that the use of 1 % 

of the fibers used in the study in lightweight 

mortars strengthens the mortar in terms of 

compressive and splitting tensile strength. 
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4. In all mixture combinations, increase in 

fiber ratio is improved the lightweight 

characteristics of cementitious mortars. The 

lightest mortars were seen as 7 % fiber content 

mortars in all types. The lowest unit volume 

weighted type was found as Type 2 mortars 

with unit volume weight range of 923-611 

kg/m3. If the specialties that lightness 

characteristics bring need to be examined in 

the future works, Type 2 fibers, which is a 

combination of cotton, polyester and acrylic 

fibers, could be examined.  

 

5. Structural strength parameters, which are 

forming the main concept of this experimental 

research, were found by using Mohr’s Circle. 

Mohr’s Circles and Mohr-Coulomb Theory is 

widely used in soil and rock mechanics to 

understand the structural strength parameters 

of soils and rocks. Examples of this approach 

in concrete and/or mortar applications are not 

enough in the literature. Therefore, in this 

work, Mohr-Coulomb Criterion was tried to 

apply to lightweight composite mortars in 

order to understand the inner world of textile 

fiber reinforced cementitious mortars. Based 

on the results of the study, it was seen that 

Type 1 and 1% fiber usage gave better results 

in normal strength, cohesion, and shear 

strength parameters. The most ductile 

specimen was found as LF2-7 with a failure 

angle of 60 °. The most compact specimen 

was found as LF2-1 with an internal friction 

angle of 52 °.  

 

This work could be evaluated as an important 

study to create a new research area as 

structural strength of cementitious 

composites. 
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Effect of Different Solvents, Pore-Forming Agent and Solubility Parameter 

Differences on the Properties of PES Ultrafiltration Membrane 
 

Seren ACARER*1  
 

Abstract 

 

In the production of polymeric membranes used in water treatment by the non-solvent-induced 

phase separation (NIPS) method, the materials used in the membrane casting solution and the 

interaction of these materials greatly affect the properties and performance of the obtained 

membranes. In this study, polyethersulfone (PES) membranes are produced by the NIPS method 

using two different solvents, dimethyl sulfoxide (DMSO) and N-methyl-2-pyrrolidone (NMP), and 

polyvinylpyrrolidone (PVP) as pore-forming agent. Chemical functional groups and morphologies 

of the produced membranes are investigated by Fourier transform infrared (FTIR) spectroscopy 

and scanning electron microscopy (SEM), respectively. The viscosity of the membrane casting 

solutions and the hydrophilicity, porosity, mean pore size, and mechanical properties of the 

membranes are characterized. The pure water flux (PWF) of the membranes is determined at 1 and 

3 bar pressures. The Hansen solubility parameters (HSP) of the materials used in membrane 

production are calculated and the effect of the interactions of DMSO, NMP, and PVP with PES 

and/or non-solvent (water) on the membrane properties are investigated. 

 

Keywords: Membrane characterization, phase separation, solvent, PVP, hansen solubility 

parameters 
 

 

 

1. INTRODUCTION 

Membrane processes are among the advanced 

treatment methods commonly used in the 

treatment of drinking water and wastewater [1, 

2]. NIPS is a widely used method in the 

production of commercially available 

polymeric membranes used in water treatment 

[3]. The fact that the NIPS method is simpler 

than other methods used in the production of 
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polymeric membranes and that the porosity, 

pore size, and thickness of the membrane can 

be easily controlled by changing some 

conditions during production are among the 

main reasons for the widespread use of the 

NIPS method [4]. 

 

Polyethersulfone (PES) is widely preferred in 

the production of polymeric membranes due to 

its high chemical resistance, good chlorine 

resistance, good thermal and mechanical 
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stability, low cost, and good miscibility with 

solvents [5, 6]. During the production of 

polymeric membranes, large amounts of 

conventional organic solvents such as NMP, 

DMSO, dimethylformamide (DMF), 

dimethylacetamide (DMAc), and 

tetrahydrofuran (THF) are used [7]. PES 

membranes are produced by many researchers 

using different solvents such as NMP [5, 8-9], 

DMSO [10], and DMF [8]. 

 

In membrane production with NIPS, the 

polymer-solvent relationship in the membrane 

casting solution and the solvent-non-solvent 

relationship when the membrane is immersed in 

the coagulation bath significantly affect the 

morphology of the membrane [11]. The 

thermodynamic stability of the casting solution, 

polymer-solvent affinity, and solvent-non-

solvent affinity cause accelerated or delayed 

liquid-liquid demixing during phase separation, 

resulting in membranes with different 

structures, pore size, and porosity. For instance, 

Fahrina et al. reported that PES-NMP and PES-

DMF membranes exhibit denser membrane 

surfaces and internal structure compared to 

PES-DMSO membranes, due to the lower 

affinity of NMP and DMF for water (non-

solvent) than DMSO [12]. 

 

Pore-forming agents (such as PVP and PEG) 

added to the membrane casting solution cause 

the formation of membranes with different 

morphologies, properties, and performance due 

to their effects on the stability of the casting 

solution, their hydrophilicity, and solution 

viscosity [13-16]. In a recent study by Tofighy 

et al., it has been reported that 3% wt. PVP-

doped PVDF membranes have higher 

hydrophilicity, porosity, and pore size 

compared to undoped PVDF, and the 

membrane's PWF  is improved by incorporating 

PVP into PVDF membrane [17]. In the study of 

Kourde-Hanafi et al., it was found that PES-

PVP membranes have a denser top layer than 

pure PES regarding casting solution viscosity, 

but PES-PVP membrane has higher 

permeability than pure PES membrane due to 

the hydrophilic nature of PVP [18]. 

 

In this study, PES-DMSO, PES-NMP, and 

PES-PVP-NMP membranes are produced by 

the NIPS method to determine the effects of 

different solvents (DMSO and NMP) and pore-

forming agent (PVP) on PES membrane 

properties and performance. The effects of 

DMSO, NMP, and PVP on the chemical 

groups, morphology, hydrophilicity, 

mechanical properties, and PWF of the 

membrane are revealed as a result of 

characterization studies. 

 

2. MATERIAL AND METHOD 

 

2.1. Materials 

 

PES (VERADEL® 3000P) is obtained from 

Solvay Specialty Polymers. NMP and DMSO 

of ≥99.5% and ≥99.9% purity, respectively, are 

purchased from Merck. PVP with a molecular 

weight of 40,000 g/mol is purchased from 

Sigma-Aldrich. 

 

2.2. Membrane Production 

 

PES-DMSO, PES-NMP, and PES-PVP-NMP 

flat sheet membranes are produced by the NIPS 

method. Solutions containing 16% wt. PES and 

84% wt. solvent (DMSO or NMP) are mixed in 

a heated magnetic stirrer (WiseStir, MSH-20A) 

for 24 hours at 60 °C. After obtaining a 

homogeneous solution, the solution is kept in an 

ultrasonic bath (Weightlab Instruments) at 25 

°C for 30 minutes to remove air bubbles in the 

membrane casting solution. Membranes are 

cast on a glass plate to form polymeric films 

using a 200 μm thick casting blade. After 

waiting for 10 seconds, the casting solution in 

the form of a film on the glass plate was 

immersed in a coagulation bath containing non-

solvent (distilled water) and left for 15 minutes. 

Membranes are obtained as a result of the 
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change between solvent-non-solvent. After the 

obtained membranes are thoroughly washed 

with distilled water, they are kept in distilled 

water at 4 °C for 24 hours, and then the 

membranes are characterized. The production 

process of membranes produced with different 

solvents is shown schematically in Figure 1. 

The PES-PVP-NMP membrane is also 

produced using the same procedure using 8% 

wt. PVP and 76% wt. NMP. The composition 

of all produced membranes is given in Table 1. 
 

 
Figure 1 Schematic diagram of the membrane 

production process 
 

Table 1 Composition of the produced membranes 
Membrane 

Code 

PES  

(wt.%) 

DMSO  

(wt. %) 

NMP  

(wt.%) 

PVP 

(wt.%) 

PES-

DMSO 

16 84 - - 

PES-NMP 16 - 84 - 

PES-PVP-

NMP 

16 - 76 8 

 

2.3. Membrane Characterization 

 

2.3.1. Membrane casting solution viscosity 

 

The viscosities of the casting solutions of the 

membranes are measured by a viscometer 

(AND, SV-10). Viscosity measurements are 

carried out at 25 °C. 

 

2.3.2. FTIR 

 

Chemical groups of the membranes are 

determined using the FTIR spectrometer 

(Perkin Elmer, Spectrum 100). The FTIR 

spectra of the membranes are recorded in the 

wavenumber range of 4000-650 cm-1. 

 

2.3.3. SEM 

 

The surface and cross-sectional morphology of 

the produced membranes are investigated using 

SEM (FEG, FEI Quanta 250). To obtain SEM 

views, firstly, the insulating membrane surfaces 

are made conductive by coating them with gold. 

While the surface views of the membranes are 

examined at 20000x magnification, the cross-

sectional views are examined at 10000x and 

40000x magnifications. 

 

2.3.4. Contact angle 

 

The surface hydrophilicity of the membranes is 

determined by the sessile drop technique by 

contact angle meter (KSV Instruments, CAM 

101). Contact angle measurements are carried 

out at 25 °C. The contact angle results are 

obtained by determining the angle between the 

distilled water and the membrane surface by 

dripping distilled water on the membrane 

surface. Distilled water is dropped at least three 

times in different locations of each membrane 

sample and contact angle results are given as 

the average of three measurements. 

 

2.3.5. Water content 

 

The produced membranes are left to dry in an 

oven at 60 °C (NUVE, EN 500) for 24 hours. 

The dry weights of the membranes are first 

determined using a precision balance (KERN, 

573). Afterward, the membranes are immersed 

in a container filled with distilled water, and the 

excess water on them is quickly removed with 

a blotting paper, and the membranes are 

weighed again to determine their wet weight. 

The water content of the membranes is 

calculated using Equation 1. 

 

Water content (%) = 
𝑊𝑤−𝑊𝑑 

𝑊𝑤
 𝑥 100                   (1) 
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where Ww and Wd are wet and dry weights of 

membranes (g), respectively. 

 

2.3.6. Porosity and mean pore size 

 

The porosity (𝜀) and mean pore size (rm) of the 

membranes are calculated using Equation 2 and 

Equation 3 (Guerout-Elford-Ferry Equation), 

respectively. 

 

𝜀 (%) = 
𝑊𝑤− 𝑊𝑑

𝐴 𝑙 𝜌 
 𝑥 100                  (2) 

 

where Ww is the wet weight of the membrane 

(g), Wd is the dry weight of the membrane (g), 

A is the membrane area (cm2), l is the 

membrane thickness (cm), and 𝜌 is the density 

of the water (0.998 g/cm3). 

 

rm = √
(2.9−1.75𝜀) x 8𝜂𝑙𝑄

𝜀 x 𝐴 x 𝛥𝑃
                                       (3) 

 

where 𝜀 is membrane porosity, η is the viscosity 

of water (8.9 x 10-4 Pa.s), l is membrane 

thickness (m), Q is the volume of permeate 

water per unit time (m3/s), A is effective 

membrane area (m2), ΔP operating pressure 

(0.3 MPa).    

               

2.3.7. Mechanical tests 

 

Tensile tests of the membranes are carried out 

using a universal testing machine (Shimadzu, 

AG-IS (50kN)). The membranes are left to self-

dry for 24 hours at room temperature at 25°C. 

The membranes are then adhered to the 

aluminum plates to prevent the slipping of the 

tips on the tester. The tensile strength and 

elongation at break of the produced membranes 

are determined. 

 

2.3.8. PWF 

 

A dead-end filtration system (Tin Mühendislik) 

is used in PWF tests of the membranes. The 

effective surface area of the membranes placed 

in the filtration system is 19.6 cm2. In the pure 

water tests, firstly, pure water is passed through 

the membranes at 5 bar pressure using nitrogen 

gas (N2) to obtain a stable flux and to open the 

pores of the membranes thoroughly. In other 

words, the membranes are first compressed at 5 

bar. Then, distilled water is passed through each 

membrane at 1 bar and 3 bar, respectively. The 

permeate collected from the outlet of the 

filtration system is collected in a beaker on a 

precision scale and the time-weight graph is 

transferred to the computer and the PWF of the 

membranes is calculated in L/m2.h unit. The 

PWF of the membranes is calculated using 

Equation 4. 

 

J = 
𝑉

𝐴 ∆𝑡
                                                                             (4) 

 

where J is the membrane flux (L/m2.h), V is the 

permeate volume (L), A is the effective 

membrane area (m2), and ∆𝑡 is the time (h).  

 

2.4. Calculation of HSP 

 

The solubility parameter (δ) is useful in 

estimating the relative attraction force between 

solvents and solutes numerically [19]. Using 

the HSP, the total solubility parameter of the 

polymer or solvent is calculated using Equation 

5. 

 

𝛿𝑡 = √𝛿𝑑
2 +  𝛿𝑝

2 +  𝛿ℎ
2
                 (5) 

 

where δt represents the total solubility 

parameter and δd, δp and δh are dispersion, polar, 

and hydrogen bonding parameters respectively. 

 

The difference between the solubility parameter 

of the polymer and solvent can be calculated 

using Equation 6. 

 

Δδ𝑃−𝑆 =

√(δd,p−δd,s)2 +  (δp,p−δp,s)2 + (δh,p−δh,s)2(6) 
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The difference between the solvent and non-

solvent solubility parameters can be calculated 

using Equation 7. 

 

Δδ𝑆−𝑁𝑆 =  

 

√(δd,s−δd,ns)2 +  (δp,s−δp,ns)2 + (δh,s−δh,ns)2(7) 

 

where P, S, and NS represent polymer, solvent, 

and non-solvent (water), respectively. 

 

Table 2 shows the solubility parameters of PES, 

DMSO, NMP, and water. 
 

Table 2 Solubility parameters of PES, PVP, NMP, 

DMSO, and water 

 𝛅𝐝 

(MPa)0.5 

𝛅𝐩 

(MPa)0.5 

𝛅𝐡 

(MPa)0.5 

𝛅𝐭 

(MPa)0.5 

PES 19.6 10.8 9.2 24.19 

PVP 21.4 11.6 21.6 32.54 

NMP 18 12.3 7.2 22.95 

DMSO 18.4 16.4 10.2 26.67 

Water 15.5 16 42.3 47.80 

 

3. RESULTS 

 

3.1. Membrane Casting Solution Viscosity 

 

The viscosity of the membrane casting solution 

plays an important role in the morphology of 

the membranes produced by NIPS. The 

viscosity results of membrane casting solutions 

at 25 °C are shown in Figure 2.  The viscosity 

of the PES-DMSO casting solution (6.77 Pa.s) 

is found to be approximately 5 times higher 

than the viscosity of the PES-NMP solution 

(1.37 Pa.s). This result can be attributed to the 

fact that DMSO is more viscous than NMP 

[20]. With the inclusion of 8% wt.  PVP in the 

casting solution of the PES-NMP membrane, 

the viscosity increased 6.7 times to 9.2 Pa.s. 

The higher polymer content of the PES-PVP-

NMP solution (16% wt. PES and 8% wt. PVP) 

and lower solvent content (76% wt.) of the 

PES-NMP solution are increased viscosity. In 

this study, the increase in the membrane casting 

solution with the addition of PVP is consistent 

with the studies in the literature on the increase 

in viscosity of polymeric solutions with the 

addition of PVP [21-23] and with the increase 

of PVP concentration [21, 24] in the solution. 

 

 
Figure 2 Viscosity of membrane casting solutions 

 

3.2. Confirmation of the Chemical Structure 

of Membranes 

 

To confirm the chemical structure of PES and 

PES-PVP membranes, the chemical groups of 

the membranes are determined by FTIR 

analysis. FTIR spectra of PES-DMSO, PES-

NMP, and PES-PVP-NMP membranes are 

shown in Figure 3. Similar peaks are obtained 

in PES-DMSO and PES-NMP membranes. In 

the NIPS method, an exchange occurs between 

the solvent in the casting solution and the non-

solvent (water) in the coagulation bath, and the 

solvent moves away from the membrane 

structure. Therefore, similar bands are obtained 

as a result of the chemical characterization of 

PES-DMSO and PES-NMP membranes with 

FTIR, regardless of the solvent type used in the 

membrane production process. The C=C 

stretching vibration originating from the 

aromatic benzene rings of PES corresponded to 

the bands at 1485 and 1577 cm-1. The C-O-C 

stretching vibration of aromatic ether is 

confirmed by the band at 1237 cm-1. The peaks 

occurring at 1147 cm-1 and 1103 cm-1 are 

caused by the O=S=O vibration [25, 26]. In the 

FTIR spectrum of the PES-PVP-NMP 

membrane, unlike the PES-NMP and PES-

DMSO membrane, a new peak occurred at 1675 
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cm-1 corresponding to the stretching vibration 

of the carbonyl (C=O) group of PVP. 

 
Figure 3 FTIR spectra of membranes 

 

3.3. Membrane Morphology 

 

3.3.1. Effect of solvents on membrane 

morphology 

 

SEM surface and cross-section views of the 

membranes are given in Figure 4. All 

membranes exhibited an asymmetrical 

structure consisting of a top layer responsible 

for selectivity and a porous sublayer. When 

DMSO was used as a solvent in the production 

of PES membrane, the surface porosity of the 

membrane increased significantly compared to 

the use of NMP. It is seen that both PES-DMSO 

and PES-NMP membranes exhibit finger-like 

pore structures. However, fewer but larger 

finger-like pores extending from the surface of 

the membrane to the sublayer occurred in PES-

DMSO compared to PES-NMP. Another 

remarkable point is that the regions surrounding 

finger-like pores in the PES-NMP membrane 

are thicker and more pronounced sponge-like, 

while the thickness of these regions is less in the 

PES-DMSO membrane. In addition, a thin top 

layer responsible for selectivity is formed in the 

PES-DMSO membrane structure, while a 

thicker and sponge-like top layer is formed in 

the PES-NMP membrane. The membrane 

structure is sponge-like and the thick top layer 

is the result of the delay of liquid-liquid 

demixing during phase separation [27]. SEM 

views revealed that the type of solvent used in 

membrane production affects membrane 

surface porosity, top layer thickness, top layer 

structure, and pore size. 

 

The changes in membrane morphology 

depending on the solvent type can be explained 

by the solubility parameter (δ). Two factors, 

equilibrium thermodynamics and kinetics of the 

solution play an important role in the 

morphology of membranes produced with 

NIPS. High interaction between polymer and 

solvent, i.e. lower δP-S, indicates high 

thermodynamic stability [28, 29]. On the other 

hand, the lower the δS-NS value, the greater the 

interaction between the solvent and the non-

solvent (water). Table 3 shows the polymer-

solvent interaction (P-S) and solvent-non-

solvent (water) interaction (S-NS) results 

calculated from the dispersion, polar, and 

hydrogen bonding parameters of PES, NMP, 

DMSO, and water. The fact that the interaction 

between PES-NMP (2.97 MPa0.5) is stronger 

than the interaction between PES-DMSO (5.81 

MPa0.5) indicates that NMP is a better solvent 

for PES and its solution stability is higher. On 

the other hand, the fact that the DMSO-water 

interaction (32.23 MPa0.5) is stronger than the 

NMP-water (35.38 MPa0.5) interaction 

indicates that the affinity of DMSO to water is 

higher than that of NMP to water. The low 

affinity of DMSO for PES and high for water 

compared to NMP causes the acceleration of 

liquid-liquid demixing by increasing the 

interaction between non-solvent and solvent 

during the NIPS. If DMSO is preferred as the 

solvent in membrane production, the formation 

of a membrane with a less sponge-like structure 

and a thinner top layer is compatible with the 

affinity results calculated from Hansen 

solubility parameters. 
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Figure 4 SEM surface and cross-section views of 

the membranes 

 
Table 3 Hansen affinity parameter between PES-

DMSO, PES-NMP, DMSO-water, and NMP-water 
 

 

PES-Solvent 

Interaction  

(P-S) (MPa)0.5 

Solvent-Non-Solvent 

Interaction  

(S-NS) (MPa)0.5 

NMP 2.97 35.38 

DMSO 5.81 32.23 

 

3.3.2. Effect of PVP on PES membrane 

morphology 

 

As seen in Figure 4, the surface porosity of 

PES-NMP membranes increased with the 

addition of PVP. The increase in porosity can 

be attributed to the fact that the presence of a 

third component (PVP) other than polymer and 

solvent in the membrane casting solution causes 

an increase in the thermodynamic instability of 

the solution [30]. The fact that the δt value of 

PVP is closer to the δt value of water compared 

to the δt value of PES indicates that PVP has a 

higher affinity for water (Table 2). Due to the 

high affinity of PVP for water and its solubility 

in water, large pores were formed on the 

membrane surface and the top layer of the 

membrane was thinned during the PVP washing 

from the near-surface parts of the membrane 

and passing from the casting solution to the 

water. On the other hand, the higher viscosity 

of the PES-PVP-NMP membrane resulted in a 

more sponge-like and tighter structure of the 

membrane interior than the PES-NMP 

membrane. This result revealed that in addition 

to the kinetic factor, viscosity is also an 

important factor in membrane morphology. 

 

3.4. Surface Hydrophilicity 

 

Membrane surface hydrophilicity is 

characterized by the contact angle, and 

hydrophobic membrane surfaces are expressed 

with high contact angle while hydrophilic 

membrane surfaces are expressed with a low 

contact angle [31]. The contact angle and water 

content results of the membranes are shown in 

Figure 5. The fact that the contact angle of PES-

DMSO (61.1°) is 28% lower than the contact 

angle of PES/NMP (78.4°), indicates that PES-

DMSO has higher hydrophilicity. The 

significantly higher surface porosity of the 

PES-DMSO membrane (Figure 4) allowed 

increased diffusion of water and resulted in 

higher surface hydrophilicity. Similarly, PES-

PVP-NMP membrane exhibited a more porous 

structure compared to PES-NMP and the 

hydrophilic carbonyl group (C=O) of PVP 

decreased the contact angle by 19.4% and 

increased the hydrophilicity of the membrane 

surface [32]. Since membranes with higher 

surface hydrophilicity exhibit higher 

antifouling properties, the order of membrane 

surfaces to exhibit higher fouling resistance 

under the same conditions are PES-DMSO > 

PES-PVP-NMP > PES-NMP. 

 

Another parameter related to membrane 

hydrophilicity is the water content of the 

membranes. The water content of all 

membranes is above 70%. The water content of 

PES-DMSO is 5.5% higher compared to PES-

NMP. The high surface porosity and the thinner 

top layer of PES-DMSO allowed water to pass 

into the membrane structure more easily and 

absorb more water in finger-like pores. The 

contact angle and water content results of the 

membranes produced with different solvents 

revealed that DMSO is a more suitable solvent 
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than NMP in the production of PES membrane 

to increase the hydrophilicity. On the other 

hand, the water content of PES-PVP-NMP was 

found to be 3% higher than that of PES-NMP, 

although the internal pores of PES-PVP-NMP 

were less than the internal pores of PES-NMP. 

This may be related to the fact that the large 

pores on the surface of the PVP-doped 

membrane and its thin top layer allow the water 

to pass through more and faster than PES-NMP, 

which has a denser surface and thicker top 

layer. 

 

 
Figure 5 Contact angle and water content of 

membranes 

 

 

3.5. Porosity and Mean Pore Size 

 

The calculated porosity and mean pore size 

values of the membranes are given in Table 4. 

The highest porosity is obtained in the PES-

DMSO membrane, and the lowest porosity is 

obtained in the PES-PVP-NMP membrane. The 

calculated porosity results are consistent with 

the SEM cross-sectional views. The mean pore 

sizes of the membranes varied in the range of 

18.2-27.8 nm, and these mean pore sizes 

indicate that the produced membranes are 

ultrafiltration (UF) membranes [33]. 

 

 

 

Table 4 Porosity and mean pore size of the 

membranes 

 Porosity 

 (%) 

Mean pore 

size (nm) 

PES-DMSO 66.4 19.4 

PES-NMP 60.1 18.2 

PES-PVP-

NMP 

54.3 27.8 

 

3.6. Mechanical Properties 

 

To determine the mechanical properties of the 

membranes, tensile strength and elongation at 

break are investigated and the results are shown 

in Figure 6. The tensile strengths of PES-NMP 

and PES-DMSO membranes are found to be 

15.1 MPa and 13.9 MPa, respectively. Since the 

high surface porosity of PES-DMSO causes a 

decrease in the membrane surface area, it has a 

negative effect on the mechanical strength of 

the membrane, causing it to exhibit lower 

tensile strength [34, 35]. Also, the elongation at 

break of PES-NMP membrane is higher than 

that of PES-DMSO. Also, the elongation at 

break of PES-NMP membrane is higher than 

that of PES-DMSO.  

 

When the effect of PVP on the mechanical 

properties of the PES-NMP membrane is 

investigated, it was observed that the tensile 

strength and elongation at break decreased. The 

large diameter surface pores, high mean pore 

size, and thin top layer of PES-PVP-NMP 

resulted in a decrease in the maximum stress 

that the membrane can withstand before 

rupture. In addition, the elongation at break of 

the membrane is reduced by the incorporation 

of PVP into the PES matrix. In other words, 

PVP reduced the flexibility and ductility of the 

membrane [36]. 
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Figure 6 Mechanical properties of membranes 

 

3.7. PWF Performance of Membranes 

 

The PWF performance of the membranes at 1 

bar and 3 bar pressure is presented in Figure 7. 

With the increase in pressure, the PWF 

performance of the membranes also increased. 

PWF of PES-DMSO is found to be 44.2% and 

33% higher than PES-NMP at 1 bar and 3 bar, 

respectively. In addition, the results of the 

contact angle and water content of the 

membranes are compatible with the PWF 

performance results. The relatively high surface 

hydrophilicity of PES-DMSO increased the 

interaction between water and the membrane 

surface. In addition, the high porosity, larger 

pore sizes, and thinner skin layer of the PES-

DMSO membrane reduced the hydraulic 

resistance of the membrane and increased the 

passage of water through the membrane. 

 

Although the inclusion of PVP in PES-NMP 

increased the surface porosity and 

hydrophilicity, increasing the PWF, the PWF of 

PES-PVP-NMP is found to be lower than that 

of PES-DMSO. Since the addition of 8% wt. of 

PVP to the casting solution increased the 

viscosity, the formation of finger-like voids was 

suppressed, and this may have prevented much 

higher flux values from being reached in the 

PVP-doped membrane. 

 

 
Figure 7 PWF performance of membranes 

 

4. CONCLUSION 

 

Determination of the most suitable membrane 

casting solution composition in terms of desired 

membrane properties and performance 

contributes to the production of water treatment 

membranes more economically and with the 

use of chemicals that are more harmless to the 

environment. In this study, PES-DMSO, PES-

NMP, and PES-PVP-NMP membranes are 

produced by NIPS method and the 

characterization of the produced membranes 

was performed. In addition, the effect of 

different solvents (DMSO and NMP) on the 

membrane, especially their morphology, is 

explained by Hansen solubility parameters. As 

a result of the study, the following results were 

obtained: 

 

1) According to Hansen solubility parameters 

calculations, the relatively stronger and weaker 

affinity of NMP to PES and water (non-

solvent), respectively, caused a delay in 

demixing during the formation of the PES-

NMP membrane. As a result of the demixing 

delay, the PES-NMP membrane with less 

porosity and a thicker internal structure is 

obtained. On the contrary, relatively weaker, 

and stronger interactions of DMSO with PES 

and water, respectively, resulted in a more 

porous and less dense membrane. 
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2) PES-DMSO membrane produced with 

DMSO, which is a more “green” solvent 

compared to NMP, has a more porous surface, 

thinner top layer, higher hydrophilicity, higher 

porosity and mean pore size compared to PES-

NMP. PWF of PES-DMSO is found 44.2% 

higher than PES-NMP at 1 bar. However, PES-

DMSO exhibited lower tensile strength and 

elongation at break compared to PES-NMP. 

 

3) With the inclusion of PVP, a pore-forming 

agent, in the PES-NMP membrane, the pore 

size, hydrophilicity, and PWF of the membrane 

increased, but the tensile strength and 

elongation at break decreased. Since the 

inclusion of 8% wt. PVP in the membrane 

casting solution provides a significant increase 

in the viscosity of the casting solution, a denser 

membrane interior structure was obtained.

 

This study revealed that the use of different 

solvents in membranes produced by the NIPS 

and the inclusion of a pore-forming agent in the 

membrane casting solution led to different 

membrane properties and performance, 

provided that the polymer (PES) ratio in the 

membrane casting solution is the same. 
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Investigation of Pharmaceuticals in Sakarya Sewage Wastewater 
 

Berna KIRIL MERT *1 , Cemil YILMAZ1 , Nihan ÖZENGİN2  

 

Abstract 

Active substances of drugs can cause various adverse effects by accumulating in the ecosystem. Many 

medications are resistant to biodegradation, given the recipient media in conventional wastewater 

treatment plants, and are thus released into the environment after only partial purification or no purification 

at all. The study focuses on 13 different pharmaceutical compounds belonging to drug classes of anti-

depressants, antiepileptic’s, anti-inflammatories, beta-blockers, lidocaine, and stimulants. These 

compounds were selected with reference to the literature as the ones most commonly encountered in 

domestic wastewater, surface, and groundwater. The presence of these compounds in the wastewater 

samples from Sakarya sewage and wastewater treatment plant was investigated. For this purpose, 

composite samples were taken at various sampling points, and duly analyzed. The analysis revealed the 

presence of the pharmaceutical residues in the sewage waters from Sakarya Municipality. Some of them 

were still present in the effluent of the treatment plant. On the other hand, fluoxetine, propranolol, and 

metoprolol drug active ingredients were not detected at any sampling point. Among all the compounds 

examined, the highest percentage of residues were observed in the case of active caffeine and paracetamol. 

In the light of these findings, advanced treatment units such as high-pressure membrane systems (including 

ozonizing, ultrafiltration, and reverse osmosis) can help adsorption rates at the treatment plant, increasing 

removal efficiency regarding drug compounds. 

Keywords: Pharmaceutical compounds, sewage wastewater, treatment, removal  

 

1. INTRODUCTION 

 

Given the widespread use of personal care 

products and pharmaceuticals, their 

ingredients have been seeping into aquatic 

environments in ever-increasing rates. The 

most critical factors leading to increased drug 

consumption include socioeconomic factors 

such as developments in science and 
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technology as well as economic and cultural 

development, population growth, increased 

average life expectancy, urbanization, 

changes in income distribution, and the 

development of healthcare systems, not to 

mention the increase in the number of 

individuals who can benefit from these 

services [1]. 

 

Sakarya University Journal of Science 26(6), 1209-1223, 2022

https://orcid.org/0000-0001-6993-7916
https://orcid.org/0000-0002-0283-6296
https://orcid.org/0000-0002-7647-921X


Water contamination may entail toxic effects 

on aquatic organisms, with consequences on 

the food chain, and cause direct effects on 

humans through consuming contaminated 

groundwater [2]. Usually, not all medication 

intake is retained by the human body; most is 

excreted in the form of urine and feces either 

in their original form or as active metabolites 

thereof [3]. The release of pharmaceuticals 

into the environment is quantified based on 

the dosage and the amount of drugs used, the 

frequency and intensity of excretion from the 

body, the tendency of the drug to be absorbed 

into solids, and the metabolic transformation 

capabilities of microorganisms in the 

wastewater treatment plant/storage area [4]. 

The amount of medical drugs used reach 

thousands of tons annually, and they 

eventually find their way into the sewage and 

treatment facilities. Although typical 

concentration levels detected are in the ng/L 

to low μg/L range, such micro-pollutants have 

still been observed to have toxic effects on 

aquatic organisms [5, 6]. 

 

These pollutants cannot be removed entirely 

during wastewater treatment. In addition, 

some pharmaceutical active substances are 

discharged from wastewater treatment plants 

to receiving environments almost unchanged. 

If they are not biodegradable or cannot be 

eliminated in treatment facilities, they can 

reach drinking water supply [7-9]. In this 

context, the problem is not limited to the drugs 

used in hospitals and homes. Drugs that are 

disposed of directly into the sewage system 

and garbage also contribute to the issue as 

primary sources of pollution [10]. Disposed 

drugs can mix with leachate water from 

landfills and cause pollution in aquatic 

systems [11]. Against this background, 

medicine ingredients that cannot be handily 

removed by wastewater treatment plants 

(WWTPs) cause pollution of groundwater and 

drinking water by being discharged into 

rivers, lakes, and estuaries [12, 13]. 

 

The conventional WWTPs’ shortcomings in 

successfully removing PPCPs from 

wastewater pose major threats to aquatic 

ecosystems and local water supply systems. 

There is growing concern over the detection 

of PPCPs in freshwater resources, and 

increasing amounts of evidence indicate the 

potential adverse effects their presence could 

have on aquatic life and the quality of 

resources future generations of humans will 

need. Most of these pollutants are persistent, 

ecotoxic, and bio-accumulative by nature, 

thereby posing severe threats to the aquatic 

food chain and biological resources [14]. 

 

Monitoring studies have been gaining 

importance in recent years due to the increase 

in the production and use of chemicals in the 

form of pharmaceuticals and personal care 

products. These substances’ resistance to 

biological treatment, the lack of strict 

regulations on discharges to surface water 

bodies, and the potential health risks of such 

compounds in aquatic environments make the 

matter even more urgent. Monitoring data on 

various pharmaceutical residues in 

wastewater treatment plants and treated 

wastewater has been documented over the 

past two decades. Most of these data have 

been compiled from Europe and North 

America, along with some countries in 

Northeast Asia, such as Japan, South Korea, 

and China. In recent years, some but 

comparatively sparse data pertaining to 

Southeast Asian countries have also found 

their ways into the literature [15, 16]. 

However, a growing amount of research has 

been taking place in recent years, studying 

these substances’ potential effects on the 

health of the ecosystem [17-19]. Various 

studies found medicinal drugs and their 

metabolites at high rates in wastewater 

treatment plant effluents, surface waters, 

underground, and drinking water. Their 

ranges and concentration levels in aquatic 

environments vary depending on many factors 

such as location, the composition of sewage, 

design and operation of wastewater treatment 

facilities, proximity to wastewater facilities, 

and weather conditions (especially floods) 

[20,21]. The observation of micro-

contaminants arising from the use of 

medicinal drugs, in aquatic environments, and 
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their potential effects on living creatures in 

this environment cause ever-increasing 

concerns. 

 

Until recently, regulations did not mandate 

monitoring the presence of pharmaceuticals in 

freshwaters or wastewaters. However, 

changes were slowly breeding in the 

regulatory scene. For instance, 2013 saw the 

issuance of Directive 2013/39/EU in the EU, 

to expand on existing directives 2000/60/EC 

and 2008/105/EC. The new regulations 

especially focused on pharmaceuticals in the 

wider field of water policy, in a bid to control 

and reduce the contamination of aquatic 

environments by these compounds [22]. In 

response to the changes in the regulatory 

framework, new high-quality monitoring and 

prioritization measures were taken to meet the 

requirements as per article 16 of Directive 

2000/60/EC. As part of the efforts, a watch list 

covering a number of contaminants was 

created. The list provided the basis of the 

requirements to monitor the presence of the 

contaminants named, to record data, and to 

assess the risk they may pose on the 

environment. The initial watch list introduced 

in the decision 2015/495/EU was 

subsequently revised in 2018/840/EU. Two 

years later, a further revision followed as the 

Decision 2020/1161/EU. The latest decision 

names the pharmaceuticals to be monitored so 

as to collect data for detailed assessment. 

Some of these compounds such as the 

antibiotics amoxicillin, ciprofloxacin, 

erythromycin, clarithromycin, azithromycin, 

sulfamethoxazole, and trimethoprim; the 

hormones 17-Alpha-ethinylestradiol, 17-

Beta-estradiol, and estrone; the synthetic 

hormone norethisterone; the antidepressant 

venlafaxine; and three antifungal 

pharmaceuticals, clotrimazole, fluconazole, 

miconazole were already included in earlier 

versions of the watch list [23]. 

 

Pharmaceutical products monitored in this 

study were selected among the products with 

the highest sales in Turkey according to IMS 

Turkey Pharmaceutical Index and IMS 

Turkey Hospital Index. The compounds 

included in the study are Atenolol, 

Paracetamol, Caffeine, Lidocaine, 

Citalopram, Carbamazepine, Sertraline, 

Naproxen, Diclofenac, Etodolac, Metoprolol, 

and Propranolol. The presence of these 

compounds was investigated in samples taken 

from sewage and sewage treatment plants at 

certain points. Measures to be taken in the 

light of the data include curbing 

pharmaceutical use, prohibition or restriction 

of non-degradable substances. In parallel to 

these efforts waste control and reduction of 

discharge amounts, and appropriate storage 

will gain importance. The data will certainly 

inform efforts to make assessments regarding 

enhancing water treatment, and working with 

more advanced treatment systems. 

 

2. MATERIAL AND METHOD 

 

2.1. Monitored Pharmaceuticals 

 

The pharmaceuticals monitored within the 

scope of the study are presented in Table 1. 

 

2.2. Wastewater Sampling Points and 

Features 

 

To determine the pharmaceutical 

concentrations in wastewater (both domestic 

and industrial) discharged into the sewage in 

Sakarya, sampling points were utilized in 

hospitals located on the sewerage network 

connecting to the Karaman Wastewater 

Treatment Facility serving the Sakarya region. 

In addition, samples were taken from the 

wastewater treatment plant influent and 

effluent. Located in the north of Sakarya 

Province, the Central Wastewater Treatment 

Facility affiliated with SASKI (Sakarya Water 

and Sewage Administration) treats 

wastewater from residences and industrial 

establishments. Wastewater from industrial 

establishments is pre-treated before being fed 

into the wastewater treatment facility. The 

facility is capable of treating 198,800 m3/day 

in dry weather and 271,941 m3/day in rainy 

weather. The facility’s operations are based 

on two basic treatment methods: physical and 

biological. 
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Table 1 Properties of the pharmaceuticals analyzed [24]. 

Pharmaceutical 

products 
Chemical Formula CAS No 

Molecular 

weight 

(g/mol) 

Explanation 

Atenolol 
 

29122-68-7 266.3 
Atenolol is a beta1-selective 

adrenergic antagonist. 

Paracetamol 
 

103-90-2 151.163 

Paracetamol is an antipyretic 

and analgesic drug 

substance. 

Caffeine 

 

58-08-2 194.19 
It is an alkaloid, also called 

guaranine or matein. 

Lidocaine 
 

137-58-6 234.34 

Lidocaine is a medicine used 

to numb the tissue in a 

certain area. 

Citalopram 

 

59729-33-8 324.392 

It is a selective serotonin 

reuptake inhibitor. Serotonin 

is the most selective 

molecule with the highest 

specificity. 

Carbamazepine 

 

298-46-4 
236.269 

 

Its primary use is in 

neuropathic pain relief and 

epilepsy medicine. It is not 

effective in absence seizures 

and myoclonus. 

Sertraline 

 

79617-96-2 306.229 

Sertraline is an 

antidepressant that is a 

selective serotonin reuptake 

inhibitor. 

Naproxen 
 

22204-53-1 230.259 
Naproxen is a non-steroidal 

anti-inflammatory drug. 

Diclofenac 
 

15307-86-5 296.14 

Diclofenac is an effective 

medicine for pain relief on 

inflammatory conditions. It 

is a non-steroidal anti-

inflammatory (NSAII) group 

drug. 

Etodolac  41340-25-4 287.35 

Etodolac is an non-steroidal 

and anti-inflammatory 

medicine derived from 

indole. 

Metoprolol 

 

51384-51-1 267.369 

Metoprolol is a 

cardioselective beta-blocker 

commonly used in the 

treatment of hypertension 

and angina pectoris. 

Propranolol 

 

525−66-6 259.349 

Propranolol is a non-

selective beta-adrenergic 

receptor blocker (beta-

blocker) widely used for the 

treatment of hypertension, 

heart rhythm, angina 

pectoris, and 

hyperthyroidism. 

Fluoxetine 

 

 

 
 

 

54910-89-3 309.332 

Fluoxetine is a selective 

serotonin reuptake inhibitor 

(SSRI) commonly used as an 

antidepressant. 
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With the support of SASKI, the current 

situation in Sakarya Province was assessed by 

taking samples from specific points for a 

period of six months. The sampling points are 

as follows: 

 

• Four different hospital outlets (Adatıp 

Hospital, Altınova Hospital, Korucuk 

Training and Research Hospital, 

Sakarya Training and Research 

Hospital) 

• Treatment plant intake and treatment 

plant outlet (at Karaman Wastewater 

Treatment Plant) 

• One sewerage network 

 

 
Figure 1 Map of sampling points 

 

2.3. Pollutant Analysis Method 

 

Prior to each round of analysis, mixed 

standard solution was prepared. The process 

involved diluting the stock solutions with 

ultrapure water produced by a Milli-Q unit. 

LC-MS-MS instrument was used for the 

analysis of microfoulers. The process took 

place on a liquid chromatography system 

(Agilent 6460 QQQ). An Agilent Poroshell C-

18 (3x100mm, 2.7µm) column served as the 

medium of chromatographic separation, with 

5 µl injection volume. A gradient elution 

program was used at 0.5 ml min-1 flow rate for 

both reservoirs with 5 mM ammonium 

formate + 0.1% formic acid in (A) water and 

(B) methanol. All samples were stored at 4°C 

in dark. Standards used are Sigma-Aldrich 

(Steinheim, Germany) and Dr., which were 

purchased from Ehrenstorfer (Augsburg, 

Germany). 

 

MS/MS experiments were carried out on an 

ion mass spectrometer running in positive ion 

mode with multiple reaction monitoring 

(MRM). Instrument control and data 

collection functions were managed on 

MassHunter analyst software. The nebulizer 

was set to 35 psi, whereas the flow rate was 11 

L/min. The temperature of the nebulizer was 

set to 300°C. The capillary voltage setting was 

3,500 V while the source temperature was set 

to 400°C. The recoveries of samples extracted 

for quality assurance/quality control were 

calculated by comparing wastewater samples. 

With the calibration curve of 13 

pharmaceuticals and good linearity, the R2 

value for each micro-contaminant was found 

to be higher than 0.999. 

 

TOC, COD, SS, and Ammonia parameters 

were set as per standard methods [25]. 

Analyses of pH, TDS, and conductivity 

parameters were performed with a multi-

parameter measuring device (Hach HQ440d-

Hach-Lange GmBH). The analyses for COD 

and TOC parameters, in turn, were based on 

5310-B high-temperature catalytic oxidation 

method, using the 5220-D closed colorimetric 

reflux method for COD, and Teledyne 

Tekmar analyzer for TOC. The suspended 

solid (SSM) content of the samples was 

analyzed by drying at 103-105°C temperature 

range as stipulated by the 2540-D gravimetric 

method. Ammonia was produced through 

4500 NH3 B: Pre-Distillation Method. 

 

3. RESULTS AND DISCUSSION 

 

3.1.Sewage water characterization 

 

The wastewater characteristics of the samples 

taken at the sampling points shown in Figure 

1 are presented in Table 2. 

 

 

 

MERT et al.

Investigation of Pharmaceuticals in Sakarya Sewage Wastewater

Sakarya University Journal of Science 26(6), 1209-1223, 2022 1213



Table 2 Sewage water samples analysis results. 

Sampling Points pH 
Tds 

(mg/L) 

EC 

(μS/cm) 

TOC 

(mg/L) 

COD 

(mg/L) 

NH3 

(mg/L) 

SS 

(mg/L) 

Altınova 

Hospital 
9.34 1601 827 98.60 508 24 115 

Adatıp Hospital 8.02 674 327 23.64 180 4.3 25 

Karaman WTP 

Inlet 
8,15 953 476 21.27 256 4.2 220 

Karaman WTP 

Outlet 
8.08 791 382 10.03 22 2.3 20 

Korucuk ERH 10.15 855 422 29.64 194 1.8 80 

Sewage PS 

Outlet 
8.13 753 368 18.79 96 4.2 35 

Sakarya ERH 7.78 454 218,1 68.57 332 3.1 35 

 

3.2. Pharmaceutical Values 

 

Thirteen different pharmaceutical compounds 

including Paracetamol, Caffeine, Lidocaine, 

Citalopram, Carbamazepine, Sertraline, 

Naproxen, Diclofenac, Etodolac, Metoprolol, 

Propranolol, Fluoxetine (anti-depressants, 

antiepileptic’s, anti-inflammatories, beta-

blockers, lidocaine, and stimulant) were found 

in varying concentration levels. The results 

are presented below. 

 

3.2.1. Anti-depressants 

 

Anti-depressants find their way into M-

WWTPs either in their original form, or in the 

form of their metabolized products present in 

human urine. For example, around 20 to 30 

percent of fluoxetine taken is metabolized in 

human body, to form the active metabolites of 

the compound –i.e. fluoxetine glucuronide 

and norfluoxetine–, while the rest remains 

unprocessed, and eventually reaches sewage 

plants [26]. 

 

Golovko et al. (2014) kept track of citalopram 

and sertraline compounds in the inlet and 

outlet waters of a treatment plant for one year. 

At the inlet of the treatment plant, the 

concentration levels of these compounds were 

found to vary in the 0.027-0.18 μg/L and 

0.007-0.027 μg/L ranges, respectively. At the 

outlet, the measured ranges for the two 

compounds were 0.03-0.12 μg/L and 0.003-

0.006 μg/ L, respectively [27]. The treatment 

plant removal efficiencies for these 

compounds were found to be 18% and 81%, 

respectively. Another important study 

observed fluoxetine and sertraline compounds 

in fish [20]. 

 

As seen in Figure 2, in this study, fluoxetine 

was not observed in any sample taken from 

various points of the sewage system and at the 

wastewater treatment plant’s inlet and outlet. 

Sertraline, in turn, was found only at the 

Korucuk Hospital sampling point, and at 

0.2163 μg/L concentration level, while 

Citalopram was found only in the samples 

taken at Altınova Hospital (0.9399 μg/L 

concentration level) and at Korucuk Hospital 

(0.2312 μg/L concentration level). 

 
Figure 2 Antidepressant concentration levels at 

sampling points 

 

3.2.2. Antiepileptics 

 

Carbamazepine is a widely prescribed 

antiepileptic that is included in the EU’s watch 

list of substances under the Water Framework 

Directive. The compound is observed often in 

groundwater, and at relatively high 

concentrations then. In the literature, the 
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maximum concentration levels noted for 

carbamazepine was 0.39 μg/L in 42% of 

samples collected from 164 locations in 23 

European countries [28]. Nam et al. (2014), in 

turn, measured carbamazepine concentrations 

at wastewater treatment plants in the summer 

and winter months, to find 0.0031-0.0307 

μg/L and 0.0052-0.0464 μg/L ranges, 

respectively [29]. In the present study, no 

carbamazepine was detected in the samples 

taken at the Altınova hospital (Figure 3). 

However, that observation proved to be an 

outlier, and concentrations in the 0.1462-

0.4651 μg/L range were observed at other 

sampling locations. The concentration level at 

the wastewater treatment plant’s intake was 

0.2508 μg/L, compared to the 0.2438 μg/L 

figure measured at the plant’s outlet. In a 

similar study, carbamazepine concentration 

levels in inlets and outlets of wastewater 

treatment plants in different countries were 

found to be in <0.04-3.78 μg/L and <0.005-

4.60 μg/L ranges, respectively. Moreover, 

lifting efficiency was reported to be in the 0–

62.3% range [30]. The results of the present 

study are consistent with these ranges noted in 

the literature. 

 

 
 

Figure 3 Antiepileptic concentration levels at 

sampling points 

 

Previous studies show that some 

pharmaceutical compounds can be removed 

from the wastewater through adsorption 

taking place in physical purification 

processes. Other compounds, such as 

ibuprofen, naproxen, sulfamethoxazole, and 

iopromide compounds, in turn, can be 

eliminated through subsequent biological 

treatment stages, which achieve 30 to 75% 

removal rates for most anti-inflammatories 

and antibiotics. Carbamazepine is not one of 

them, however. Several reports show that 

wastewater treatment facilities are not 

effective in removing significant amounts of 

carbamazepine from wastewater [31-33]. 

 

3.2.3. Anti-inflammatories 

 

Like antibiotics, NSAIDs such as naproxen 

and diclofenac can potentially be extremely 

toxic for various bacteria. Aquatic 

environments as well as human life are also 

subject to significant risks these substances 

may pose. In response, the European Union 

included diclofenac in the first version of the 

watch list (WL) issued under the Water 

Framework Directive (WFD) in 2015 

(Decision 2915/495). More recently, 

however, the substance was removed from the 

WL under Decision 2020/1161, given the 

availability of adequate levels of high quality 

data produced through monitoring efforts 

[26]. 

 

Ibuprofen, diclofenac and paracetamol are the 

anti-inflammatories and analgesics which are 

most commonly detected in groundwater. The 

reason is their extensive consumption in 

response to the symptoms of a number of 

conditions. Mutiyar et al. (2018) noted that 

diclofenac is used commonly to treat pain and 

other symptoms suffered by human patients. 

However, a rather less expected use case of 

the substance is prevalent in livestock 

farming. Nonetheless, it is observed that the 

use of diclofenac on animal populations has 

been decreasing due to rapid urbanization [3]. 
In Delhi, India, the Yamuna River into which 

sewage waters are also discharged, ibuprofen 

and paracetamol compounds are detected, 

with average concentrations of 1.49 and 1.08 

μg / L, respectively. Vystavna et al. (2017) 

detected 12 compounds in samples taken in 

2012 and 2015 from the influent and effluent 

of the treatment plant [34]. It was also 

noteworthy that the measured concentrations 

of naproxen, triclosan, paracetamol, ibuprofen 

and carbamazepine detected in the influent of 

the plant had increased in that time frame. The 

most significant increases were observed in 
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the case of carbamazepine and naproxen, the 

concentration levels of which increased by 50 

and 10 times, respectively. In contrast, the 

input concentrations of diclofenac and 

caffeine were reduced significantly. 

 

The analysis of samples from Udy River 

exhibited decreasing concentration levels for 

diclofenac (-97%), triclosan (-88%), caffeine 

(-80%), and paracetamol (-5%), and 

increasing concentration levels for ibuprofen 

(+80%) and carbamazepine (+96%). Removal 

efficiencies observed in both years covered in 

the study were greater than 80% (high) for 

propranolol and naproxen, and between 50 

and 80% (moderate) for other compounds 

included in the analysis. 

 

 
Figure 4 Anti-inflammatory concentration levels 

at sampling points 

 

In this study, as seen in Figure 4, diclofenac 

was detected only in the samples taken at 

Korucuk and Sakarya Hospitals, with 2.3469 

μg/L and 2.3234 μg/L concentration levels, 

respectively. Etodolac, Naproxen and 

Paracetamol compounds were detected in the 

0.8683-5.2467 μg/L, 0.2362-48.8507 μg/L, 

and 13.3412-52.5798 μg/L ranges for all 

sampling locations, respectively. The results 

presented in another study for wastewater 

analyses conducted in different countries are 

close to the results reached here. The 

concentration level of diclofenac in 

wastewater was 3 μg/L, with a corresponding 

removal efficiency level of 17%. The 

comparable figures for naproxen were 1.8-

40.7 μg/L and 40-100%, while the figures for 

paracetamol were 6.9 μg/L and 100% [35]. 

 

Paracetamol was detected in various 

European sewage wastewater treatment 

plants, with concentration levels ranging 

around 6 mg/L. Higher concentration figures 

were found elsewhere though, with values up 

to 10 mg/L being observed in some surface 

waters in the US, and up to 65 mg/L in the 

Tyne River in England. In addition, a study on 

organic wastewater pollutants in US waters 

found paracetamol in surface waters, at a 

maximum concentration of 10 μg/L with a 

frequency of 23.8 % [36]. 

 

Paracetamol is the most widely used 

analgesic/antipyretic globally and is a very 

common occurrence in hospital wastewaters 

(HWW), with concentration levels in 101 to 

103 μg/L range. Paracetamol was also found 

in hospital sewage samples (at 7.5 μg/L 

concentration levels). Diclofenac is another 

typical analgesic, with concentrations in 

HWW ranging between 10-1 and 102 μg/L. 

Diclofenac concentrations in 0.83 to 3.59 

μg/L range were detected in another set of 

HWW samples [37]. 

 

3.2.4. Beta Blockers 

 

In a study on beta blocker concentrations in 

the city of Barcelona, Spain, Lopez-Serna et 

al. (2013) found various concentrations of 

propranolol (< 0.00938 μg/L) and metoprolol 

(at most 0.355 μg/L) in groundwater samples. 

In the case of wastewater, the picture varied 

from site to site, with the concentrations of 

atenolol observed in Cuernavaca, Mexico 

were around half of those detected in India 

[38]. 

 

The average concentration of atenolol 

reported in wastewater worldwide is 4.5 μg/L. 

At the inlet of the Acapantzingo treatment 

plant in Mexico, very high concentration 

levels were recorded for atenolol (0.2-3.1 

μg/L) [39]. In another study, the atenolol 

compound was observed in relatively 

substantial concentrations as high as 21,610 

μg/L in wastewater samples taken from 

municipal wastewater treatment plants after 

the final settling [40]. 

 

In this study, propanolol and metoprolol 

compounds were not detected at any point. 
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Atenolol concentration levels, in turn, were 

found to be 0-0.8949 μg/L. No atenolol was 

detected in the treatment plant’s inlet and 

outlet (Figure 5). 
 

In a similar study, Tran et al. (2018) found the 

following concentration levels at the influent 

and effluents of wastewater treatment plants 

for atenolol: 0-0.294.7 μg/L in Asia, 0.5-2.642 

μg/L in North America, and 0-0.0331 μg/L in 

Europe. In the case of metoprolol, the 

concentration levels Tran et al. found were 0-

0.0795 μg/L in Asia, 0.016-0.154 μg/L in 

North America, and 0-4.148 μg/L in Europe. 

Finally, their results for propranolol were 0-

0.00956 μg/L in Asia, and 0-1.962 μg/L in 

Europe, which is quite low [16]. 

 

 
Figure 5 Beta Blockers’ concentration levels 

at sampling points 

 

3.2.5. Lidocaine 

 

Local anaesthetic Lidocaine (LDC), also used 

as an antiarrhythmic agent, is another widely 

prescribed drug. Recent studies found LDC in 

wastewater samples from wastewater 

treatment plants, as well as samples taken 

from some rivers and lakes in Europe and 

North America. However, the data available 

on the removal rates achieved at wastewater 

treatment plants with respect to these 

compounds and their metabolites is limited. 

 

While the amount of LDC at various points in 

Lake Constance, Switzerland was measured 

as 0.001 μg/L [41], levels as high as 0.01 μg/L 

were observed in surface waters in the 

Netherlands [42]. Oftentimes, studies on LDC 

presence in wastewater and its behavior in 

treatment plants found concentration levels in 

excess of 1 μg/L in untreated wastewater. 

 

Rarely can wastewater treatment plants 

achieve complete removal of these 

compounds, often resulting in their discharge 

to receiving waters. The presence of these 

drugs –either in their original form or in the 

form of their metabolites– in surface waters is 

important because their infiltration into 

groundwater can pose a problem in terms of 

water quality. The average LDC concentration 

level noted in the literature is 0.107 μg/L, as 

observed in samples from wastewater 

treatment plants that only treat wastewater 

from homes and hospitals [42]. In this study, 

however, the Lidocaine levels in the samples 

ranged from 0.2207 μg/L to 4.8735 μg/L, with 

those taken at the intake of the treatment plant 

being on the lower end of the range (Figure 6). 

Furthermore, LDC was found to be 

completely removed at the outlet of the plant. 

  

 
Figure 6 Lidocaine concentration levels at 

sampling points 

 

3.2.6. Stimulant 

 

Humans consume substantial amounts of 

coffee, tea and soft drinks containing caffeine, 

which is a most common stimulant. The 

average concentration of caffeine in these 

popular drinks is 360 mg/L. Upon discharge 

from human body in the form of urine, the 

substance reaches the sewage system. Studies 

have proven that caffeine can contaminate 

sewage wastewater, septic tanks, wastewater 

leachate and surface waters to which 

wastewater is discharged. Eventually, the 

substance finds its way to ground water. 

 

Various studies have shown the presence of 

caffeine in sewage effluent, septic tanks, not 

to mention landfill leachates. Eventually, 

these sources lead to the contamination of 

surface water. From that point on, it is only a 
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matter of time for the substance to reach 

groundwater sources through contamination 

during the natural process of water recycling 

[28]. 

 

The substance is so widely consumed, and 

thus extremely high concentrations are not 

surprising to find in the environment. For 

instance, concentration levels reaching 146 

μg/L have been reported in wastewater 

samples. Average caffeine concentrations 

measured at the inlets and outlets of various 

wastewater treatment plants in Seville, Spain, 

varied between 0.22–11.40 μg/L and 0.15-

3.20 μg/L, respectively [43]. Yet another 

study reported caffeine concentration levels in 

the 12-499 μg/L range in a number of samples 

taken from wastewaters [44]. 

 

In the present study, the highest concentration 

of caffeine was detected in the samples taken 

at Korucuk Hospital, reaching 120 μg/L. The 

levels for the samples taken at other sites were 

also substantial. The intake of the treatment 

plant contained 33.8718 μg/L caffeine. 

However, it is noteworthy that the plant’s 

removal rate for the substance was 100%. In 

Figure 7, the caffeine concentration values at 

the sampling points are given. Similar 

findings are reported in the literature, with 

removal efficiencies in the 49.9-99.6% range 

published for conventional wastewater 

treatment plants in China, Europe, Greece, 

Korea, Spain, and England [30]. 

 

 

 
 

Figure 7 Stimulant concentration levels at 

sampling points 

 

It is also noteworthy that Caffeine was also 

detected in Costa Rica’s WWTPs with mean 

concentration in the influent being 69.9 g/L 

[45]. 

 

4. CONCLUSIONS 

 

In the study, 13 different pharmaceutical 

compounds were investigated in sewage 

samples taken from 7 different measurement 

points, which are mainly from Sakarya 

sewerage and Karaman Wastewater 

Treatment Plant. The highest measured values 

are as follows: at Altınova sampling point, 

antidepressant citalopram with a 

concentration level of 0.9399 μg/L, beta 

blocker atenolol with a concentration level of 

0.8949 μg/L and LDC with a concentration 

level of 4.8735 μg/L, at the Sewage PS 

sampling point, antiepileptic carbamazepine 

with a concentration level of 2.5281 μg/L, and 

at the Korucuk sampling point, anti-

inflammatory paracetamol with a 

concentration level of 52.5798 μg/L, and 

stimulant caffeine with a concentration level 

of 120 μg/L. Fluoxetine, propranolol and 

metoprolol pharmaceutical compounds could 

not be detected at any sampling point. 

 

The conventional treatment plant covered in 

the study was found to have efficiency levels 

in excess of 85% for caffeine, lidocoine and 

naproxen, whereas the plant’s efficiency level 

was as low as 3% for carbamazepine. For 

pharmaceuticals that are difficult to remove, it 

is possible to achieve better removal 

efficiencies reaching 99.7% through advanced 

treatment. In this context, it is advisable to 

implement advanced treatment methods for 

conventional treatment units as well. These 

results highlight the alarming level of 

contamination of surface waters, and put the 

issue to the forefront of environment debate. 

On the other hand, the findings of this study 

show that, at current levels, there is no risk of 

acute toxicity of drug active ingredients. 

However, the threat of chronic effects cannot 

be ignored, given the fact that of multiple 

drugs find their way into water sources. 

Further monitoring of aquatic environments in 
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this area will make it easier to assess and 

evaluate aquatic organisms’ and the 

environment’s chronic or long-term exposure 

to these new types pollutants. Understanding 

the problem will be the first step for the efforts 

to improve water quality through better 

wastewater management. 
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Synthesis, DPPH and ABTS Activity of Novel Furfuryl-Chalcone Derivatives 

 

Fatih SÖNMEZ *1 , Enes AKGÜN2 , Zuhal ŞAHİN1  

 

 
 

Abstract 

 

In this study, novel furfuryl-chalcone derivatives substituted sulfonyl chloride or sulphonamide 

were synthesized. Their antioxidant properties were investigated via DPPH and ABTS assays. All 

furfuryl-chalcones had high antioxidant properties. Among them, (E)-5-(3-(4-(chlorosulfonyl)-3-

hydroxyphenyl)-3-oxoprop-1-en-1-yl)furan-2-sulfonyl chloride (4e) and (E)-5-(3-(3-

(chlorosulfonyl)-4-hydroxyphenyl)-3-oxoprop-1-en-1-yl)furan-2-sulfonyl chloride (4d) exhibited 

the highest DPPH activity with the IC50 values of 4.23 μM and 6.68 μM, respectively, which are 

almost 2- and 1.5-fold more than quercetin activity (IC50 = 8.69 μM), well-known as antioxidant 

agent and used as a standard. Also, 4e and 4d had the highest ABTS activity with the IC50 value of 

5.55 μM and 7.84 μM, respectively, which are almost 2.8- and 2-fold higher than that of quercetin 

(IC50 = 15.49 μM). The structure-activity relationship results revealed that most of synthesized 

sulfonyl chloride derivatives (4a-e) have higher antioxidant activity than the sulphonamide 

derivatives (5a-c) and also 4d and 4e, including hydroxyl group, exhibited the strongest antioxidant 

activity as expected. 

 

Keywords: Antioxidant activity, chalcone, furan 

 

 

 

1. INTRODUCTION 

 
Oxidative stress, which is one of the factors that 

cause many common diseases such as diabetes, 

cancer and aging, arises from the imbalance 

between the antioxidant defence system of the 

cell and reactive oxygen species (ROS) [1, 2]. 

While low levels of ROS show biological 
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effects such as a defence mechanism against 

pathogenic microorganisms and intercellular 

communication, high concentrations of ROS 

cause damage to DNA, lipids and proteins, and 

even cell death [3, 4]. Therefore, the ROS level 

in the body should be kept at the right rate. To 

maintain this ratio, the antioxidant system is 

activated to reduce free radical toxicity [5]. 
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However, exceeding the antioxidant defence 

system capacity and excessive presence of 

superoxide radical result in the formation of 

ROS [6]. In these cases, the use of natural or 

synthetic antioxidants may be necessary. 

Antioxidants act an active role in the prevention 

of many diseases by catching free radicals in the 

living body [7, 8]. Therefore, the design and 

synthesis of effective new antioxidants 

continue to be the focus of interest for 

scientists. 

 

It is known that chalcones (1,3-diphenyl-2-

propen-1-one) have two aromatic rings linked 

by α,β unsaturated carbonyl system [9]. Natural 

and synthetic chalcones have widespread 

biological activity [10-12]. In particular, they 

have the potential to be developed as pioneer 

molecules for the discovery of antioxidant and 

anti-cancer agents [13]. In the researches, it has 

been determined that the α,β unsaturated 

carbonyl system acts a key role in the versatile 

biological activities of chalcones, and the 

elimination or deterioration of this structural 

feature causes loss of their bioactivities [14, 

15]. Without disturbing this α,β unsaturated 

carbonyl system, new bioactive chalcone 

analogues can be synthesized by modifications 

to both phenyl rings [16]. Heteroaryl chalcones 

are obtained by modifications of phenyl rings 

[17]. Several studies have shown that heteroaryl 

chalcones have widespread biological potential 

such as anti-fungal, antibacterial, antimalarial, 

anticancer, anti-inflammatory, anti-angiogenic 

and anti-HIVactivities [18-20].  

 

In this study, eight novel furfuryl-chalcones 

were synthesized as heteroarylchalcone 

derivatives and their heterocyclic and/or phenyl 

rings were modified by attaching of 

sulfonylchloride and sulfonamide moiety. Their 

DPPH and ABTS activities were evaluated as 

antioxidant property. 

 

 

2. MATERIALS AND METHODS 

 

The used solvents and chemicals were bought 

from Sigma-Aldrich.  Varian Infinity Plus 

spectrometer were used for 1H NMR (300 

MHz) and 13C NMR (75 MHz) analysis.  Leco 

CHNS-932 instrument and BioTek Power 

Wave XS were used for the elemental analyses 

and antioxidant assay, respectively. 

 

2.1. Synthetic Procedures and Spectral Data  

 

Synthesis of furfuryl-chalcone derivatives (3a-

e): 1.5 mmol of 2-furfuraldehyde (1) and 1 

mmol of acetophenone derivatives (2a-e) were 

dissolved in 30 mL of ethanol. 5 mL of 10% 

aqueous NaOH was added.  The mixture was 

stirred for 5 hours at 25 oC and the mixture was 

poured onto 100 mL of ice water acidified with 

5 mL of 2 M HCl. The obtained precipitates 

were filtered and washed with cold water. The 

solids were dried in vacuum oven. 

 

(E)-3-(furan-2-yl)-1-(p-tolyl)prop-2-en-1-one 

(3a):  Yellow powder, 92% yield. 1H NMR 

(CDCl3, 300 MHz) δ/ppm: 2.43 (3H, s), 6.50 

(1H, s), 6.70 (1H, s), 7.28 (2H, d, J= 7.6 Hz), 

7.41-7.61 (3H, m), 7.94 (2H, d, J= 7.6 Hz); 13C 

NMR (CDCl3, 75 MHz) δ/ppm: 21.9, 112.9, 

116.3, 119.5, 128.8, 129.5, 130.6, 135.7, 143.9, 

145.0, 151.9, 189.6. 

 

(E)-3-(furan-2-yl)-1-(4-methoxyphenyl)prop-

2-en-1-one (3b): Cream powder, 96% yield. 1H 

NMR (CDCl3, 300 MHz) δ/ppm: 3.87 (3H, s), 

6.50 (1H, s), 6.68 (1H, s), 6.96 (2H, d, J= 8.2 

Hz), 7.43-7.60 (3H, m), 8.04 (2H, d, J= 8.2 Hz); 
13C NMR (CDCl3, 75 MHz) δ/ppm: 55.7, 112.9, 

114.0, 116.2, 119.3, 130.2, 131.0, 131.2, 145.0, 

152.0, 163.6, 188.3. 

 

(E)-1-(4-chlorophenyl)-3-(furan-2-yl)prop-2-

en-1-one (3c): Yellow powder, 95% yield. 1H 

NMR (CDCl3, 300 MHz) δ/ppm: 6.50-6.52 

(1H, dd, J1= 2.0 Hz, J2= 3.2 Hz), 6.73 (1H, d, J= 

3.2 Hz), 7.40 (1H, d, J= 15.2 Hz), 7.45 (2H, d, 

SÖNMEZ et al.

Synthesis, DPPH and ABTS Activity of Novel Furfuryl-Chalcone Derivatives

Sakarya University Journal of Science 26(6), 1224-1232, 2022 1225



   

 

  

 

J= 8.5 Hz), 7.53 (1H, s), 7.59 (1H, d, J= 15.2 

Hz), 7.97 (2H, d, J= 8.5 Hz); 13C NMR (CDCl3, 

75 MHz) δ/ppm: 113.0, 117.0, 118.8, 129.1, 

130.0, 131.3, 136.6, 139.4, 145.4, 151.7, 188.7.   

 

(E)-3-(furan-2-yl)-1-(4-hydroxyphenyl)prop-2-

en-1-one (3d): Cream powder, 88% yield. 1H 

NMR (CDCl3+DMSO-d6, 300 MHz) δ/ppm: 

6.28 (1H, t, J= 1.7 Hz), 6.47 (1H, d, J= 3.2 Hz), 

6.67 (2H, d, J= 7.9 Hz), 7.20 (1H, d, J= 15.5 

Hz), 7.25-7.31 (2H, m), 7.70 (2H, d, J= 8.2 Hz); 
13C NMR (CDCl3+DMSO-d6, 75 MHz) δ/ppm: 

112.7, 115.6, 115.7, 119.3, 129.6, 129.7, 130.9, 

144.8, 151.7, 162.3, 187.9. 

 

(E)-3-(furan-2-yl)-1-(3-hydroxyphenyl)prop-2-

en-1-one (3e): Cream powder, 90% yield. 1H 

NMR (CDCl3, 300 MHz) δ/ppm: 6.50-6.52 

(1H, dd, J1= 2.6 Hz, J2= 7.9 Hz), 7.36 (1H, t, J= 

7.6 Hz), 7.46 (1H, d, J= 15.5 Hz), 7.50-7.60 

(3H, m), 7.72 (1H, t, J= 2.3 Hz);  13C NMR 

(CDCl3, 75 MHz) δ/ppm: 113.0, 115.3, 117.1, 

119.3, 120.7, 121.2, 130.1, 131.4, 139.6, 145.4, 

151.8, 156.7, 190.4. 

 

Synthesis of furfurylchalcone-sulfonylchloride 

derivatives (4a-e): 1 mmol of furfuryl-chalcone 

derivatives (3a-e) was placed in the reaction 

flask in an ice bath and 5 mL of chlorosulfonic 

acid was added and stirred at 25 oC for 15 hours. 

Then, the mixture was poured dropwise onto 

100 g of ice and stirred until the ice melted. The 

precipitates were filtered and washed with cold 

water. The solids were dried in vacuum oven. 

 

(E)-5-(3-oxo-3-(p-tolyl)prop-1-en-1-yl)furan-

2-sulfonyl chloride (4a):  Brown powder, 77% 

yield, 1H NMR (CDCl3, 300 MHz) δ/ppm: 2,39 

(3H, s), 6.75 (1H, d, J= 3.5 Hz), 7.19-7.29 (3H, 

m), 7.50 (1H, d, J= 15.5 Hz), 7.68 (1H, d, J= 

15.5 Hz), 7.91 (2H, d, J= 8.2 Hz); 13C NMR 

(CDCl3, 75 MHz) δ/ppm: 22.0, 115.3, 120.8, 

125.6, 127.9, 129.1, 129.8, 134.8, 145.0, 150.1, 

156.7, 188.3. Anal. Calcd. for C14H11ClO4S: C, 

54.11; H, 3.57; found: C, 54.18; H, 3.52. 

 

(E)-5-(3-(3-(chlorosulfonyl)-4-

methoxyphenyl)-3-oxoprop-1-en-1-yl)furan-2-

sulfonyl chloride (4b): Brown powder, 82% 

yield, 1H NMR (CDCl3+DMSO-d6, 300 MHz) 

δ/ppm: 3.86 (3H, s), 6.75 (1H, d, J= 3.8 Hz), 

7.05 (1H, d, J= 8.8 Hz), 7.14 (1H, d, J= 3.8 Hz), 

7.33 (1H, d, J= 15.5 Hz), 7.42 (1H, d, J= 15.5 

Hz), 8.14-8.17 (1H, dd, J1= 2.4 Hz, J2= 8.8 Hz), 

8.29 (1H, d, J= 2.0 Hz); 13C NMR (CDCl3, 75 

MHz) δ/ppm: 57.6, 113.6, 116.1, 120.6, 123.8, 

129.4, 129.8, 131.0, 132.3, 137.7, 150.6, 156.0, 

161.0, 185.4. Anal. Calcd. for C14H10Cl2O7S2: 

C, 39.54; H, 2.37; found: C, 39.12; H, 2.22. 

 

(E)-5-(3-(4-chlorophenyl)-3-oxoprop-1-en-1-

yl)furan-2-sulfonyl chloride (4c): Brown 

powder, 95% yield, 1H NMR (CDCl3, 300 

MHz) δ/ppm: 6.83 (1H, d, J= 3.2 Hz), 7.36 (1H, 

d, J= 3.0 Hz), 7.51 (2H, d, J= 7.6 Hz), 7.59 (1H, 

d, J= 15.6 Hz), 7.70 (1H, d, J= 7.6 Hz), 8.01 

(2H, d, J= 7.9 Hz); 13C NMR (CDCl3, 75 MHz) 

δ/ppm: 115.7, 120.7, 124.8, 128.7, 129.5, 

130.3, 135.6, 140.4, 150.4, 156.3, 187.6. Anal. 

Calcd. for C13H8Cl2O4S: C, 47.15; H, 2.44; 

found: C, 46.98; H, 2.47. 

 

(E)-5-(3-(3-(chlorosulfonyl)-4-

hydroxyphenyl)-3-oxoprop-1-en-1-yl)furan-2-

sulfonyl chloride (4d): Black powder, 62% 

yield, 1H NMR (CDCl3, 300 MHz) δ/ppm: 6.90 

(1H, d, J= 3.8 Hz), 7.29 (1H, d, J= 8.8 Hz), 7.37 

(1H, d, J= 3.8 Hz), 7.66 (2H, s), 8.33-8.36 (1H, 

dd, J1= 2.0 Hz, J2= 7.0 Hz), 8.57 (1H, d, J= 2.3 

Hz); 13C NMR (CDCl3, 75 MHz) δ/ppm: 116.3, 

119.9, 120.7, 123.6, 128.9, 129.6, 129.7, 130.1, 

138.0, 150.6, 155.9, 158.5, 185.3. Anal. Calcd. 

for C13H8Cl2O7S2: C, 37.97; H, 1.96; found: C, 

37.91; H, 2.02. 

 

(E)-5-(3-(4-(chlorosulfonyl)-3-

hydroxyphenyl)-3-oxoprop-1-en-1-yl)furan-2-

sulfonyl chloride (4e): Black powder, 62% 

yield, 1H NMR (CDCl3, 300 MHz) δ/ppm: 4.22 

(1H, br, OH), 6.85 (1H, d, J= 3.8 Hz), 7.13-7.17 

(1H, m), 7.36 (1H, d, J= 3.8 Hz), 7.42 (1H, t, J= 

7.6 Hz), 7.54-7.68 (2H, m), 7.71 (1H, d, J= 15.5 
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Hz); 13C NMR (CDCl3, 75 MHz) δ/ppm: 115.3, 

115.7, 120.7, 121.5 (x2), 125.3, 128.6, 130.5, 

138.6, 150.3, 156.3, 156.7, 189.1. Anal. Calcd. 

for C13H8Cl2O7S2: C, 37.97; H, 1.96; found: C, 

38.02; H, 1.92. 

 

Synthesis of furfurylchalcone-sulfonamide 

derivatives (5a-e): 1 mmol of furfurylchalcone-

sulfonylchloride derivatives (4a-e) were 

dissolved in 20 mL of ethanol and 15 mL 

ethanolic solution of methylamine was added 

dropwise to it in ice bath and was stirred at 25 
oC for 2 hours. The mixture was evaporated 

under vacuum. The solid products were washed 

with chloroform (15 mL), filtered and dried in 

vacuum oven. 

 

(E)-N-methyl-5-(3-oxo-3-(p-tolyl)prop-1-en-1-

yl)furan-2-sulfonamide (5a):  Brown powder, 

90% yield, 1H NMR (CDCl3, 300 MHz) δ/ppm: 

2.38 (3H, s), 2.74 (3H, s), 6.71 (1H, d, J= 3.3 

Hz), 7.07 (1H, d, J= 3.3 Hz), 7.26 (2H, d, J= 7.9 

Hz), 7.50 (1H, d, J= 15.5 Hz), 7.56 (2H, d, J= 

15.5 Hz), 7.90 (2H, d, J= 8.2 Hz); 13C NMR 

(CDCl3, 75 MHz) δ/ppm: 21.9, 29.5, 115.6, 

118.6, 123.1, 129.0, 129.1, 129.7, 135.0, 144.6, 

148.8, 154.8, 189.0. Anal. Calcd. for 

C15H15NO4S: C, C, 59.00; H, 4.95; N, 4.59; 

found: C, 59.42; H, 4.75; N, 4.81. 

 

(E)-5-(3-(4-methoxy-3-(N-

methylsulfamoyl)phenyl)-3-oxoprop-1-en-1-

yl)-N-methylfuran-2-sulfonamide (5b): Dark 

brown powder, 84% yield, 1H NMR (CDCl3, 

300 MHz) δ/ppm: 2.58 (3H, d, J= 5.2 Hz), 2.72 

(3H, s), 4.00 (3H, s), 5.07 (1H, q, J= 5.2 Hz, 

NH), 5.35 (1H, br, NH), 6.72 (1H, d, J= 3.5 Hz), 

7.07 (1H, d, J= 3.5 Hz), 7.10 (1H, d, J= 8.8 Hz), 

7.53 (2H, s), 8.22-8.24 (1H, dd, J1= 2.3 Hz, J2= 

8.8 Hz), 8.50 (1H, d, J= 2.0 Hz); 13C NMR 

(CDCl3, 75 MHz) δ/ppm: 29.5, 29.8, 57.2, 

112.6, 116.3, 118.9, 122.0, 126.4, 129.9, 130.6, 

131.7, 135.8, 149.0, 154.6, 160.0, 186.6. Anal. 

Calcd. for C16H18N2O7S2: C, 46.37; H, 4.38; N, 

6.76; found: C, 46.58; H, 4.14; N, 6.52. 

 

(E)-5-(3-(4-chlorophenyl)-3-oxoprop-1-en-1-

yl)-N-methylfuran-2-sulfonamide (5c): Brown 

powder, 73% yield, 1H NMR (CDCl3, 300 

MHz) δ/ppm: 2.80 (3H, d, J= 5.0 Hz), 4.89 (1H, 

q, J= 5.2 Hz, NH), 6.77 (1H, d, J=3.5 Hz), 7.12 

(1H, d, J= 3.5 Hz), 7.48 (2H, d, J= 8.5 Hz), 7.55 

(2H, s), 7.98 (2H, d, J= 8.8 Hz); 13C NMR 

(CDCl3, 75 MHz) δ/ppm: 29.6, 116.0, 118.8, 

122.5, 129.3, 129.7, 130.2, 135.9, 140.1, 148.9, 

154.6, 188.0. Anal. Calcd. for C14H12ClNO4S: 

C, 51.62; H, 3.71; N, 4.30; found: C, 51.12; H, 

3.97; N, 4.72.   

 

(E)-5-(3-(4-hydroxy-3-(N-methylsulfamoyl) 

phenyl)-3-oxoprop-1-en-1-yl)-N-methylfuran-

2-sulfonamide (5d) and (E)-5-(3-(3-hydroxy-4-

(N-methylsulfamoyl)phenyl)-3-oxoprop-1-en-

1-yl)-N-methylfuran-2-sulfonamide (5e): 

Black crude products could not be purified. 

 

2.2. Antioxidant Activity  

 

1,1-diphenyl-2-picrylhydrazyl free radical was 

used for DPPH assay according to literature 

[21]. 2, 5, 10 and 20 μL from 1000 μM stock 

solutions of the compounds were taken. Their 

volumes were completed to 40 μL with ethanol 

and then 160 μL of 0.1 mM 1,1-diphenyl-2-

picrylhydrazyl solution was added. The 

absorbance values of the prepared solutions 

were measured at 517 nm after 30 minutes of 

incubation in the dark at room temperature. 

Inhibition values (%) of the compounds were 

calculated from the obtained absorbance 

values.  

 

2,2′-azino-bis(3-ethylbenzothiazoline-6-

sulphonic acid diammonium salt) solution was 

used for ABTS assay according to the literature 

[22]. This solution was kept in the dark for 24 

hours at room temperature and used for the 

experiment after the absorbance of the solution 

was fixed to ~ 0.70 at 734 nm by dilution. The 

solutions of the compounds were prepared in 4 

different concentrations (10, 50, 100 and 250 

μM) of DMSO and added to a flat-bottomed 96-
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well plate. The ABTS solution was added and 

incubated for 15 min at room temperature in the 

dark, and the absorbance was measured at 734 

nm. Inhibition values (%) of the compounds 

were calculated from the obtained absorbance 

values. 

 

3. RESULTS AND DISCUSSIONS 

 
The synthesis route is shown in Figure 1. The 

furfuryl-chalcones were obtained by reacting 2-

furfuraldehyde (1) with various acetophenones 

(2a-e) in alcoholic bases known as Claisen-

Smith condensation. The furfuryl-chalcones 

(3a-e) were treated with excess chlorosulfonic 

acid to obtain sulfonyl chloride derivatives (4a 

and 4c, Figure 2). In this step for compounds 

4b, 4d, and 4e (R1 was methoxy or hydroxyl, 

which are strong electron donating groups), two 

sulfonyl chlorides were attached both 

heteroaryl ring and phenyl ring.  

 

 

Figure 1 Synthesis of furfuryl-chalcone derivatives 

 

 
Figure 2 Mechanism of compounds 5a and 5c 

having one sulphonamide moiety 

 

These compounds were treated with small 

amount of chlorosulfonic acid for binding 

sulfonyl chloride to only heteroaryl ring; 

however, compounds 4b, 4d, and 4e, (having 

two sulfonyl chloride groups) were obtained 

again. These results indicated that the reaction 

mechanism occurred through simultaneous 

sulfonation of both rings. The estimated 

mechanism is depicted in Figure 3. 4a-e was 

reacted with the methylamine in EtOH solution 

at 25 oC for 2h to give sulphonamide 

derivatives. In this step, compounds 5d and 5e 

were obtained as black sticky gel-like crude 

products in low yields and they could not be 

purified. 
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Figure 3 Mechanism of compounds 5b having two 

sulphonamide moieties 

 

All synthesized compounds had the antioxidant 

futures. The IC50 values of them were between 

4.23 μM and 106.51 μM in DPPH assay, while 

they were between 5.55 μM and 111.44 μM in 

ABTS assay. 
 

Among them, 4e and 4d exhibited the strongest 

DPPH activity with the IC50 value of 4.23 μM 

and 6.68 μM, respectively, which are almost 2- 

and 1.5-fold stronger than quercetin activity 

(IC50 = 8.69 μM) used as a standard. 

Furthermore, 4e and 4d had the highest ABTS 

activity with the IC50 value of 5.55 μM and 7.84 

μM, respectively, which are almost 2.8- and 2-

fold higher than that of quercetin (IC50 = 15.49 

μM). 

 

It was reported that the many synthetic and 

natural antioxidants. Most of synthesized 

chalcones, in this study, exhibited stronger 

DPPH activity than bis-carbohydrazones (IC50 

values of them ranging from 51.82 µM to not 

active) [23] and isatin derivatives (IC50 = 64.03-

204.90 µM) [21], whereas they showed lower 

ABTS activity than bis-thiocarbohydrazones 

(IC50 = 2.69-5.32 µM) [23] and isatin 

derivatives (IC50 = 0.39-6.83 µM) [21]. On the 

other hand, the synthesized chalcones have 

higher ABTS activity than some reported 

natural extracts (IC50 = 40.22-106.01 µM) [24]. 

 

From Table 1, the structure–activity 

relationship (SAR) can be observed as follows: 

 

Generally, most of synthesized sulfonyl 

chloride derivatives (4a-e) exhibited stronger 

both DPPH and ABTS activity than the 

sulphonamide derivatives (5a-c). Additionally, 

most of them showed better DPPH activity than 

ABTS. As expected, compounds 4d and 4e, 

containing hydroxyl group, have the highest 

antioxidant activity among the synthesized 

compounds. Changing the position of hydroxyl 

with sulfonyl chloride moiety did not 

significantly alter antioxidant activity.  
 

Table 1 The results of DPPH and ABTS assays 
Compound DPPH 

(IC50, µM)a 

ABTS·+ 

(IC50, µM)a 

4a 48.27 ± 0.04 64.06 ± 0.53 

4b 33.59 ± 0.12 52.20 ± 0.40 

4c 56.42 ± 0.14 58.32 ± 0.51 

4d 6.68 ± 0.06 7.84 ± 0.02 

4e 4.23 ± 0.02 5.55 ± 0.04 

5a 62.54 ± 0.24 70.78 ± 0.44 

5b 50.31 ± 0.30 68.25 ± 0.77 

5c 106.51 ± 1.18 111.44 ± 0.98 

Quercetin 8.69 ± 0.04 15.49 ± 2.33 
aIC50 values are given according to three 

parallel measurement results. 

Compounds 4b and 5b, having –OCH3 as R1 

substituent, showed the second most effective 

antioxidant activity after those containing 

hydroxyl group. 

 

It is well-known that the DPPH and ABTS 

mechanisms involve an electron transfer 

process [25-28]. It is considered that 4e can 

oxidize to quinone product, known as one of the 

anticancer agents. Quinones act antitumor 

activity via reversible enzymatic reduction and 

oxidation [28, 29]. Therefore, the conversion of 

compound 4e to quinone may provide a distinct 

advantage in terms of its use in the treatment of 

some diseases. 
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4. CONCLUSION 

 
The furfuryl-chalcone derivatives substituted 

sulfonyl chloride or sulphonamide were 

synthesized and their DPPH and ABTS 

activities were investigated as antioxidant 

features. All furfuryl-chalcones showed good 

antioxidant activities. Compound 4e and 4d 

exhibited the strongest antioxidant activities 

with the IC50 values of 4.23 μM and 6.68 μM 

for DPPH and 5.55 μM and 7.84 μM for ABTS 

activity, respectively. These values are better 

than that of quercetin (IC50 = 8.69 μM and 

15.49 μM for DPPH and ABTS, respectively), 

used as a standard. Generally, all synthesized 

sulfonyl chloride derivatives (4a-e) have higher 

antioxidant activity than the sulphonamide 

derivatives (5a-c). As expected, among the 

synthesized compounds, 4d and 4e, including 

hydroxyl group, exhibited the strongest 

antioxidant activity. These results indicated that 

the hydroxyl groups linked to the phenyl ring 

can act a critical role for antioxidant agents. 
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Perturbatıon Solution for a Cracked Euler-Bernoulli Beam  
 

Lütfi Emir SAKMAN*1  

 
 

Abstract 

 

The natural frequencies and mode shapes of an Euler-Bernoulli beam with a rectangular cross- 

section, which has a surface crack, is investigated. The crack is modeled as a change (sudden or 

gradual) in the cross-section of the beam, and a modified perturbation approach is used assuming 

that the crack geometry is much smaller than the beam cross section.  Computations of natural 

frequencies and mode shapes were carried out for various crack shapes and compared with a range 

of experiments and finite element analyses. It is concluded that the suggested modified perturbation 

approach gives reliable results with minimal effort for eigenfrequencies of cracked beams. 

Furthermore, as a new feature, the present perturbation method includes the shape of the crack in 

eigenfrequency computations and in principle, can work for any type of disturbance on the surface 

including a small bump for example. 
 

Keywords: Perturbation, surface crack, Euler-Bernoulli beam 
 

 

 

 

1. INTRODUCTION 
 

Identification and characterization of cracks in 

engineering structures is an important problem 

from both theoretical and technical point of 

view. One type of problem deals with 

determination of vibration characteristics of the 

structure with a crack. Another problem might 

be the characterization of the crack from 

measured vibration characteristics of the 

structure; this is usually called an inverse 

problem. The practical solution of the inverse 

problem normally involves solving the forward 

problem for a wide range of crack types.  

Therefore, the ability to solve the vibration 
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characteristics of a cracked structure is an 

important step in diagnosing structures by 

means of eigenfrequency measurements. 

 

Most studies dealing with cracked structures 

models the crack as a change in the elastic 

characteristics of the structure, and utilize some 

type of numerical method. The present study 

aims to model the detailed geometry of the 

crack therefore shedding light on the solution of 

the inverse problem. Furthermore, the 

perturbation theory approach will be used 

making the solution analytical. However, since 

the Euler-Bernoulli beam theory depends little 

on the actual shape of the cross-section (i.e., it 
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only comes into consideration in the form of 

cross-sectional second area moment), the 

straightforward perturbation theory does not 

yield satisfactory results. In the present study, a 

scale factor depending on computed base and 

perturbation eigenvalues is introduced in front 

of the perturbed solution. The reasoning for 

such an approach will be discussed in the next 

section, nevertheless this method gave good 

agreement with a wide range of experiments. 

 

One of the earlier studies, Adams et al., 

demonstrated a vibration method for non-

destructive testing of structures [1]. Rubio 

treats the crack by means of a torsional spring 

and solves the inverse problem [2] while 

Morassi treats the crack as a point discontinuity 

and derives general results about the sensitivity 

of eigenfrequencies [3]. Shen and Pier studied 

the convergence of Galerkin approach for 

beams with symmetric cracks [4]. 

Papaeconomou and Dimarogonas describe a 

transfer matrix model for a cracked prismatic 

bar [5]. Chondros and Dimarogonas used a 

variational formulation to analyze lumped and 

continuous cracks [6].  Khiem and Toan used a 

modification of the Rayleigh quotient method 

for detection of an unknown number of multiple 

cracks on beams [7]. Saez et al. performed 

damage detection by solving the inverse 

problem [8]. Chaudhari and Maiti used a 

rotational spring to represent the crack and 

worked on solving the inverse problem based 

on the measurement of natural frequencies [9]. 

He and Lin use an acoustic system for contact-

type cracks [10]. Nejad et al. worked on 

analytical estimation of natural frequencies and 

mode shapes of a beam having two cracks [11]. 

Mazanoglu et al. modified the energy-based 

method [12] presented by Yang et al to solve 

the vibration of non-uniform Euler–Bernoulli 

beams with multiple cracks by defining the 

crack as a spring [13]. Open edge cracks were 

investigated by Aydin again modeling the crack 

as a spring [14]. Caddemi and Morassi 

proposed a justification of the rotational elastic 

spring model of an open crack in a beam [15]. 

Finite element method is very popular for 

investigation of free vibration analysis of 

cracked beams [16-19]. Cracks in reinforced 

concrete structures is another popular research 

topic using Euler-Bernoulli Beam theory [20, 

21]. Timoshenko Beam model was also used 

[22, 23].  Beams with cracks on elastic 

foundations were considered by Hasan [24]. 

Gudmundson gives general results using more 

general elasticity approaches and derives 

frequency in terms of strain energies of cracked 

and uncracked structures [25]. 

 

hen and Pier assumes a stress distribution 

around the crack and derives equations of 

motion in a detailed study [26]. Cooley et al. 

again models the crack as a torsional spring 

with an extra factor in the spring constant 

derived from linear fracture mechanics [27]. 

Chu and Shen uses a piece-wise linear spring 

model [28]. A study on cracked thin-walled 

beam under torsion is Dang et al. using stress 

concentration factor; this can be easily 

extended to eigenfrequency analysis [29]. 
 

The studies mentioned above mostly do not 

consider the shape of the crack, but model it as 

a spring or a change in the local elastic 

properties. In this study the crack is expressed 

as a change in the beam cross-section as 

explained in Section 2. This allows the 

determination of vibration characteristics 

depending on the shape of the crack. For the 

present, our interest is the validation of the 

modified perturbation computations by a wide 

range of experiments. 
 

2. BASIC DEFINITIONS AND 

THEOREMS 

 

Considering an Euler-Bernoulli beam of length 

L and cross-sectional area A(x), the governing 

equation for the vibrations is 
 

−
𝜕2

𝜕𝑥2 (𝐸 𝐼(𝑥)
𝜕2𝑦

𝜕𝑥2) = 𝑚(𝑥)
𝜕2𝑦

𝜕𝑡2                             (1) 
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𝐴(𝑥) = 𝑏(𝑥) ℎ(𝑥)                                                    (2a) 

 
𝐼(𝑥) =

1

12
 𝑏(𝑥)ℎ(𝑥)3                                               (2b) 

 
𝑚(𝑥) = 𝜌 𝑏(𝑥) ℎ(𝑥)                                                (2c) 

 
where ρ is the density of the beam material. 

Both ends of the beam are assumed to be fixed 

for demonstrating the solution procedure, 

   

𝑦 =
𝜕𝑦

𝜕𝑥
= 0  at  𝑥 = 0, 𝐿                                             (3) 

 

But solutions for other boundary conditions 

will also be given including 

Fixed – fixed 

Free – free 

Simply supported – simply supported 

Cantilever 

 

The non-damaged beam has uniform cross 

section with constant width and height b_0 and 

h_0 respectively. The crack is modeled as a 

change in the beam cross-sectional dimensions 

in the form 

 

𝑏(𝑥) = 𝑏0 + 𝜀 𝑓(𝑥)                                                  (4a)  

 
ℎ(𝑥) = ℎ0 + 𝜀 𝑔(𝑥)                                                   (4b) 

 
where ε is a small non-dimensional perturbation 

parameter and the functions f(x) and g(x) 

determine the shape of the crack; these are 

completely general at this point. Substituting 

Eq. (4) into (2) and (1), the vibration equation 

becomes, ignoring higher order terms, 

 

−
𝜕2

𝜕𝑥2 (
𝐸

12
 (𝑏0ℎ0

3 + 𝜀 (3 𝑏0ℎ0
2 𝑔(𝑥) + ℎ0

3 𝑓(𝑥)) 
𝜕2𝑦

𝜕𝑥2) =

𝜌 (𝑏0ℎ0 + 𝜀 (𝑏0 𝑔(𝑥) + ℎ0 𝑓(𝑥)) 
𝜕2𝑦

𝜕𝑡2                         (5) 

 
The governing equation is nondimensionalized 

with the following definitions, starred symbols 

showing non-dimensional variables, 

 
𝑥∗ =

𝑥

𝐿
                                                                        (6a)   

 
𝑡∗ =

𝑡

√𝜌 
12 𝐿4

𝐸 ℎ0
2

                                                               (6b) 

 
𝑦∗ =

𝑦

ℎ0
                                                                      (6c) 

 

𝐺∗(𝑥∗) =
𝑔(𝑥)

ℎ0
                                                            (6d)  

 

𝐹∗(𝑥∗) =
𝑓(𝑥)

𝑏0
                                              (6e)  

 
The non-dimensional vibration equation 

becomes, omitting stars after this point,                                                                                                                                 

𝜕4𝑦

𝜕𝑥4 +
𝜕2𝑦

𝜕𝑡2 = −𝜀 [
𝜕2

𝜕𝑥2 ((3 𝐺(𝑥) + 𝐹(𝑥))
𝜕2𝑦

𝜕𝑥2) +

(𝐺(𝑥) + 𝐹(𝑥)) 
𝜕2𝑦

𝜕𝑡2]                                                   (7) 

and the boundary conditions 

 

𝑦 =
𝜕𝑦

𝜕𝑥
= 0   at   𝑥 = 0, 1                                           (8) 

 

Assuming a separated solution of the form 

 

𝑦(𝑥, 𝑡) = 𝑢(𝑥) 𝑝(𝑡)                                                    (9) 

 

leads to 

 

𝑝̈ + 𝜆4𝑝 = 0                                                           (10a) 

 
𝑢′′′′ − 𝜆4 𝑢 + 𝜀 𝜓(𝑢, 𝜆) = 0                                  (10b) 

 

Prime and dot denote differentiation with 

respect to x and t, respectively, and we defined 

 

𝜓(𝑢, 𝜆) = ((3 𝐺(𝑥) + 𝐹(𝑥))𝑢′′)
′′

− 𝜆4 𝑢 (𝐺(𝑥) +

𝐹(𝑥))                                                                        (11) 

 

Solution of Eq. (10b) is assumed to be in the 

form of a perturbation series for both the mode 

shape and the eigenvalue 

 

𝑢(𝑥) = 𝑢0(𝑥) + 𝜀 𝑢1(𝑥) + ⋯                                (12a) 

 

𝜆 = 𝜆0 + 𝜀 𝜆1 + ⋯                                                    (12b) 
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Substituting, the zero and first order problems 

become 
 

𝑢0
′′′′ − 𝜆0

4𝑢0 = 0                                                     (13a) 

 

𝑢0(0) = 𝑢0
′ (0) = 𝑢0(1) = 𝑢0

′ (1) = 0                  (13b) 

 

and 

 

𝑢1
′′′′ − 𝜆0

4𝑢1 = 4 𝜆0
3𝜆1𝑢0 − 𝜓(𝑢0, 𝜆0)                    (14a) 

 

𝑢1(0) = 𝑢1
′ (0) = 𝑢1(1) = 𝑢1

′ (1) = 0                   (14b) 

 

The solution of the zeroth order problem is 

 

cosh 𝜆0
(𝑛)

cos 𝜆0
(𝑛)

= 1 ,  𝑛 = 1,2,3, …                    (15a) 

 

𝑢0
(𝑛)

=
cos 𝜆0

(𝑛)
−cosh 𝜆0

(𝑛)

sin 𝜆0
(𝑛)

−sinh 𝜆0
(𝑛) (cos 𝜆0

(𝑛)
𝑥 − cosh 𝜆0

(𝑛)
𝑥) +

sin 𝜆0
(𝑛)

𝑥 − sinh 𝜆0
(𝑛)

𝑥                                            (15b) 

 

The solution of the first order problem, (14a) 

can be written by variation of constants as 
 

𝑢1 = 𝐶1(𝑥) 𝑒𝜆0𝑥 + 𝐶2(𝑥) 𝑒−𝜆0𝑥 + 𝐶3(𝑥) cos 𝜆0𝑥 +

𝐶4(𝑥) sin 𝜆0𝑥                                                           (16) 
 

Where 

𝐶1
′(𝑥) =

𝑒−𝜆0𝑥 [4 𝜆0
3𝜆1𝑢0−𝜓(𝑢0,𝜆0)]

4𝜆0
3                                 (17a)  

 

𝐶2
′(𝑥) = −

𝑒𝜆0𝑥 [4 𝜆0
3𝜆1𝑢0−𝜓(𝑢0,𝜆0)]

4𝜆0
3                             (17b) 

 

𝐶3
′(𝑥) =

sin 𝜆0𝑥 [4 𝜆0
3𝜆1𝑢0−𝜓(𝑢0,𝜆0)]

2𝜆0
3                           (17c) 

 

𝐶4
′(𝑥) = −

cos 𝜆0𝑥 [4 𝜆0
3𝜆1𝑢0−𝜓(𝑢0,𝜆0)]

2𝜆0
3                         (17d) 

 

Integrating Eqs. (17) and substituting in (16) 

gives the general solution in the form 
 

𝑢1 = 𝐾1 𝑒𝜆0𝑥 + 𝐾2 𝑒−𝜆0𝑥 + 𝐾3  cos 𝜆0𝑥 + 𝐾4  sin 𝜆0𝑥 +

∫ [sinh 𝜆0(𝑥 − 𝜉) − sin 𝜆0(𝑥 − 𝜉)]𝜑(𝜉)𝑑𝜉
𝑥

0
            (18) 

 

where we defined 
 

𝜑(𝑥) =
4 𝜆0

3𝜆1𝑢0−𝜓(𝑢0,𝜆0)

2𝜆0
3                                            (19) 

 

for brevity. K’s are arbitrary constants found by 

applying the boundary conditions Eq. (14b); the 

result is the system of equations 
 

𝐾1 + 𝐾2 + 𝐾3 = 0                                                  (20a) 

 
𝐾1 − 𝐾2 − 𝐾4 = 0                                                  (20b) 

 
𝐾1𝑒𝜆0 + 𝐾2𝑒−𝜆0 + 𝐾3 cos 𝜆0 + 𝐾4 sin 𝜆0 = 𝐴       (20c) 

 
𝐾1𝑒𝜆0 − 𝐾2𝑒−𝜆0 − 𝐾3 sin 𝜆0 + 𝐾4 cos 𝜆0 = 𝐵      (20d) 

 
where 
 

𝐴 = − ∫ [sinh 𝜆0(1 − 𝜉) − sin 𝜆0(1 − 𝜉)]𝜑(𝜉) 𝑑𝜉
1

0
      (21a) 

 

𝐵 = − ∫ [cosh 𝜆0(1 − 𝜉) − cos 𝜆0(1 − 𝜉)]𝜑(𝜉) 𝑑𝜉
1

0
    (21b)  

 
The homogeneous part of the linear system Eqs. 

(20) is the same as the eigenvalue equation for 

the zeroth order problem. Therefore, for the 

system Eqs. (20) to have a solution, the 

consistency condition. 

 
(𝑒𝜆0 + sin 𝜆0 − cos 𝜆0)𝐴 =      (𝑒𝜆0 − sin 𝜆0 −

cos 𝜆0)𝐵                                                                    (22)             

                                                                                   

should be satisfied. Eq. (22) is the eigenvalue 

equation for λ1 (which is inside, Eq. (19), 

through A and B).  Once  λ1 is solved, the 

constants are found from Eqs. (20). 

 

The eigenfrequencies of the cracked beam is 

computed from Eq. (12b), 

 

𝜆 = 𝜆0 + 𝜀 𝜆1 + ⋯                                                 (23a)    
 
When computations were carried out, the 

change in eigenfrequency between cracked and 

uncracked beams, i.e., ε λ_1, was found to be 

consistently too small compared to 

experimental values. This is to be expected 

since beam theory basically averages the 

elasticity problem over the cross-section of the 

beam and the details of the cross section does 
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not matter as long as second area moment 

remains the same. However, there was a 

structure to the difference in frequency between 

computed and experimental and/or finite 

element values which suggested that the change 

could be fixed once and for all cracked beams 

by introducing a factor in the perturbation term.   

 

To this end, it is proposed that the perturbation 

in the eigenvalue is to be enlarged by a factor 

depending on base and perturbed eigenvalues in 

the form 

 

𝐶 (
𝜆0

 𝜆1

)
𝑝

 

 

i.e. instead of Eq. (23a) we assume 

𝜆 = 𝜆0 + 𝜀  𝐶 (
𝜆0

 𝜆1
)

𝑝

 𝜆1 + ⋯                                   (23b) 

 
where C and p are constants to be determined 

by matching (23b) to two experimental 

measurements. Afterwards, if the method is 

successful, Eq.(23b) should give good results 

for other experiments. 

 

The logic of this procedure might be 

questioned; however, it should be noted that 

virtually all studies on cracked beams still use 

beam theory away from the crack, and model 

the crack by modifying the cracked element 

either as a different spring constant or some 

factor depending on well-known fracture theory 

concepts as alluded to in the introduction. This 

can be considered as an application of the Saint 

Venant principle that the local changes in 

geometry should not affect the global results 

too much. Therefore, what is done here should 

be seen in the same light, i.e., it lacks 

mathematical rigor since beam theory cannot 

really treat cracks; nevertheless, its value 

should be evaluated by its possible success.  

Another advantage of the present method is that 

it naturally involves the shape of the crack in 

the computations. 

 

As will be seen in the next section, the proposed 

method indeed gives good results compared to 

roughly about 100 experiments (counting 

higher modes, other boundary conditions and 

other material constant) once the constants in 

Eq. (23b) are fixed by comparing to only two 

experimental results. These were chosen since 

they gave the closest results to the 

straightforward perturbation expansion before 

introducing the factor in Eq. (23b). The result is 

 

𝜆 = 𝜆0 + 𝜀  √
2 𝜆0

 𝜆1
 𝜆1 + ⋯                                      (23c) 

 

The solution procedure is the same for the other 

types of boundary conditions. We present the 

results. 
 

Free – Free: 

 

𝐴 = − ∫ [sinh 𝜆0(1 − 𝜉) + sin 𝜆0(1 − 𝜉)]𝜑(𝜉) 𝑑𝜉
1

0
      (24a)  

 

𝐵 = − ∫ [cosh 𝜆0(1 − 𝜉) + cos 𝜆0(1 − 𝜉)]𝜑(𝜉) 𝑑𝜉
1

0
    (24b)  

  
(𝑒𝜆0 + sin 𝜆0 − cos 𝜆0)𝐴 = (𝑒𝜆0 − sin 𝜆0 − cos 𝜆0)𝐵    (25)  
 

Cantilever: 

  

𝐴 = − ∫ [sinh 𝜆0(1 − 𝜉) + sin 𝜆0(1 − 𝜉)]𝜑(𝜉) 𝑑𝜉
1

0
     (26a)  

 

𝐵 = − ∫ [cosh 𝜆0(1 − 𝜉) + cos 𝜆0(1 − 𝜉)]𝜑(𝜉) 𝑑𝜉
1

0
    (26b) 

 

(𝑒𝜆0 + sin 𝜆0 − cos 𝜆0)𝐴 = (𝑒𝜆0 + sin 𝜆0 + cos 𝜆0)𝐵    (27)  

 
Simply supported – Simply supported: 

 

𝐴 = − ∫ [sinh 𝜆0(1 − 𝜉) − sin 𝜆0(1 − 𝜉)]𝜑(𝜉) 𝑑𝜉
1

0
      (28a) 

 

𝐵 = − ∫ [cosh 𝜆0(1 − 𝜉) + cos 𝜆0(1 − 𝜉)]𝜑(𝜉) 𝑑𝜉
1

0
     (28b) 

 

(𝑒𝜆0 + sin 𝜆0 − cos 𝜆0)𝐴 = (𝑒𝜆0 − sin 𝜆0 − cos 𝜆0)𝐵    (29) 
 

3. RESULTS 

 

The eigenfrequencies for cantilever, fixed – 

fixed, free – free, and simply supported – 
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simply supported boundary conditions will be 

presented and compared with computed or 

measured values in Ref. [30-36].  

 

Cantilever beam: 

Tables 1 – 3 shows comparisons with Refs. [30-

32] 

 

The comparisons are shown in Tables 1 through 

7; analytic column denotes the results found in 

the present study. All the dimensions in the 

tables are millimeters. 

 

In this case, analytic solution gives good results 

for different crack depths and positions, 

compared to the experimental results.  
 

Table 2 Comparison with experiment (Ref. [31]) 

for cantilever boundary conditions. 
 

Crack Method Natural Frequencies (Hz) 

Location 

(mm) 

Depth 

(mm) 

 Mode 

1 

Mode 2 Mode 3 

No Crack  68.00 432.75 1195.00 

133 

1 Exp 68.00 432.50 1193.50 

 Anal 67.68 425.54 1188.33 

2 Exp 67.75 431.50 1190.00 

 Anal 67.27 424.37 1181.86 

3 Exp 67.50 430.50 1185.50 

 Anal 66.87 423.21 1175.41 

4 Exp 67.25 429.00 1169.50 

 Anal 66.47 422.05 1168.98 

5 Exp 66.00 427.25 1156.25 

 Anal 66.07 420.88 1162.57 

No Crack  67.25 427.25 1184.00 

240 

1 Exp 67.25 426.50 1183.00 

 Anal 67.98 423.91 1188.88 

2 Exp 67.25 424.50 1180.00 

 Anal 67.88 421.13 1182.96 

3 Exp 67.25 422.00 1175.25 

 Anal 67.78 418.35 1177.06 

4 Exp 67.25 418.25 1169.25 

 Anal 67.68 415.59 1171.17 

5 Exp 67.00 411.25 1161.00 

 Anal 67.58 412.83 1165.30 

 

Table 2 and Table 3 presents comparisons of 

experimental and analytic results for different 

crack depths and locations. Again, analytic 

results are close to experimental results.   

 

 

 

 

 

 

 

 

 

 

Table 1 Comparison with experiment (Ref. [30]) 

for cantilever boundary conditions. 

 

Crack (mm) Method Natural Frequency 

Pos Depth  Mode 

1 

Mode  

2 

Mode 

3 

10 

2 

Experiment 182.7 1149.4 3242.9 

F.E.M 182.7 1149.2 3234.1 

Lee and Chung 182.6 1148.0 3222.1 

Analytic 182.3 1144.8 3210.9 

6 

Experiment 163.9 1073.4 3097.3 

F.E.M 166.9 1083.9 3108.0 
Lee and Chung 161.9 1048.7 3010.3 

Analytic 176.9 1114.9 3138.1 

10 

Experiment 129.8 980.6 2954.2 

F.E.M 136.9 996.1 3970.8 
Lee and Chung 109.0 814.5 3533.9 

Analytic 171.6 1085.5 3066.2 

80 

2 

Experiment 184.0 1160.0 3245.0 

F.E.M 184.0 1159.8 3244.9 

Lee and Chung 184 1159.2 3229.7 
Analytic 183.2 1156.7 3225.3 

6 

Experiment 174.7 1155.3 3134.8 

F.E.M 181.8 1102.9 3250.7 

Lee and Chung 175.2 1153.9 3082.5 
Analytic 179.6 1150.6 3180.9 

10 

Experiment 153.5 1145.1 2934.3 

F.E.M 158.4 1147.6 2974.5 

Lee and Chung 156.0 1143.3 2764.7 

Analytic 176.1 1144.4 3136.8 

140 

2 

Experiment 184.7 1153.1 3258.1 

F.E.M 184.7 1153.2 3257.2 

Lee and Chung 184.7 1151.9 3246.4 

Analytic 184.1 1150.0 3242.3 

6 

Experiment 181.2 1092.9 3250.1 

F.E.M 181.8 1102.9 3250.7 

Lee and Chung 181.6 1086.3 3236.6 

Analytic 182.1 1130.3 3231.4 

10 

Experiment 171.5 971.5 3233.6 
F.E.M 174.0 997.7 3238.0 

Lee and Chung 175.3 941.3 3216.8 

Analytic 180.2 1110.9 3220.5 

200 

2 

Experiment 185.0 1155.0 3238.6 
F.E.M 185.0 1155.0 3238.4 

Lee and Chung 185.0 1154.1 3223.2 

Analytic 184.3 1150.2 3216.6 

6 

Experiment 184.3 1106.3 3082.9 

F.E.M 184.4 1114.8 3107.3 
Lee and Chung 184.4 1106.5 3020.5 

Analytic 182.7 1131.1 3154.9 

10 

Experiment 182.2 1025.0 2819.6 

F.E.M 182.7 1016.5 2871.0 
Lee and Chung 183.2 1004.8 2567.6 

Analytic 181.2 1112.1 3093.8 
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Table 3 Comparison with experiment (Ref. [32]) 

for cantilever boundary conditions. 
 

Normalized 
crack 

location 

Crack 
Depth 

Ratio 

Method 

Natural 

Frequency 

Mode 1 
(Hz) 

Natural 

Frequency 

Mode 2 
(Hz) 

No Crack No Crack Exp 13.45 84.30 

0.1 0.5 Exp 12.80 82.89 

  Analytic 12.82 82.57 

0.2 0.5 Exp 13.02 84.30 

  Analytic 12.96 84.95 

0.3 0.5 Exp 13.15 83.30 

  Analytic 13.10 85.40 

0.4 0.5 Exp 13.28 82.87 

  Analytic 13.26 83.11 

.5 0.5 Exp 13.37 81.82 

  Analytic 13.43 82.17 

0.6 0.5 Exp 13.40 81.93 

  Analytic 13.58 82.10 

0.7 0.5 Exp 13.43 82.50 

  Analytic 13.39 82.75 

 

Both ends fixed: 

 

Tables 4 and 5 presents comparisons with Refs. 

[33, 34]. In this tables, results shows that, 

analytic solutions are suitable for different 

boundary conditions. Here, analytic solution 

have effective results against FEM results.  

 
Table 4 Comparison with experiment (Ref. 

[33]) for both ends fixed boundary conditions. 
 

Crack (mm) Method Natural Frequency 

Position Depth  Mode 1 Mode 2 Mode3 

255 3 

Exp 83.984 235.792 462.712 

F.E.M 74.710 223.760 426.146 

Analytic 84.897 234.894 456.869 

 

 

Both ends free: 
 

 

Table 6 presents comparisons with Ref [35]. 

Analytic solution compares with different 

solution procedures and experimental results.  

 

Table 7 presents comparisons with Ref [36]. 

Also to fix the constants in Eq. (23b), two cases 

from Ref. [36], crack position 200 mm, and 

Table 5 Comparison with experiment (Ref. [34]) 

for both ends fixed boundary conditions. 

Crack 

Loc. 
(mm) 

Crack 
Depth 

Ratio 

(%) 

Method Mode 1 Mode 2 Mode 3 

45 10 

No Crack 431.7 1190.0 2333.0 

Exp 431.4 1189.9 2331.6 

Analytic 429.2 1184.7 2316.6 

 Mode 4 Mode 5 Mode 6 

Exp 3856.0 5761.0 8046.0 

Analytic 3855.2 5759.1 8041.7 

Table 6 Comparison with experiment (Ref. [35]) 

for both ends free boundary conditions. 
 

Crack (mm) Method Natural Frequency 

Pos Depth  Mode1 Mode 2 Mode3 Mode4 

430 4 

Exp 74.688 205.625 405.62 666.250 

Reduced 

EI 
74.670 205.190 405.64 669.335 

Lee and 

Chung 
74.938 206.262 405.97 670.550 

Sinha et 
al. 

74.406 204.183 405.36 668.429 

Analytic 74.136 204.043 403.88 665.973 

430 8 

Exp 74.063 202.500 404.68 662.813 

Reduced 
EI 

74.004 202.630 404.90 666.527 

Lee and 

Chung 
74.224 203.458 405.23 667.615 

Sinha et 

al. 
73.628 201.283 404.55 665.356 

Analytic 73.108 200.899 401.56 660.479 

430 12 

Exp 72.813 197.188 403.12 655.938 

Reduced 

EI 
72.284 198.278 403.67 661.720 

Lee and 
Chung 

72.634 197.764 403.77 661.635 

Sinha et 

al. 
72.958 198.928 403.91 662.874 

Analytic 72.088 197.780 399.25 650.123 
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depths of cracks 1 and 3 mm in Table 7, were 

chosen to be matched to the computed 

eigenfrequencies. 

 

In all cases the perturbation solution (the 

present study) obtains good results compared 

with experiment, in some cases even surpassing 

the FEM computations (Ref. [30], [33]). It is 

also interesting to note that the perturbation 

solution seems to remain valid for quite deep 

cracks. 

 

Both ends simply supported: 

 
Table 7 Comparison with experiment (Ref. [36]) 

for both ends simply supported boundary 

conditions. 
                                        

Crack (mm) Method Natural Frequency 

Position Depth  Mode 1 Mode 2 

80 

1 

Experiment 151.20 599.80 

Yoon et al. 150.48 601.18 

Analytic 149.80 597.26 

3 

Experiment 151.00 588.20 

Yoon et al. 149.61 590.21 

Analytic 148.22 587.10 

5 

Experiment 147.80 568.50 

Yoon et al. 145.95 556.08 

Analytic 146.66 577.02 

120 

1 

Experiment 150.50 604.20 

Yoon et al. 150.38 601.16 

Analytic 149.50 597.26 

3 

Experiment 149.80 594.20 

Yoon et al. 148.75 588.50 

Analytic 147.34 587.10 

5 

Experiment 143.80 564.50 

Yoon et al. 142.16 543.42 

Analytic 145.19 577.02 

200 

1 

Experiment 149.20 599.80 

Yoon et al. 150.27 602.37 

Analytic 149.25 602.36 

3 

Experiment 146.80 597.80 

Yoon et al. 147.81 602.37 

Analytic 146.58 602.34 

5 

Experiment 139.20 593.00 

Yoon et al. 138.32 602.37 

Analytic 143.93 602.32 

 

Normally, the perturbation solution is expected 

to be more accurate for very small crack depths 

compared to beam cross-section; but as 

mentioned, after “fixing” the theoretical results 

by the factor introduced in Eq. (23c), good 

agreement with the experimental values is 

obtained for crack depths from very small 

cracks up to cracks with a depth of half of the 

beam height. Another point to note is, the 

cracks in experiments were produced by cutting 

the beam to a certain depth, thus resulting in a 

crack of rectangular shape. The depth and width 

of these rectangles were input in to the function 

g(x), Eq.(4b). The present method should be 

able to handle other crack shapes, e.g., 

triangular, circular, etc., bymodifying the 

function g(x). But no such experiments were 

available for us to compare. 
 

4. CONCLUSION 

 

A modified perturbation solution was presented 

to compute the mode shapes and eigenvalues of 

cracked Euler-Bernoulli beams. The method is 

general enough and allows computation of 

mode shapes and eigenvalues for specific crack 

geometries.  In conclusion, the idea that the 

results of perturbation computations in the 

nondimensionalised (thus, universal), cracked 

beam vibration equation can be modified to 

agree with a wide set of experimental results 

has been verified [10] 

Nomenclature 

 

 A (x) area of cross section 

 b (x), h (x) width and height of beam cross 

section 

 b0, h0 width and height of non-cracked 

beam cross section 

 I (x) second area moment 

 m (x) mass per unit lenght 

 E modulus of elasticity 

 ρ density 

 L length of the beam 

 ε perturbation parameter 

 f (x), g (x) crack shape functions 

 y (x, t) vertical displacement 

 u (x) mode shape 

 p (t) separated time function 

 λ eigenvalue 
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Frequency Analysis of Rounded Shaped Inductive Metallic Objects in Waveguides 

via some PEC Approximations and GSM Method 

Ahmet AYDOĞAN*1  

 

Abstract 

 

A hybrid method is proposed for the frequency analysis of rounded metallic objects inductively 

loaded in rectangular waveguides. The proposed method combines the efficiency of the 

generalized scattering matrix method (𝐺𝑆𝑀) and the flexibility of the method of moments (𝑀𝑜𝑀) 

and the fact that fields cannot exist inside perfect electric conductors. Metallic discontinuities are 

modelled as a dielectric medium with extreme conductivity and the volume is emptied except the 

surrounding area. The proposed method is tested against several structures including a band-pass 

filter composed of metallic rods and an arbitrarily shaped discontinuity. The accuracy of the 

method is compared to commercial software based on the finite element method. The proposed 

method is exclusively competent for the frequency analysis of rounded or arbitrarily shaped 

metallic discontinuities. 

 

Keywords: Arbitrarily shaped discontinuities, computational efficiency, generalized scattering 

matrix method, microwave devices, waveguide discontinuities. 

 

 

 

1. INTRODUCTION 

 

Due to their high-power handling, high-quality 

factor, and low insertion loss, waveguides are 

essential for military, space, and terrestrial 

communication systems [1]. Scattering analysis 

of the modes supported by rectangular 

waveguides loaded with inductive 

discontinuities is simpler than that of 

waveguides loaded with capacitive or inductive 

and capacitive discontinuities. Furthermore, 

due to their ease of fabrication, inductive 

waveguides are popular microwave  

 

 

 device elements. As a result, there is a large 

body of literature devoted to the fast and 

reliable analysis of inductively loaded 

waveguide structures.  

 

A variational method was proposed for 

inductive metallic and low-valued dielectric 

posts with a small radius positioned in a 

waveguide [2]. In the following decades, 

physical property limitations are eliminated by 

analyzing higher-order modes and employing 

computational methods such as the method of 

moments (𝑀𝑜𝑀) for the analysis of various  
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and arbitrarily cross-sectioned dielectric posts 

[3], or the numerically cost-effective mode-

matching (𝑀𝑀) method for the analysis of 

inductive parts [4]. The demand for high 

numerical flexibility and efficiency on problem 

configuration resulted in the development of 

hybrid methods that integrate the effectiveness 

of 𝑀𝑀 method with the flexibility of spatial 

techniques such as the finite element method 

(𝐹𝐸𝑀), 𝑀𝑜𝑀, or finite difference (𝐹𝐷), for 

which an extensive study was published [5]. To 

investigate the scattering of dielectric posts, a 

circular boundary technique is utilized [6], 

however, this approach becomes inefficient 

once the discontinuities are close to the step 

discontinuities since the method regards only 

the dominant mode and higher-order mode 

interaction should be regarded in mentioned 

cases. Higher-order modes overcome this 

barrier [7], allowing inductive step frequency 

responses to be analyzed independently using 

the well-known mode matching method [8]. A 

more generic solution in terms of the shape and 

type of discontinuities (metallic and/or 

homogeneous dielectric bodies) for inductively 

loaded waveguides was introduced by solving 

the surface integral equation with 𝑀𝑜𝑀 [9] and 

the same procedure is applied to a similar 

waveguide problem with a step offset 

combining two waveguides [10]. Although 

having no capability for metallic 

discontinuities, a hybrid technique for an 

effective analysis of dielectric discontinuities 

using a volumetric 𝑀𝑜𝑀 procedure removes 

the restrictions on the homogeneity of dielectric 

discontinuities [11]. A method for the efficient 

analysis of metallic discontinuities is proposed 

in [12] where the basic strategy is inspired by 

[11]. In [12] the metallic discontinuities are 

modeled with extremely lossy dielectric values 

[13] and the analyzed shapes are competitive 

with cuboid shapes since the analysis of non-

cuboid obstacles has a high computational cost 

due to the volumetric analysis of discretized 

cells in 𝑀𝑜𝑀 procedure. The recent interest in 

the fast and efficient analysis of waveguide 

structures is not limited to only inductive 

structures but also directed to those of 

capacitive structures and axially symmetric 

waveguides or discontinuities. In [14], the 

integral equation method introduced in [9] is 

adapted for capacitive obstacles, and in [15] 

capacitive obstacles in waveguides with step 

offsets are analyzed. The fast analysis of 

discontinuities in axially symmetric 

waveguides [16] and axially symmetric 

discontinuities in waveguides [17] via hybrid 

techniques are introduced to the community. 

Besides, the 𝐺𝑆𝑀 method is still a powerful, 

efficient, and reliable tool for actual guided 

wave problems [18, 19]. 

 

In this study, the high computational cost is 

reduced for non-cuboid shapes by utilizing the 

boundary conditions of electric fields for 𝑃𝐸𝐶 

objects. Therefore, the electric fields inside the 

objects are null and no computational analysis 

is needed inside the objects. This new efficient 

analysis tool also has the potential to propose 

new design possibilities for microwave devices 

built by waveguides loaded with inductively 

and arbitrarily shaped PEC obstacles. The time 

dependency is chosen as 𝑒−𝑖𝜔𝑡 during 

numerical analysis. 

 

2. PROBLEM DESCRIPTION 

 

Fig. 1 depicts the problem to be considered. 

Arbitrarily shaped metallic discontinuities are 

located in a rectangular waveguide. Obstacles 

fill the waveguide in the height (i.e., y direction) 

so only 𝑇𝐸𝑚0 type modes can exist in the 

waveguide in the dominant mode region and the 

case of dominant mode excitation.  

 

Note that several metallic discontinuities 

aligned horizontally (by discretizing the whole 

system in the widthwise direction) and/or 

longitudinally (by cascading the 𝐺𝑆𝑀s of 

longitudinal elements) can be analyzed with the 

proposed method in the most general sense. The 

scattering parameters for the two-port network 
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are aimed to be calculated at 𝑃𝑜𝑟𝑡 1 and 

𝑃𝑜𝑟𝑡 2. 
 

 
Figure 1 Problem description – longitudinal and 

top view of the waveguide loaded with arbitrarily 

shaped and oriented PEC objects (σ is the electrical 

conductivity) 

 

3. METHOD 

 

The cascading capabilities of the GSM 

approach are used to perform the scattering 

analysis of the discontinuities, while the 

elements of 𝐺𝑆𝑀 for the cascaded structures are 

built using an 𝑀𝑜𝑀-based procedure [12]. The 

obstacles are divided into individual blocks in 

the longitudinal direction (𝑧-direction in Fig. 1) 

and the GSM of each individual block is 

constructed separately. Finally, the GSM of the 

obstacles and the whole system is obtained by 

cascading the GSMs of individual blocks and 

GSMs of longitudinally separated obstacles, 

respectively. In terms of electrical response, all 

metallic discontinuities are considered to have 

an extremely high loss dielectric characteristic 

model as applied in [12] by a complex relative 

permittivity of 𝜀𝑟  = 1 + 𝑗 𝜎
𝜔𝜇0⁄ , where 𝜔, 𝜇0, 

and 𝜎 are the angular frequency, magnetic 

constant of free space, and the conductivity of 

the dielectric model under investigation, 

respectively. Modal interactions are examined 

utilizing the orthogonality of the modes and 

some powerful acceleration steps are applied. 

To avoid repetition, the interested readers are 

referred to [11], [12]. Due to the high change in 

the value of the Dyadic Green’s Function 

(𝐷𝐺𝐹) as the kernel in the integral equation of 

the interested scattering problem for an 

extremely lossy model (e.g., extremely high 

conductivity), one should discretize the 

obstacles with tiny cells. Hence, the number of 

cells increases tremendously and the proposed 

method in [12] becomes competitive for 

repeating individual blocks such as 

longitudinally oriented cubes, and inductive 

discontinuities but not for rounded or arbitrary 

shapes due to a high amount of individual 

blocks with too many cells to be examined. In 

this study, this challenge is tackled, and to 

reduce the numerical cost, the number of cells 

to be analyzed is decreased by utilizing the fact 

that the electric fields are null inside the PEC. 

A narrative illustration of the mentioned steps 

is given in Fig. 2. In Fig. 2a, two representative 

PEC obstacles are separated by a distance 𝑑 in 

the longitudinal direction as the original 

problem. The GSM of separated parts, if exist, 

can be obtained by using the transmission line 

approach. In Fig. 2, the GSM of the gap with 

the length of 𝑑 for an 𝑀 × 𝑀 modal analysis is 

a diagonal matrix for which the diagonal 

elements 𝐷𝑚𝑚 = 𝑒𝑗𝛽𝑚𝑑, m =  1,2, … , M and 

𝛽𝑚 is the propagation constant for related 𝑇𝐸𝑚0 

mode. Note that since the obstacles are 

invariant in 𝑦 direction, only 𝑇𝐸𝑚0 type modes 

can be excited. Then, obstacles are discretized 

with tiny cells as in Fig. 2b where cells are not 

scaled as in the practical case but depicted 

comparatively large for the sake of narration. 

Also, discretized cells are modeled with 

extremely high lossy dielectric material instead 

of PEC behavior. The considered problem can 

be solved with such discretization (as in Fig. 

2b) at the cost of immensely high 

computational effort with the method given in 

[12]. In this study, Fig. 2c and Fig. 2d strategies 

are proposed to solve the original problem. In 

Fig. 2c, it is illustrated that the discretized cells 

are removed except those at the boundary 

applying the theoretical fact that fields are null 

inside. Then the computation domain is reduced 

by removing the repeating individual blocks as 

in Fig. 2d if any exist. The reduced discretized 

cells are arranged as individual blocks 

containing lateral cells and the GSMs of 

individual blocks are calculated via the 

proposed method in [11] and the calculations 
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are also accelerated by applying the proposed 

strategies in [12]. A considerable amount of the 

computational cost for each individual block 

arises due to the number of cells in the width-

wise direction (i.e., 𝑥 direction). 

 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 2 Example problem (a) original case (b) 

discretized PEC model (c) proposed approach with 

reduced cells (d) final computation case 

 

A new computational strategy is also applied in 

this study alongside the previous strategies 

mentioned. One should discretize the cells so 

that the integral of the DGF becomes stable as 

much as possible for the applied point-matching 

𝑀𝑜𝑀. The DGF to be integrated inside each 

cell varies as a function of the medium 

parameters only in the z direction 

(𝑒𝑗𝛽𝑚|𝑧−𝑧′| term in (Equation (1), [11]). On the 

other hand, the roundedness of an arbitrarily 

shaped object decreases as the cubicity of the 

discretized cells increases. Regarding these 

points, the cells are discretized tinier in the 

direction of the propagation (i.e., z direction in 

the given geometry) and larger in the height (y 

direction) and width (x direction). Finally, all 

GSMs (those of the PEC bodies, the gap 

between bodies, etc.) are cascaded to obtain the 

general scattering matrix of the whole system 

[20]. 
 

4. NUMERICAL CONSIDERATIONS & 

EXAMPLES 

 

A band-stop filter [13] and an arbitrarily shaped 

PEC obstacle are analyzed to test the proposed 

method and obtained results are compared with 

FEM-based commercially available software 

high-frequency structure simulator (𝐻𝐹𝑆𝑆). 

PEC obstacles are modeled with a relative 

complex permittivity of 𝜀𝑟  = 1 + 𝑗 𝜎
𝜔𝜇0⁄  

where conductivity value is assigned as 𝜎 =
1030 𝑆/𝑚. The analyses are carried out on a 

standard PC. The heights of the waveguides are 

reduced to that of the cell size in the vertical 

direction (i.e., y direction in the given problem 

geometry) which gives one discretized cell in 

the height as proposed in [11], [12]. Besides, 

each individual block has one discretized cell in 

the direction of propagation (i.e., in the 𝑧 

direction). The obstacles are discretized with 

(3𝛥, 3𝛥, 𝛥) in (𝑥, 𝑦, 𝑧) directions, respectively 

to reduce the computational cost and provide 

computational stability where 𝛥 = 𝜆𝑚𝑖𝑛/600 is 

the cell dimension and 𝜆𝑚𝑖𝑛 is the smallest 

wavelength in the analyzed frequency band. 

The frequency band is divided into 𝑆 

equispaced points for both examples. 
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In the first example, the analysis of a band-pass 

filter composed of constant diameter and off-

centered circular metallic cylinders is 

performed [7]. The analysis is conducted for 

S=91 equispaced frequency points in the given 

band. The geometry and dimensions of the 

system and the discretized mesh distribution are 

given in Fig. 3. As mentioned previously, the 

inner cells are removed and the GSMs of each 

separate cylinder and those of the empty parts 

between cylinders are calculated. Then, the 

GSMs of the cylinders and the empty regions 

are cascaded to obtain the GSM of the whole 

structure. The desired S- parameters are 

extracted from the GSM of the whole structure, 

and these are the dominant mode (𝑇𝐸10) to 

dominant mode (𝑇𝐸10) interaction between 

ports. The frequency response of the metallic-

cylinder filter is compared in Fig. 4 between the 

proposed method and 𝐻𝐹𝑆𝑆 both for phase and 

magnitude. A close agreement can be observed 

and the average computation times per 

frequency are recorded as 1.31 𝑠 and 4.46 𝑠 for 

the proposed method and 𝐻𝐹𝑆𝑆, respectively. 

The comparison of computational time for the 

commercial software and this method is given 

in Table 1. 

a

l1 l2 l3 l3 l2 l1
h1 h2 h3 h2h4 h3

h1

z
x

(a) 
 

R
3Δ

Δ

 
(b) 

Figure 3 (a) Geometry of the metallic post filter 

with      𝑎 = 22.86 𝑚𝑚, 𝑟 =  3.21 𝑚𝑚, ℎ1 =
5.215 𝑚𝑚, ℎ2 =  8.172 𝑚𝑚, ℎ3 =
 8.863 𝑚𝑚, ℎ4 = 8.971 𝑚𝑚, 𝑙1 =

 21.895 𝑚𝑚, 𝑙2 =  24.461 𝑚𝑚, 𝑙4  =
 24.797 𝑚𝑚, (b) mesh distribution of an equal 

cylinder in the system 

Table 1 Comparison of computational times 
Time per frequency Method HFSS 

Example 1 1.31 𝑠/𝑓 4.46 𝑠/𝑓 

Example 2 0.82 𝑠/𝑓 2.27 𝑠/𝑓 

 

In the second example, an arbitrarily shaped 

PEC obstacle is investigated in the 8 − 12 𝐺𝐻𝑧 

band which is depicted with geometrical 

properties in Fig. 5a. The commercial software 

model of the object is also shown as an inset in 

Fig. 6. Also, the discretized cell distribution 

analyzed via proposed method is given in Fig. 

5b. As in the previous example, the inner cells 

are removed and the object is divided into 

individual blocks in the direction of 

propagation (i.e., z direction).  

 

 

(a) 

 

(b) 

Figure 4 Comparison between the proposed 

method and HFSS for the frequency response of 

the band-pass filter (a) magnitude (b) phase 
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Following the calculation of the GSM of each 

individual block, these GSMs are cascaded to 

obtain the GSM of the whole structure (the 

arbitrarily shaped PEC object). Then, the 

desired modal interaction is obtained from the 

whole GSM. In this problem, it is the dominant 

mode (𝑇𝐸10) to dominant mode (𝑇𝐸10) 

interaction between ports. The frequency band 

is divided into 𝑆 = 41 equispaced frequency 

points in the given band. An excellent 

agreement can be observed both for magnitude 

and phase of the scattering parameters observed 

at 𝑃𝑜𝑟𝑡 1 and 𝑃𝑜𝑟𝑡 2 as shown in Fig. 6. The 

average computation times per frequency is 

recorded as 0.82 𝑠/𝑓 and 2.27 𝑠/𝑓 for the 

proposed method and 𝐻𝐹𝑆𝑆, respectively. The 

comparison of computational time for the 

commercial software and this method is listed 

in the second row of Table 1. 

h
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s z
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r
R

 

(a) 

3Δ
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(b) 

Figure 5 Arbitrarily shaped rounded PEC object 

a) the geometry with 𝑅 =  2 𝑚𝑚, ℎ =
 3.715 𝑚𝑚, 𝑟 =  1 𝑚𝑚, 𝑣 =  0.8 𝑚𝑚, 𝑠 =

0.6, 𝑑 =  0.6 𝑚𝑚 b) constructed model in the 

method 

 

 

 

 
 

 
(a) 

 
(b) 

Figure 6 Comparison between the proposed 

method and HFSS for the frequency response of 

the arbitrarily shaped PEC object (a) magnitude (b) 

phase 

 

5. CONCLUSIONS 

 

The previous inefficiency in the computational 

competency of volumetric analysis for metallic 

obstacles inductively located in a rectangular 

waveguide is addressed. The metallic obstacle 

is modeled by an extremely lossy dielectric 

material and discretized for an 𝑀𝑜𝑀 procedure. 

PEC boundary conditions are utilized and the 

inner cells are removed which immensely 

reduces the computational cost. The scattering 

analysis of the whole structure is carried out via 

the 𝐺𝑆𝑀 method. The proposed method is 

tested with numerical examples involving 
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rounded or arbitrarily shaped metallic obstacles 

and compared with 𝐻𝐹𝑆𝑆. The results show that 

the proposed method provides a fast and 

reliable analysis tool for the frequency analysis 

of arbitrarily shaped metallic objects 

inductively loaded in rectangular waveguides. 

This method may provide new possibilities 

with analysis capabilities for the design of 

microwave devices via iterative optimization 

techniques where a fast and reliable analysis of 

the system is vital. Besides, the considered 

problem can be extended to the analysis of 

systems composed of both dielectric and 

rounded metallic obstacles. 
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A Phased Array Antenna System of a Millimeter-wave FMCW Radar for 

Blind Spot Detection of Mobile Robots 
 

Hüseyin Şerif SAVCI*1  
 

Abstract 

 

Mobile robots have been extensively used in manufacturing plants for inter-logistic transportation 

in recent years. This paper covers a phased array antenna design for a millimeter wave radar system 

to improve lidar-based navigation systems' safety and environmental consciousness. The K-band 

phased array antenna, when integrated with 24 GHz Frequency-Modulated-Continuous-Wave 

(FMCW) radar, not only enhances the accuracy of the 2-D Area Scanning lidar system but also 

helps with the safe operation of the vehicle. The safety improvement is made by covering blind 

spots to mitigate collision risks during the rotations. The paper first reviews the system-level 

details of the 2D lidar sensor and shows the blind spots when integrated into a Mobile Robot 

prototype. Then continues with the inclusion of an FMCW Low-Speed Ramp radar system and 

discusses the design details of the proposed K-band antenna array, which will be integrated with a 

radar sensor. 

 

Keywords: Mobile robots, lidar, FMCW radar, blind-spot detection, natural navigation, planar 

antenna array 

 

 

 

1. INTRODUCTION 

With the advancement of sensory devices, 

autonomous aerial, water, and ground vehicles 

are found in many usages, from surveillance to 

transportation. Autonomous Mobile Robots 

(MoRo) are becoming an essential part of heavy 

industry production plants to improve safety 

and reduce the risk of material and human loss 

and damage. Mobile Robots have been 

performing indoor transportation tasks in many 

plants without an operator. They transfer inter- 
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logistic production parts in factories, carry 

luggage in airports, and offer hotel room 

service. The system specs, physical constraints, 

and shapes may vary considerably depending  

 

on the use case. However, they all used similar 

sensors and had to tackle similar problems [1]. 

 

The emergence of Industry 4.0 and intelligent 

plants put autonomous vehicles on the front 

lines of manufacturing operations to reduce the 

risk of operator failure and equipment loss and 

Sakarya University Journal of Science 26(6), 1253-1261, 2022
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to increase overall efficiency and throughput. 

As the product variety has increased in the 

factories, more parts must be moved to the edge 

of the production line with highly accurate 

timing. Such a time-sensitive operation requires 

complex logistic management in an extremely 

dynamic environment. That is the main reason 

behind deploying mobile robots with self-

navigating capability. For example, in a typical 

modern automotive assembly line, roughly 25 

manual forklifts work around the clock with 80 

operators [2]. However, the same assembly line 

can function with only eight autonomous 

mobile robots, resulting in the same 

productivity and increased safety. These 

numbers show that a mobile robot can amortize 

itself in 1.5 years. For these reasons, 

autonomous mobile robots will be one of the 

significant inter-logistic equipment in heavy-

duty assembly lines of factories very soon [3]. 

 

There are several different navigation and 

guidance systems for mobile vehicles. The 

natural navigation system is the most suitable 

for manufacturing plants with dynamically 

changing environments due to its manageable 

implementations and fast adaptations. Also, 

facilities with highly hazardous environments, 

such as nuclear fusion reactors, benefit from 

autonomous mobile vehicles with navigation 

technologies [4]. Other systems require 

structural changes in plants, such as installing 

RF beacons and magnetic stripes as guiding 

tracks on the floor. These are more expensive 

and less flexible than natural navigation 

systems [5, 6]. 

 

MoRos, with natural navigation guidance 

systems, employ a laser-based scanning 

technology called Laser Detection and Ranging 

(lidar) [7]. These scanners are placed on the 

body of the vehicle. The MoRo continuously 

uses the lidar sensor in map generation, 

navigation, and environment detection for safe 

operation. In natural navigation systems, 

reference images of the vehicle's operating area 

are stored in the vehicle's memory. Navigation 

uses data reflected from the objects around the 

vehicle, such as walls, columns, machines, and 

barriers. Positioning is found by comparing the 

incoming point clouds with the ones stored in 

the memory [8]. 

 

For the autonomous navigation of mobile 

robots, various sensor technologies such as 

ultrasonic sensors, magnetic tapes, low energy 

Bluetooth, UHF RFID, mono/stereo cameras, 

lidar, and radar-based systems are being used 

[9, 10]. As part of safe navigation, the precision 

of obstacle detection and avoidance would 

determine the level of safety for mobile robots. 

Several obstacle detection and avoidance 

techniques use different sensors, such as 

ultrasound-based, camera-based, radar-based, 

and lidar-based. These sensors are not only 

used for natural navigation and the primary 

localization system but also a safety alarm by 

constantly surveilling the surrounding against 

safety hazard issues [8, 11]. Each sensor has its 

unique strength and weakness. The camera-

based systems do real-time image-capturing of 

the environment and perform image processing 

techniques on the live images [8]. In addition, 

several studies, such as deep learning-based 

intelligent surveillance, utilize only cameras 

[12]. However, this solution requires extensive 

processing power and raises some privacy 

concerns. For example, radar sensors lack the 

ability of object classification and the level of 

accuracy compared to other systems. Lidar is 

the leading technology for mobile vehicle 

navigation and obstacle avoidance systems. 

Although the costs are too high for consumer 

use, the lidar is still superior to the alternatives 

from an accuracy and safety point of view [13]. 

 

Moreover, with the lidar wavelengths around 

700nm-1500nm, the system sensitivity is in the 

order of centimeters which meets the safety 

demands of inter-logistic transportation in 

manufacturing plants. However, lidar is not the 

ultimate standalone solution. The high cost of 

lidar units limits the number of such sensors 

installed on a vehicle. This limitation results in 
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significant safety flaws, such as blind spots. 

Therefore, other technologies, such as radar and 

camera sensors, are also being considered to 

complete autonomous operations [8, 11, 13, 

14]. However, in the current commercial 

developments, neither of these sensors (lidar, 

radar, camera) can alone be used in mobile 

robots. However, each may have some 

advantages over others in some specific cases.  

 

Figure 1 shows a performance comparison 

among three major sensor types: radar, lidar, 

and camera. The plot evaluates them on nine 

different conditions. Here 0 is the worst, and ten 

is the best in the corresponding category. We 

can see that some have superior performance 

for different conditions while inferior for 

others. None is sufficient in all situations and 

cases, especially detecting obstacles and blind 

spots. However, combining different 

technologies reduces the risk of failure to 

sufficiently cover all possible scenarios. 

However, the optimum combination is solely 

dependent on the use case. As complementary 

to lidar-based systems, radar comes as one of 

the best solutions for its high-speed operation, 

safe usage, privacy concerns, ruggedness 

against environmental factors such as smoke, 

dust, and dirt, and less demand for processing 

power. It is seen from Figure 1 that the limited 

horizontal resolution of the lidar would risk the 

mobile robot's safe operation. This limitation is 

addressed by integrating a radar sensor into a 

mobile robot's lidar-based sensing system. 

Finally, they together can satisfy a 360° 

continuous environment detection for mobile 

robots [8, 11].  

 

 
Figure 1 The capability of different sensors 

 

 

2. SYSTEM CONSIDERATIONS  

 

Figure 2 shows a 3D system sketch of an 

autonomous mobile robot. The system's power 

train consists of an industrial PLC, a safety 

PLC, two front and rear caster wheels, two DC-

motor-powered driver wheels in the middle, 

and two lidars in the front and rear.  

 

This study is carried out in two phases. First, in 

the prototype, the mobile robot prototype 

includes only a lidar sensor. The lidar data are 

obtained in a natural working environment.  

 

 
Figure 2 System Blocks of Mobile Robots 

 

The shortcomings of lidar-only detection are 

found. In the second phase, commercially 

available millimeter wave ISM (Industrial, 

Scientific, and Medical) radar systems are 

investigated to be used as a complementary 

system to lidar-only detection. Analog Devices 
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Eval-Radar-MMIC2 24GHz FMCW, radar 

development kit, is selected. This radar 

measures the range, velocity, and angle of 

arrival of the objects in its range. The 

equipment needs a phased array antenna 

system. The design and measurement of the 

antenna system are explained in detail. 

 

2.1. Lidar, Point Clouds, and Blind Spots 

 

A lidar system detects the objects in front and 

behind the mobile vehicles as point clouds 

which are the positive pixels detected as 

bouncing-back laser beams from a nearby 

object. The 2D lidar system continuously scans 

the laser beam in azimuth angles and generates 

such time and space-variant point clouds. 

 

Figure 3 shows the measurement data taken by 

the actual lidar system mounted in the front and 

rear bumper of a Mobile Robot. In this picture, 

the orange square represents the vehicle itself. 

The red arrow points to the direction of 

movement and the front side of the vehicle. 

Blue dots in the point cloud indicates objects 

around. The point cloud distributions change as 

time and vehicle progress. Data shown here is 

from the same instance of time and state of the 

vehicle. A dynamic map is generated by 

combining the front and rear lidar raw data 

when data is processed on the static map. It is 

seen from this figure that lidar helps the 

navigation of the vehicle by constantly 

detecting the objects around it. Each lidar scans 

an area with an angle of 210°. However, it is 

also seen that there are regions marked with 

yellow question marks that are unreachable by 

any of the lidar laser beams. Each of these 

regions corresponds to an angle of roughly 30 

degrees midway on both sides of the vehicle. 

These unlit regions are called blind spots, 

which cause significant safety risks. Therefore, 

it is crucial to detect any static or moving object 

in these areas to be able to make a sudden left 

or right turn safely.  

 

 
Figure 3 lidar beams coverage and blind spots 

 

The lidar technology's cost and size limit the 

number of sensors to be used in a mobile robot. 

Thus, a radar sensor is adopted to improve the 

coverage and detection of objects in the blind 

spot, which ultimately increases the vehicle's 

safety and enhances the accuracy of navigation 

maps. 

 

2.2. Radar and Antenna Arrays 

 

Radar technology only found its usage in the 

aviation and defense industry (ADEF) for many 

decades due to its high cost and bulky size up 

until the 2000s. Over the last two decades, 

integrating RF and digital parts of entire 

transceiver circuits in Silicon-based 

semiconductor technologies such as SOI-

CMOS and SiGe BiCMOS enabled its wide 

usage in many commercial applications and 

reduced overall cost tremendously [15]. In 

recent years, radar is becoming a standard part 

of Advanced Driver Assistance Systems 

(ADAS) in many automobiles. Including radar 

for blind spot detection, short-range and long-

range collision avoidance, parking assistance, 

lane tracking/changing assistance, vital 

function monitor, gesture recognition, and 

contactless infotainment has dramatically 

improved the safety, security, and comfort of 

the vehicles.  

 

A Frequency Modulated Continuous Wave 

(FMCW) radar can obtain various information 

concerning the detected objects using a chirp 

signal with a linearly increasing frequency over 
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a specific period. The received signal bounced 

from an object is mixed with a signal the same 

as the transmitted one, generating a down-

converted intermediate frequency signal, IF. 

The information related to the object is 

determined by analyzing this IF signal. Like the 

wavelength of the lidar laser beams, the 

frequency, and bandwidth of the transmitted 

radar signal limit detection resolution. The 

more the time duration of linear-frequency-

increasing chirp (namely, the larger its 

bandwidth), the finer the resolution for the 

detection of radar. So, the range resolution 

depends on the bandwidth swept by the chirp. 

However, since Analog-to Digital Converter 

would digitize the IF signal, its sampling rate 

also limits the radar's maximum range. Thus, 

the larger the chirp bandwidth, the better the 

range resolution. Also, the larger the IF 

bandwidth, the faster the chirps, and the better 

the maximum distance. 

 

The radar makes it possible to detect the 

moving object's distance, arrival time, 

movement direction, and speed. There are two 

different architectures for radar systems used in 

the current automotive applications: the 

Frequency-Modulated Continuous Wave 

(FMCW) radar and the Pulse-Doppler radar. 

FMCW is used in %90 of the existing 

applications. The FMCW radar has two types 

related to the RF signal it sends for detection. 

LSR- Low-Speed Ramp and HSR- High-Speed 

Ramp according to the speed of the sent ramp 

sign. The most common one is LSR, with %60 

usage in today's market. It does the detection by 

sending a triangle ramp sign with a rise time of 

3ms. HSR, which utilizes the trapezoidal wave 

changing between the range of 20s and 100s for 

the measurements, is used in %30 of the market. 

Pulse-Doppler radars are used in the remaining 

%10 of the automotive market radar 

applications. It is possible to immediately 

measure an object's speed and distance by 

sending many sequential pulse trains. In this 

work, Analog Devices' EVAL-RADAR-

MMIC2 radar kit is adopted. EVAL-RADAR-

MMIC2 is an Evaluation Board for a 24 GHz 

LSR FMCW-based radar system. Various 

frequencies were investigated for the radar 

system to improve the resolution. However, due 

to the limitation of measurement equipment and 

availability of the design kits 24GHz ISM band 

is preferred.  

 

Figure 4 shows the block diagram of the 24GHz 

LSR-based FMCW radar system. The signal 

chain chipsets are ADF5901, a 24 GHz VCO 

and PGA with 2-Channel PA Output; 

ADF5904, a 4-Channel, 24 GHz receiver 

Downconverter; and ADF4159 which is a 

Direct Modulation/Fast Waveform Generating, 

13 GHz, Fractional-N Frequency Synthesizer. 

They are all developed for commercial use in 

ADAS and industrial applications. 

 

 
Figure 4 ISM Radar Phased Array Antennas 

 

The system has a transmitter and receiver 

antenna system. The transmit antenna is like the 

receive antenna but only has two independent 

radiating elements instead of 4. The system 

operates in full duplex mode to support both 

transmit and receive. For phased array antenna, 

different topologies and technologies got 

studied. Although the end-fired antennas, such 

as the Vivaldi type, have superior performance 

in gain and directivity, their radiation pattern is 

perpendicular to the PCB's normal vector, 

which has a problematic installation on the flat 

body of the MoRo. Due to the production cost 

and ease of implementation, the microstrip 

patch antenna in series and the parallel 

combination is preferred for the arrays. 

Initially, a patch antenna at 24.35 GHz with 
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linear polarization is designed on a 6-mil 

Rogers substrate with a dielectric constant of 

3.48. The antenna sizes (Width W and Length 

L) were obtained using the following design 

formula [16]. The inset opening was used to 

allow the feed line to connect to the low-

impedance point of the antenna. The length of 

this inset, xp, was calculated according to 

equation 3. The spacing of the inset was chosen 

as 200um, dictated by the PCB vendor as the 

minimum manufacturable spacing with 

reasonable precision. 

 

𝑊 =
𝑐

2𝑓𝑚√𝜀𝑟𝑒𝑓𝑓
             (1) 

 

𝐿 =
𝑐

2𝑓𝑚√𝜀𝑟𝑒𝑓𝑓
− 𝐿𝑓𝑟𝑖𝑛𝑔𝑒            (2) 

 

𝑥𝑝 =
𝑐𝑜𝑠−1( √

𝑅𝑖
𝑅𝑒

4
)

𝜋
𝐿             (3) 

 

𝜀𝑟𝑒𝑓𝑓 =
𝜀𝑟+1

2
+

𝜀𝑟−1

2
[1 + 12

h

𝑊
]
−1/2

           (4) 

 

Here, W is the patch width, L is the pitch length, 

c is the speed of light, h is substrate height, fm is 

the working frequency of the antenna, εreff is the 

effective dielectric constant, Lfringe is the patch 

length due to the fringing electric field, xp is the 

inset length, Ri is the feeding line impedance, 

and Re is the patch edge impedance. 

 

The sizes of antenna design were further 

optimized using a Method-of-Moments-based 

EM simulator for an operation at 24.35GHz. 

The final dimensions were obtained for patch 

width and length as 3220μm x 4120μm. A 

5.1dBi maximum gain was obtained from this 

patch antenna according to the simulation 

results.  

 

However, higher gain performance is targeted 

for the system requirements. Based on the 

designed single patch, a 4-element parallel 

antenna array is developed to enhance the gain. 

Additionally, 4-patch antennas were placed at 

λ/2 distance from each other. Each antenna was 

designed according to 50Ω impedance, and λ/4 

impedance converter lines were used to adapt 

25Ω impedance, which occurs when two 

antennas are connected parallel, to the system 

impedance of 50Ω. Each patch's theoretical 

extra 3dBi gain contribution is limited due to 

the feedline losses. Figure 5 shows the 

simulation results for the four-element-patch 

array. The antenna system has a resonance of 

about 24.35 GHz with 10.3dBi gain. 

 
Figure 5 The antenna system with four parallel in-

set elements: Layout, simulated 3D radiation 

pattern, 2D polar pattern, return loss, gain, 

directivity, and tabulated summary 

 

A 4-port 4x4 microstrip antenna array is 

designed to increase the antenna's gain further. 

The antenna is changed from an inset-fed 

structure to a probe-fed form using a multi-

layer PCB for properly routing the feeding 

networks. The design is carried out using the 

equations in [17].  
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As shown 6-a, the design has 16 elements, each 

of which has dual-probe-fed ports and a 

stripline feeding network. The vertical antenna 

on a single column is parallel connected and fed 

from a single input. The design has 4 of these 

placed half-wavelengths. The antenna array is 

mounted on a Perfect Electric Conductor (a 

copper plate) to replicate the mobile robot 

body, as shown in Figure 6-b. Here port#2 is 

measured on the VNA while all other ports are 

terminated.  

 

 
Figure 6 (a) Antenna array and feed network (b) 

measurement setup 

 

Figure 7 shows the reflection coefficient in 

decibels, dB(S22). It is seen from the graph that 

the antenna system has broadband response 

starting from 24.45GHz and going beyond 

30.65GHz with a 15dB reflection coefficient. 

 

 
Figure 7 Single Port reflection coefficient in dB 

 

The 2D pattern is measured using a reference 

antenna and RMS power detector. Figure 8 

shows the antenna's radiation pattern when all 

ports are excited with equal phase and 

magnitude. The array shows a 20-degree 

beamwidth and16.2 dBi gain in its maximum 

direction. 

 

 
Figure 8 Radiation pattern under all ports equal-

excitation 

 

3. CONCLUSION 

 

This study analyses the safety and accuracy of 

lidar-based navigation of industrial mobile 

robots. Data obtained from lidar for natural 

navigation reveals that due to the position of 

lidar sensors, there are unavoidable blind 

regions on the sides of vehicles that pose a high 

risk of collision during sudden and abrupt turns. 

For example, a millimeter wave ISM band 

FMCW automotive radar sensor with Low-

Speed Ramp is used along with the proposed 

antenna system. The design steps, working 

principals, and simulated and measured results 

of the proposed 4-channel receiving antenna 

system are explained in detail. Finally, 

integrating lidar and radar sensors would give 

the mobile robots a continuous 360-degree 

peripheral consciousness. 
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A Note On E-Injective Modules 
 

Abuzer GÜNDÜZ *1 , Osama NAJİ1  

 

 

Abstract 

Let 𝑅 be a commutative ring with identity, 𝑀 an 𝑅-module and 𝐸 a torsion-free 𝑅-module. A 

submodule 𝑁 of 𝑀 is said to be essential (large) in 𝑀 if the intersection of 𝑁 with each nonzero 

submodule of 𝑀 is nonzero, that is, 𝑁 ∩ 𝑅𝑚 ≠ 0 for any nonzero element 𝑚 ∈ 𝑀 and we write 

𝑁 ≤𝑒 𝑀. It is clear that the class of 𝑒 − 𝑒𝑥𝑎𝑐𝑡 sequences is larger than the class of 𝑒𝑥𝑎𝑐𝑡 
sequences. In this study we present the concept of e-injective modules as a generalization of 

injective modules. The main goal is to give a characterization of e-injective modules in terms of 

contravariant functor 𝐻𝑜𝑚(−,𝐸). 
 

Keywords: E-injective modules, e-exact sequences, contravariant functor 

 

 

 

 

1. INTRODUCTION 

 

Let 𝑅 be a commutative ring with identity 

and 𝑀 an 𝑅-module. A submodule 𝑁 of 𝑀 is 

said to be essential (large) in 𝑀 if the 

intersection of 𝑁 with each nonzero 

submodule of 𝑀 is nonzero, that is, 𝑁 ∩
𝑅𝑚 ≠ 0 for any nonzero element 𝑚 ∈ 𝑀 

and we write 𝑁 ≤𝑒 𝑀. A sequence of 𝑅-

modules and 𝑅-module homomorphisms 𝑓𝑖 
 

… →  𝑀𝑖−1  
𝑓𝑖−1
→   𝑀𝑖  

𝑓𝑖
→ 𝑀𝑖+1  

𝑓𝑖+1
→   … 

 

 is called 𝑒𝑥𝑎𝑐𝑡 at 𝑀𝑖 if 𝐼𝑚(𝑓𝑖−1) =
𝐾𝑒𝑟(𝑓𝑖). Akray and Zebari in [1] introduced 

the 𝑒 − 𝑒𝑥𝑎𝑐𝑡 sequences as a generalization 

of exact sequences. The above sequence is 

called 𝑒 − 𝑒𝑥𝑎𝑐𝑡 at 𝑀𝑖 if 

𝐼𝑚(𝑓𝑖−1) ≤𝑒 𝐾𝑒𝑟(𝑓𝑖) and it is called 𝑒 −

 
* Corresponding author: abuzergunduz@sakarya.edu.tr 
1 Sakarya University 
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ORCID: https://orcid.org/0000-0003-3351-2443, https://orcid.org/0000-0002-6498-7620 
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𝑒𝑥𝑎𝑐𝑡 if it is 𝑒 − 𝑒𝑥𝑎𝑐𝑡 at each 𝑀𝑖. 
Expectedly, they defined the sequence  

 

0 →  𝐴1  
𝑓1
→ 𝐴2  

𝑓2
→ 𝐴3  →  0 

 

to be short 𝑒 − 𝑒𝑥𝑎𝑐𝑡 if 𝐾𝑒𝑟(𝑓1) = 0,
𝐼𝑚(𝑓1) ≤𝑒 𝐾𝑒𝑟(𝑓2) and 𝐼𝑚(𝑓2) ≤𝑒 𝐴3, 

where 𝑓𝑖: 𝐴𝑖 → 𝐴𝑖+1 is an 𝑅-module 

homomorphism for 𝑖 = 1,2. Recall from [1] 

that an 𝑅-morphism 𝑓: 𝐴1 → 𝐴2 is called 

𝑒𝑝𝑖𝑐 if 𝐼𝑚(𝑓1) ≤𝑒 𝐴2 and essential 𝑚𝑜𝑛𝑖𝑐 if 
𝐾𝑒𝑟𝑓1 = 0. It is clear that the class of 𝑒 −
𝑒𝑥𝑎𝑐𝑡 sequences is larger than the class of 

𝑒𝑥𝑎𝑐𝑡 sequences. For example consider the 

short 𝑒 − 𝑒𝑥𝑎𝑐𝑡 sequence 

 

0 →  8ℤ 
𝑓1
→  ℤ 

𝑓2
→  ℤ ∕ 8ℤ →  0 
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where 𝑓1(8𝑛) = 4𝑛 and 𝑓2(𝑛) = 2𝑛 + 8ℤ. 

Since 𝑓1 and 𝑓2 are epic, the sequence is 𝑒 −
𝑒𝑥𝑎𝑐𝑡. Note that 𝑓2 is not an 𝑒𝑝𝑖𝑚𝑜𝑟𝑝ℎ𝑖𝑠𝑚, 

so the sequence is not 𝑒𝑥𝑎𝑐𝑡. 
 

In the sake of completeness, we recall from 

[2] some basic definitions. An element 𝑚 of 

𝑀 is said to be torsion of 𝑀 if there exists a 

regular element 𝑟 ∈ 𝑅 such that 𝑟𝑚 = 0. 

The set of all torsion elements 𝑇(𝑀) is a 

submodule of 𝑀. Also, an 𝑅-module 𝑀 is 

called 𝑡𝑜𝑟𝑠𝑖𝑜𝑛 if 𝑇(𝑀) = 𝑀, and called 

𝑡𝑜𝑟𝑠𝑖𝑜𝑛 − 𝑓𝑟𝑒𝑒 when 𝑇(𝑀) = {0}.  
 

Let E be an R − module. E is said to be 

injective module if the following condition 

is satisfied: For any monic map f1: A1 → A2 
and any map f2: A1 → E, there exist f3: A2 →
E such that f3f1 = f2. 
 

 
 

Moreover, if  E is injective module, then the 

contravariant functor Hom(−, E) is an exact 
sequence [3].  

 

A group 𝐷 is called 𝑑𝑖𝑣𝑖𝑠𝑖𝑏𝑙𝑒 if for every 

positive integer 𝑛 and every 𝑑 ∈ 𝐷, there 

exists 0 ≠ 𝑥 ∈ 𝐷 such that 𝑛𝑥 = 𝑑. It is 

known that a group 𝐷 is 𝑑𝑖𝑣𝑖𝑠𝑖𝑏𝑙𝑒 if and 

only if it is 𝑖𝑛𝑗𝑒𝑐𝑡𝑖𝑣𝑒 [3]. 
 

Throughout this note, all modules are 

assumed to be torsion-free. In section 2, we 

introduce the definition of 𝑒 − 𝑖𝑛𝑗𝑒𝑐𝑡𝑖𝑣𝑒 𝐸. 

It is shown that a module 𝐸 is 𝑒 − 𝑖𝑛𝑗𝑒𝑐𝑡𝑖𝑣𝑒 

if and only if the contravariant functor 

𝐻𝑜𝑚(−,𝐸) is an 𝑒 − 𝑒𝑥𝑎𝑐𝑡 sequence. 

 

2. CHARACTERIZATION OF E-

INJECTIVE MODULE 

 

In this part, we investigate some results 

about e − injective modules such as when 

the contravariant functor Hom(−,M) is an 

e − exact sequence, E = ∏i∈Δ Ei is e −

injective for each Ei be an Ri-module for 

every i ∈ Δ  and short e − exact sequence is 

e − split. 
 

The following theorem shows that the 

contravariant functor 𝐻𝑜𝑚(−,𝑀) is a left 

𝑒 − 𝑒𝑥𝑎𝑐𝑡 functor when 𝑀 is a 𝑡𝑜𝑟𝑠𝑖𝑜𝑛 −
𝑓𝑟𝑒𝑒 𝑅-module. 

 

Theorem 1 [1] Suppose that the following 

sequence of 𝑅-modules and 𝑅-morphism  

 

𝑀1  
𝑓1
→ 𝑀2  

𝑓2
→ 𝑀3  →  0 

 

is 𝑒 − 𝑒𝑥𝑎𝑐𝑡. Then for all 𝑡𝑜𝑟𝑠𝑖𝑜𝑛 − 𝑓𝑟𝑒𝑒 

𝑅-module 𝑀, the sequence 

 

0 →  𝐻𝑜𝑚(𝑀3, 𝑀)  
𝑓2
∗

→  𝐻𝑜𝑚(𝑀2, 𝑀)  
𝑓1
∗

→  𝐻𝑜𝑚(𝑀1,𝑀) 
 

is 𝑒 − 𝑒𝑥𝑎𝑐𝑡. The converse is true if 

𝑀3/𝐼𝑚(𝑓2) and 𝑀2/𝐼𝑚(𝑓1) are 𝑡𝑜𝑟𝑠𝑖𝑜𝑛 −
𝑓𝑟𝑒𝑒 𝑅-modules.   

 

Definition 1 Let 𝑅 be a ring and 𝐸 an 𝑅 − 

module. 𝐸 is said to be 𝑒 − 𝑖𝑛𝑗𝑒𝑐𝑡𝑖𝑣𝑒 if the 

following condition is satisfied: For any 

monic map 𝑓1: 𝐴1 → 𝐴2 and any map 

𝑓2: 𝐴1 → 𝐸, there exist 0 ≠ 𝑟 ∈ 𝑅 and 

𝑓3: 𝐴2 → 𝐸 such that 𝑓3𝑓1 = 𝑟 ⋅ 𝑓2. 
 

 
 

Theorem 2 Let 𝑅 be a ring and 𝐸 an 𝑅-

module. Then the following statements are 

equivalent: 

 

(i)  𝐸 is an 𝑒 − 𝑖𝑛𝑗𝑒𝑐𝑡𝑖𝑣𝑒 𝑅-module. 

 

(ii) 𝐻𝑜𝑚(−,𝐸) is an 𝑒 − 𝑒𝑥𝑎𝑐𝑡 sequence.  

  

Proof. (i)⇒(ii): Suppose that 𝐸 is an 𝑒 −
𝑖𝑛𝑗𝑒𝑐𝑡𝑖𝑣𝑒 𝑅-module. Then by Theorem 1, 

𝐻𝑜𝑚(−,𝐸) is left 𝑒 − 𝑒𝑥𝑎𝑐𝑡 functor. It 
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remains to show that 𝐻𝑜𝑚(−,𝐸) is right 𝑒 −
𝑒𝑥𝑎𝑐𝑡 functor. Assume that 

 

0 →  𝐴1  
𝑓1
→ 𝐴2 

 

is an 𝑒 − 𝑒𝑥𝑎𝑐𝑡 sequence and we want to 

show that 

 

𝐻𝑜𝑚(𝐴2, 𝐸)
𝑓1
∗

→  𝐻𝑜𝑚(𝐴1, 𝐸) → 0 

 

is 𝑒 − 𝑒𝑥𝑎𝑐𝑡. Since the contravariant functor 

𝐻𝑜𝑚(−,𝐸) is left 𝑒 − 𝑒𝑥𝑎𝑐𝑡, it is enough to 

prove that 𝐼𝑚(𝑓1
∗) ≤𝑒 𝐻𝑜𝑚(𝐴1, 𝐸). Since 

we have that 𝑓1 is monic and let pick 𝑓2 ∈
𝐻𝑜𝑚(𝐴1, 𝐸), by the definition of 𝑒 −
𝑖𝑛𝑗𝑒𝑐𝑡𝑖𝑣𝑒, we have 𝑓3𝑓1 = 𝑟 ⋅ 𝑓2 for some 

0 ≠ 𝑟 ∈ 𝑅 and 𝑓3: 𝐴2 → 𝐸. This implies that 

𝑓1
∗(𝑓3) = 𝑟 ⋅ 𝑓2. Thus, 𝐼𝑚(𝑓1

∗) ∩ 𝑅𝑓2 ≠ 0 

and we obtian that 𝐼𝑚(𝑓1
∗) ≤𝑒 𝐻𝑜𝑚(𝐴1, 𝐸). 

 

(ii)⇒(i): Assume that 𝐻𝑜𝑚(−,𝐸) is an 𝑒 −
𝑒𝑥𝑎𝑐𝑡 functor. Let 𝑓1:  𝐴1 → 𝐴2 be a monic 

map and 𝑓2: 𝐴1 → 𝐸 any map. Since the 

sequence  

 

0 →  𝐴1  
𝑓1
→ 𝐴2 

 

is 𝑒 − 𝑒𝑥𝑎𝑐𝑡, then by assumption, the 

sequence 

 

𝐻𝑜𝑚(𝐴2, 𝐸)
𝑓1
∗

→  𝐻𝑜𝑚(𝐴1, 𝐸) → 0 

 

is also 𝑒 − 𝑒𝑥𝑎𝑐𝑡. Then we have 

𝐼𝑚(𝑓1
∗) ≤𝑒 𝐻𝑜𝑚(𝐴1, 𝐸). As 𝑓2 ∈

𝐻𝑜𝑚(𝐴1, 𝐸), there exist 0 ≠ 𝑟 ∈ 𝑅 and 𝑓3 ∈
𝐻𝑜𝑚(𝐴2, 𝐸) such that 𝑓1

∗(𝑓3) = 𝑟 ⋅ 𝑓2. This 

implies that 𝑓3𝑓1 = 𝑟𝑓2. Hence 𝐸 is 𝑒 −
𝑖𝑛𝑗𝑒𝑐𝑡𝑖𝑣𝑒.  
 

Theorem 3 Let 𝐸𝑖 be an 𝑅𝑖-module for each 

𝑖 ∈ 𝛥, where 𝛥 is an index set. Assume that 

𝑅 = ∏𝑖∈𝛥 𝑅𝑖 and 𝐸 = ∏𝑖∈𝛥 𝐸𝑖. Then the 

following statements hold: 

 

(i) If 𝐸 is an e-injective 𝑅-module, then 𝐸𝑖 is 

an e-injective 𝑅𝑖-module for some 𝑖 ∈ Δ. 

 

(ii) If 𝐸𝑖 is an e-injective 𝑅𝑖-module for each 

𝑖 ∈ Δ, then 𝐸 is an e-injective 𝑅-module.  

 

Proof. (i): Suppose that 𝑓1: 𝐴1 → 𝐴2 is a 

monic map and 𝑓2: 𝐴1 → 𝐸𝑖. Consider the 

following diagram 

 

 
 

where 𝑖𝑖: 𝐸𝑖 → 𝐸 is the injective map and 

𝑝𝑖: 𝐸 → 𝐸𝑖 is the projective map. Since 

𝑖𝑖𝑓2: 𝐴1 → 𝐸 and 𝐸 is an 𝑒 − 𝑖𝑛𝑗𝑒𝑐𝑡𝑖𝑣𝑒 𝑅-

module, there exist 0 ≠ 𝑟 = (𝑟𝑖)𝑖∈Δ ∈ 𝑅 and 

𝑓4: 𝐴2 → 𝐸 such that 𝑓4𝑓1 = 𝑟 ⋅ (𝑖𝑖𝑓2). 
Assume that 𝑟𝑘 ≠ 0 for some 𝑘 ∈ Δ and 

define 𝑓3: 𝐴2 → 𝐸𝑘 by 𝑓3 = 𝑝𝑘𝑓4. Since 𝑝𝑘 ∘
𝑖𝑘 = 1𝐸𝑘 , we obtain  

 

𝑓3𝑓1 = 𝑝𝑘𝑓4𝑓1 = 𝑝𝑘(𝑟 ⋅ 𝑖𝑘𝑓2) = 𝑟𝑘𝑝𝑘𝑖𝑘𝑓2
= 𝑟𝑘𝑓2 

 

Therefore, 𝐸𝑘 is an 𝑒 − 𝑖𝑛𝑗𝑒𝑐𝑡𝑖𝑣𝑒 𝑅𝑘-

module. 

(ii): Assume that 𝑓: 𝐴1 → 𝐴2 is a monic map 

and 𝑔: 𝐴1 → 𝐸. Consider the following 

diagram 

 

 
 

Since 𝐸𝑖 is 𝑒 − 𝑖𝑛𝑗𝑒𝑐𝑡𝑖𝑣𝑒 and 𝑝𝑖𝑔: 𝐴1 → 𝐸𝑖 
for each 𝑖 ∈ Δ, there exist 0 ≠ 𝑟𝑖 ∈ 𝑅𝑖 and 

𝑓𝑖: 𝐴2 → 𝐸𝑖 such that 𝑓𝑖𝑓 = 𝑟𝑖(𝑝𝑖𝑔). Then 
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there exists ℎ: 𝐴2 → 𝐸 such that 𝑓𝑖 = 𝑝𝑖ℎ. 

Let 0 ≠ 𝑟 = (𝑟𝑖) ∈ 𝑅 and note that 𝑝𝑖ℎ𝑓 =
𝑓𝑖𝑓 = 𝑟𝑖𝑝𝑖𝑔 = 𝑝𝑖(𝑟𝑔). Hence, we get ℎ𝑓 =
𝑟𝑔. Therefore, 𝐸 is an e-injective 𝑅-module. 

 

Theorem 4 Let 𝑅 be a ring and 𝐸 be an 𝑒 −
𝑖𝑛𝑗𝑒𝑐𝑡𝑖𝑣𝑒 𝑅 − module. For any monic map 

 

0 →  𝐸 
𝑓
→  𝐿 

 

there exists an 𝑅-homomorphism 𝛼: 𝐿 → 𝐸 

such that 𝛼𝑓 = 𝑟 ⋅ 1𝐸 for some 0 ≠ 𝑟 ∈ 𝑅. 

 

Proof. It is clear.  

 

Definition 2 [1] Let  

 

0 →  𝐸 
𝑓1
→ 𝐴1  

𝑓2
→ 𝐴2  →  0 

 

be a short 𝑒 − 𝑒𝑥𝑎𝑐𝑡 sequence. If for any 

map 𝑓1: 𝐸 → 𝐴1 there exist 𝑔: 𝐴1 → 𝐸 and 

𝑟 ∈ 𝑅 such that 𝑔𝑓1 = 𝑟 ⋅ 1𝐸 . Then the 

above short 𝑒 − 𝑒𝑥𝑎𝑐𝑡 sequence is called 

𝑒 − 𝑠𝑝𝑙𝑖𝑡. 
 

Theorem 5 An 𝑒 − 𝑒𝑥𝑎𝑐𝑡 sequence 

 

0 →  𝐸 
𝑓1
→ 𝐴1  

𝑓2
→ 𝐴2  →  0 

 

is 𝑒 − 𝑠𝑝𝑙𝑖𝑡 if 𝐸 is an 𝑒 − 𝑖𝑛𝑗𝑒𝑐𝑡𝑖𝑣𝑒 module.  

 

Proof. Suppose that  

 

0 →  𝐸 
𝑓1
→ 𝐴1  

𝑓2
→ 𝐴2  →  0 

 

is an 𝑒 − 𝑒𝑥𝑎𝑐𝑡 sequence and 𝐸 is an 𝑒 −
𝑖𝑛𝑗𝑒𝑐𝑡𝑖𝑣𝑒 𝑅-module. Then by Theorem 2, 

the sequence 

 

0 
→  𝐻𝑜𝑚(𝐴2, 𝐸)  
𝑓2
∗

→   𝐻𝑜𝑚(𝐴1, 𝐸)  
𝑓1
∗

→   𝐻𝑜𝑚(𝐸, 𝐸)  →  0 

 

is 𝑒 − 𝑒𝑥𝑎𝑐𝑡. Since 𝑓1
∗ is epic, 

𝐼𝑚(𝑓1
∗) ≤𝑒 𝐻𝑜𝑚(𝐸, 𝐸). Note that 1𝐸 ∈

𝐻𝑜𝑚(𝐸, 𝐸), so there exist a map 𝑔: 𝐴1 → 𝐸 

and 𝑟 ∈ 𝑅 such that 𝑓1
∗(𝑔) = 𝑟 ⋅ 1𝐸  and 

hence 𝑔𝑓1 = 𝑟 ⋅ 1𝐸. Therefore the sequence 

is 𝑒 − 𝑠𝑝𝑙𝑖𝑡. 
 

 

 

3. CONCLUSION 

 

As a result, we get the definition of the e −
injective R-module and some results. We 

hope that the results give rise to new results 

in Homological Algebra with regard to e −
exact theory such as e − flat module and 

e − homology, e − functor. 
 

Acknowledgement 

The authors would like to thank the referees 

for their valuable suggestions that improved 

this paper. 

 

Funding 

The authors received no financial support for 

the research, authorship and publication of 

this study. 

 

Authors’ Contribution 

The authors contributed equally to the study. 

 

 The Declaration of Ethics Committee 

Approval 

The study does not require ethics committee 

permission or any special permission. 

 

The Declaration of Research and 

Publication Ethics 

The authors of the paper declare that they 

comply with the scientific, ethical, and 

quotation rules of SAUJS in all processes of 

the paper and that they do not make any 

falsification of the data collected. In 

addition, they declare that Sakarya 

University Journal of Science and its 

editorial the board has no responsibility for 

any ethical violations that may be 

encountered, and that this the study has not 

been evaluated in any academic publication 

environment other than Sakarya University 

Journal of Science. 

 

 

Abuzer GÜNDÜZ, Osama NAJİ

A Note On E-Injective Modules

Sakarya University Journal of Science 26(6), 1262-1266, 2022 1265



REFERENCES 

 

[1] I. Akray, A. Zebari, “Essential exact 

sequences,” Communications of the 

Korean Mathematical Society, 2020; 

35(2):469-480. 

[2] A. Tercan, C. C. Yücel, “Module 

Theory, Extending Modules and 

Generalizations,” Bassel: Birkhäuser, 

Springer, 2016. 

[3] J. J. Rotman, J. J. Rotman, “An 

introduction to homological algebra,” 

New York: Springer, 2009.  

 

Abuzer GÜNDÜZ, Osama NAJİ

A Note On E-Injective Modules

Sakarya University Journal of Science 26(6), 1262-1266, 2022 1266



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: Stability of Partial Differential Equations by Mahgoub Transform Method

Authors: Harun BİÇER

Recieved: 2022-07-07 00:00:00

Accepted: 2022-10-23 00:00:00

Article Type: Research Article

Volume: 26
Issue: 6
Month: December
Year: 2022
Pages: 1267-1273

How to cite
Harun BİÇER; (2022), Stability of Partial Differential Equations by Mahgoub
Transform Method. Sakarya University Journal of Science, 26(6), 1267-1273, DOI:
10.16984/saufenbilder.1142084
Access link
https://dergipark.org.tr/en/pub/saufenbilder/issue/74051/1142084

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



   
 

  

 

Stability of Partial Differential Equations by Mahgoub Transform Method 

 

 

Harun BİÇER*1  

 

 

Abstract 

 

The stability theory is an important research area in the qualitative analysis of partial differential 

equations. The Hyers-Ulam stability for a partial differential equation has a very close exact 

solution to the approximate solution of the differential equation and the error is very small which 

can be estimated. This study examines Hyers-Ulam and Hyers-Ulam Rassias stability of second 

order partial differential equations. We present a new method for research of the Hyers-Ulam 

stability of partial differential equations with the help of the Mahgoub transform. The Mahgoub 

transform method is practical as a fundamental tool to demonstrate the original result on this study. 

Finally, we give an example to illustrate main results. Our findings make a contribution to the topic 

and complete those in the relevant literature. 

 

Keywords: Hyers-Ulam stability, Mahgoub transform, partial differential equation 

 

 
 

1. INTRODUCTION 

 
In the domains of chemistry, biology, 

engineering, physics, economics etc., partial 

differential equations can be used as very 

effective tools for mathematical modeling of 

systems and processes. Therefore, several real-

world events related to the sciences and 

engineering method disciplines depend greatly 

on the qualitative characteristics of partial 

differential equation solutions. However, we do 

not want to go into the specifics of the partial 

differential equation applications here. This 

material highlights the significance of 

 
* Corresponding author: hbicer@bingol.edu.tr 
1 Bingöl University 

ORCID: https://orcid.org/0000-0002-9854-0595 

 Content of this journal is licensed under a Creative Commons Attribution-Non Commercial No Derivatives 4.0 International License. 

researching qualitative characteristics, Hyers-

Ulam stability (HUS) and Hyers-Ulam Rassias 

stability (HURS) of partial differential 

equations. 

 

The classic Fourier integral is where the 

Mahgoub transform gets its name. Mahgoub 

improved the Mahgoub transform to make it 

easier to solve ordinary and partial differential 

equations in the time domain. The most 

practical mathematical methods for solving 

differential equations are often Fourier, 

Laplace, Elzaki, Aboodh, Sumudu and 

Mahgoub transforms. In order to solve 
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differential equations, the Mahgoub transform 

and some of its essential features are also used. 

 

Ulam discussed the stability of homomorphism 

in 1940 (see [1]). Hyers [2] in the Banach 

spaces provided a partial solution to this puzzle. 

Numerous academics have since studied the 

stability problems of functional differential 

equations ( see [1-18]). 

 

In 2009, Jung [7] studied the (HUS) of first-

order linear partial differential equations 

 
𝑎𝑢𝑥(𝑥, 𝑦) + 𝑏𝑢𝑦(𝑥, 𝑦) + 𝑔(𝑦)𝑢(𝑥, 𝑦) + ℎ(𝑦) = 0 

 

and 

 
𝑎𝑢𝑥(𝑥, 𝑦) + 𝑏𝑢𝑦(𝑥, 𝑦) + 𝑔(𝑥)𝑢(𝑥, 𝑦) + ℎ(𝑥) = 0 

 

in the cases of 𝑎 ≤ 0, 𝑏 > 0 and 𝑎 > 0, 𝑏 ≤
0, (𝑎, 𝑏 ∈ ℝ) respectively. 

 
Thereafter, Lungu and Popa [9] proved the 

(HUS) of first order partial differential equation 

of the form 

 
𝑝(𝑥, 𝑡)𝑢𝑥 + 𝑞(𝑥, 𝑡)𝑢𝑡 = 𝑝(𝑥, 𝑡)𝑟(𝑥)𝑢 + 𝑓(𝑥, 𝑡). 
 

Huang and Li [10] proved the (HUS) of the first 

order linear partial differential equations in n-

dimensional space. 

  

See, in particular, the publications of Biçer and 

Tunç [3-4], Jung and Brzdek [8], Huang and Li 

[10], Otrocal and Ilea [12], and Tunç and Biçer 

[16] and the references therein for additional 

results on the (HUS) of ordinary or partial 

differential equations. 

 

In this study, using Mahgoub transform 

method, we investigate the (HUS) of the 

homogeneous and nonhomogeneous second 

order partial differential equations 

 

 𝑢𝜘𝜘(𝛾, 𝑥) − 𝜆2𝑢(𝛾, 𝜘) = 0,                                          (1) 
 

 𝑢𝜘𝜘(𝛾, 𝜘) − 𝜆2𝑢(𝛾, 𝜘) = 𝑔(𝛾, 𝜘)                                 (2) 

for (𝛾, 𝜘) ∈ 𝐷, 𝐷 = 𝐼 × 𝐼, 𝐼 = [𝑎, 𝑏], 𝑓 ∈ 𝐶(𝐼 ×

𝐼) = {𝑔: 𝐼 × 𝐼 → ℝ: 𝑔 is continuous}, −∞ < 𝑎 <
𝑏 < ∞. 

2. PRELIMINARIES 

 
This section introduces several common 

terminologies and notations that will help to 

support our primary findings. 

 

If there exist constants 𝑋, 𝑌 ∈ ℝ such that 

 
|ℎ1(𝑧)| ≤ 𝑋𝑒𝑌𝑡 

 

for all 𝑧 ≥ 0, then the function ℎ1: [0, ∞) → ℝ is 

of exponential order. 

Similarly, if there exist constants 𝑋, 𝑌 ∈ ℝ such 

that 
|ℎ2(𝑧)| ≤ 𝑋𝑒𝑌𝑡 

 

for all 𝑧 ≥ 0, then the function ℎ2: (−∞, 0] → ℝ 

is of exponential order. 

 

Definition 2.1. ([1]) The definition of Mahgoub 

integral transform for the function 𝑢: [0, ∞) →
ℝ is 

ℳ{𝑢(𝜘)} = 𝑣 ∫ 𝑢(𝑠)𝑒−𝑣𝑠𝑑𝑠 = 𝑈(𝑣),

∞

0

 

in which ℳ is the Mahgoub integral transform 

operator. 

 

If 𝑢(𝜘) is piecewise continuous and of 

exponential order, the Mahgoub integral 

transform for the function 𝑢: [0, ∞) → ℝ exists. 

These are the only prerequisites that are 

sufficient conditions for the existence the 

Mahgoub transform of the function 𝑢(𝜘). 
For partial differential equation, the Mahgoub 

transform of the function 𝑢(𝛾, 𝜘) is  

ℳ{𝑢(𝛾, 𝜘)} = 𝑣 ∫ 𝑢(𝛾, 𝑠)𝑒−𝑣𝑠𝑑𝑠 = 𝑈(𝛾, 𝑣).

∞

0

 

Using integration by parts we obtain the 

Mahgoub transform for partial derivatives as 

folllows:  
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ℳ{𝑢𝛾(𝛾, 𝜘)} = 𝑣 ∫ 𝑢𝛾(𝛾, 𝑠)𝑒−𝑣𝑠𝑑𝑠 =
𝑑

𝑑𝛾
𝑈(𝛾, 𝑣),

∞

0

 

ℳ{𝑢𝛾𝛾(𝛾, 𝜘)} = 𝑣 ∫ 𝑢𝛾𝛾(𝛾, 𝑠)𝑒−𝑣𝑠𝑑𝑠

∞

0

=
𝑑2

𝑑𝛾2
𝑈(𝛾, 𝑣), 

ℳ{𝑢𝜘(𝛾, 𝜘)} = 𝑣 ∫ 𝑢𝜘(𝛾, 𝑠)𝑒−𝑣𝑠𝑑𝑠

∞

0

 

                         = 𝑣𝑈(𝛾, 𝑣) − 𝑣𝑢(𝛾, 0), 
 

ℳ{𝑢𝜘𝜘(𝛾, 𝜘)} = 𝑣 ∫ 𝑢𝜘𝜘(𝛾, 𝑠)𝑒−𝑣𝑠𝑑𝑠

∞

0

 

                            = 𝑣2𝑈(𝛾, 𝑣) − 𝑣2𝑢(𝛾, 0) 
                                −𝑣𝑢𝜘(𝛾, 0). 
 

Definition 2.2 ([1]) Let 𝑢 and 𝑤  be Lebesgue-
integrable functions on (−∞, ∞). The 

convolution of the functions 𝑢(𝜘) and 𝑤(𝜘) is 

denoted by 𝑢(𝜘) ∗ 𝑤(𝜘) and is defined by 

 
𝑢(𝜘) ∗ 𝑤(𝜘) = (𝑢 ∗ 𝑤)(𝜘) 

                    = ∫ 𝑢(𝑠)𝑤(𝜘 − 𝑠)𝑑𝑠
∞

−∞
. 

 

Theorem 2.3. (Convolution theorem for 

Mahgoub transform) ([1]). Suppose that 𝑢(𝜘) 

and 𝑤(𝜘) are given functions defined for 𝜘 ≥ 0. 
If ℳ{𝑢(𝜘)} = 𝑈(𝑣) and ℳ{𝑤(𝜘)} = 𝑊(𝑣), then 

 

ℳ{𝑢(𝜘) ∗ 𝑤(𝜘)} =
1

𝑣
𝑈(𝑣)𝑊(𝑣). 

 

Definition 2.4. If there is a constant 𝐾 > 0 such 

that if for 𝜀 > 0, there exists 𝑢: 𝐼 × 𝐼 → ℝ, 

fulfilling the inequality 

 
|𝑢𝜘𝜘(𝛾, 𝜘) − 𝜆2𝑢(𝛾, 𝜘)| ≤ 𝜀 

 

for all (𝛾, 𝜘) ∈ 𝐷, then there exists a solution 

𝑤: 𝐼 × 𝐼 → ℝ satisfying the differential equation 

 
𝑤𝜘𝜘(𝛾, 𝜘) = 𝜆2𝑤(𝛾, 𝜘) 

 

such that 

 
|𝑢(𝛾, 𝜘) − 𝑤(𝛾, 𝜘)| ≤ 𝐾𝜀 

 

for all (𝛾, 𝜘) ∈ 𝐷, where 𝐾 is the (HUS) constant 

for (1). In this case, we say that the differential 

equation (1) has the (HUS). 

 

Definition 2.5. If there is a constant 𝐾𝜑 > 0 

such that if for every 𝜀 > 0, there exists 

𝑢: 𝐼 × 𝐼 → ℝ, fulfilling the inequality 

 
|𝑢𝜘𝜘(𝛾, 𝜘) − 𝜆2𝑢(𝛾, 𝜘) − 𝑔(𝛾, 𝜘)| ≤ 𝜀𝜑(𝛾, 𝜘) 

 

for all (𝛾, 𝜘) ∈ 𝐷, then there exists a solution 

𝑤: 𝐼 × 𝐼 → ℝ satisfying the differential equation 

 
𝑤𝜘𝜘(𝛾, 𝜘) = 𝜆2𝑤(𝛾, 𝜘) + 𝑔(𝛾, 𝜘) 

 

such that  

 
|𝑢(𝛾, 𝜘) − 𝑤(𝛾, 𝜘)| ≤ 𝐾𝜑𝜀𝜑(𝛾, 𝜘) 

for all (𝛾, 𝜘) ∈ 𝐷. We call such 𝐾𝜑 the (HURS) 

constant for (2). In this case, we say that the 

differential equation (1) has the (HURS). 

 

3. MAIN RESULTS 

 
Theorem 3.1. The differential equation (1) has 

the (HUS). 

 

Proof. Let 𝜀 > 0. Assume that 𝑢: 𝐼 × 𝐼 → ℝ 

satisfies 

 
|𝑢𝜘𝜘(𝛾, 𝜘) − 𝜆2𝑢(𝛾, 𝜘)| ≤ 𝜀                                            (3) 

  

for all (𝛾, 𝜘) ∈ 𝐷. We will show that there exists 

a 𝐾 > 0 such that 

 
|𝑢(𝛾, 𝜘) − 𝑤(𝛾, 𝜘)| ≤ 𝐾𝜀 

 

for some 𝑤: 𝐼 × 𝐼 → ℝ satisfying 

 
𝑤𝜘𝜘(𝛾, 𝜘) − 𝜆2𝑤(𝛾, 𝜘) = 0 

 

for all (𝛾, 𝜘) ∈ 𝐷. Define the function 𝑝: 𝐼 × 𝐼 →
ℝ 
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by 
 𝑝(𝛾, 𝜘) =: 𝑢𝜘𝜘(𝛾, 𝜘) − 𝜆2𝑢(𝛾, 𝜘) 

 

for all (𝛾, 𝜘) ∈ 𝐷. By (3), we have 

 
|𝑝(𝛾, 𝜘)| ≤ 𝜀. 
 

Applying the Mahgoub transform to 𝑝, we 

obtain 

 
ℳ{𝑝(𝛾, 𝜘)} = (𝑣2 − 𝜆2)ℳ{𝑢(𝛾, 𝜘)} 

                      −𝑣2𝑢(𝛾, 0) − 𝑣𝑢𝜘(𝛾, 0),                      (4) 

 

and so 
 

 ℳ{𝑢(𝛾, 𝜘)} =
ℳ{𝑝(𝛾,𝜘)}+𝑣2𝑢(𝛾,0)+𝑣𝑢𝜘(𝛾,0)

𝒗𝟐−𝜆2 .          (5) 

 

From (4), a function 𝑢0: 𝐼 × 𝐼 → ℝ is a solution 

of (1) if and only if 
 

(𝑣2 − 𝜆2)ℳ{𝑢0} − 𝑣2𝑢0(𝛾, 0) − 𝑣(𝑢0)𝜘(𝛾, 0) = 0. 
 
Set  

𝑤(𝛾, 𝜘) = 𝑢(𝛾, 0) (
𝑒𝜆𝜘+𝑒−𝜆𝜘

2
) + 𝑢𝜘(𝛾, 0) (

𝑒𝜆𝜘−𝑒−𝜆𝜘

2𝜆
). 

 

Then, we obtain 𝑤(𝛾, 0) = 𝑢(𝛾, 0) and 

𝑤𝜘(𝛾, 0) = 𝑢𝜘(𝛾, 0). Applying the Mahgoub 

transform of 𝑤, we get 

 

ℳ{𝑤(𝛾, 𝜘)} =
𝑣2𝑢(𝛾,0)+𝑣𝑢𝜘(𝛾,0)

𝑣2−𝜆2 ,                                     (6) 

 

for 0 < 𝜆 < 𝑣. Moreover, 

 
ℳ{𝑤𝜘𝜘(𝛾, 𝜘) − 𝜆2𝑤(𝛾, 𝜘)} 
= (𝑣2 − 𝜆2)ℳ{𝑤(𝛾, 𝜘)} 
    −𝑣2𝑤(𝛾, 0) − 𝑣𝑤𝜘(𝛾, 0). 

 

Using (6), we get 

 
ℳ{𝑤𝜘𝜘(𝛾, 𝜘) − 𝜆2𝑤(𝛾, 𝜘)} = 0. 
 

Since ℳ is a one-to-one linear operator, we 

have 

 
𝑤𝜘𝜘(𝛾, 𝜘) − 𝜆2𝑤(𝛾, 𝜘) = 0. 
 

As a result of above equality, we say that 𝑤 is a 

solution of (1). It follows from (5) and (6) that 

 
ℳ{𝑢(𝛾, 𝜘)} − ℳ{𝑤(𝛾, 𝜘)}

=
ℳ{𝑝(𝛾, 𝜘)} + 𝑣2𝑢(𝛾, 0) + 𝑣𝑢𝜘(𝛾, 0)

𝒗𝟐 − 𝜆2
 

                 

   −
𝑣2𝑢(𝛾,0)+𝑣𝑢𝜘(𝛾,0)

𝑣2−𝜆2  

             

 =
ℳ{𝑝(𝛾,𝜘)}

𝑣2−𝜆2 , 

 
ℳ{𝑢(𝛾, 𝜘)} − ℳ{𝑤(𝛾, 𝜘)} 

= ℳ {𝑝(𝛾, 𝜘) ∗ (
𝑒𝜆𝜘 − 𝑒−𝜆𝜘

2𝜆
)}. 

 

From this equalities, we conclude that 

 

𝑢(𝛾, 𝜘) − 𝑤(𝛾, 𝜘) = 𝑝(𝛾, 𝜘) ∗ (
𝑒𝜆𝜘 − 𝑒−𝜆𝜘

2𝜆
). 

 

Using |𝑝(𝛾, 𝜘)| ≤ 𝜀 and taking the modulus on 

both sides of above equality, we obtain 

|𝑢(𝛾, 𝜘) − 𝑤(𝛾, 𝜘)| 

= |𝑝(𝛾, 𝜘) ∗ (
𝑒𝜆𝜘 − 𝑒−𝜆𝜘

2𝜆
)| 

≤ | ∫ 𝑝(𝛾, 𝑠) (
𝑒𝜆(𝜘−𝑠) − 𝑒−𝜆(𝜘−𝑠)

2𝜆
) 𝑑𝑠

∞

−∞

| 

≤ 𝜀 | ∫ (
𝑒𝜆(𝜘−𝑠) − 𝑒−𝜆(𝜘−𝑠)

2𝜆
) 𝑑𝑠

∞

−∞

| 

 

for all (𝛾, 𝜘) ∈ 𝐷, where 

 

𝐾 = | ∫ (
𝑒𝜆(𝜘−𝑠) − 𝑒−𝜆(𝜘−𝑠)

2𝜆
) 𝑑𝑠

∞

−∞

|. 

 

Hence |𝑢(𝛾, 𝜘) − 𝑤(𝛾, 𝜘)| ≤ 𝐾𝜀. 
 

Theorem 3.2. The differential equation (2) has 

the (HURS). 

 

Proof. Let 𝜀 > 0 and 𝜑 ∈ 𝐶(𝐼 × 𝐼). Assume that 

𝑢: 𝐼 × 𝐼 → ℝ satisfies 
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|𝑢𝜘𝜘(𝛾, 𝜘) − 𝜆2𝑢(𝛾, 𝜘) − 𝑔(𝛾, 𝜘)| ≤ 𝜀𝜑(𝛾, 𝜘)   (7) 

 
for all (𝛾, 𝜘) ∈ 𝐷. We will show that there exists 

a 𝐾𝜑 > 0 such that 

 
|𝑢(𝛾, 𝜘) − 𝑤(𝛾, 𝜘)| ≤ 𝐾𝜑𝜀𝜑(𝛾, 𝜘) 

 
for some 𝑤: 𝐼 × 𝐼 → ℝ satisfying 

 
𝑤𝜘𝜘(𝛾, 𝜘) − 𝜆2𝑤(𝛾, 𝜘) = 𝑔(𝛾, 𝜘) 

 

for all (𝛾, 𝜘) ∈ 𝐷. Define the function 𝑝: 𝐼 × 𝐼 →

ℝ by 

 𝑝(𝛾, 𝜘) =: 𝑢𝜘𝜘(𝛾, 𝜘) − 𝜆2𝑢(𝛾, 𝜘) −  𝑔(𝛾, 𝜘) 

 
for all (𝛾, 𝜘) ∈ 𝐷. By (7), we have 

 
|𝑝(𝛾, 𝜘)| ≤ 𝜀𝜑(𝛾, 𝜘). 
 

Applying the Mahgoub transform to 𝑝, we 

obtain 

 
ℳ{𝑝(𝛾, 𝜘)} = (𝑣2 − 𝜆2)ℳ{𝑢(𝛾, 𝜘)}-𝑣2𝑢(𝛾, 0) 

−𝑣𝑢𝜘(𝛾, 0) − ℳ{𝑔(𝛾, 𝜘)}, 
 
and so 

 
ℳ{𝑢(𝛾, 𝜘)}  

=
ℳ{𝑝(𝛾,𝜘)}+𝑣2𝑢(𝛾,0)+𝑣𝑢𝜘(𝛾,0)+ℳ{𝑔(𝛾,𝜘)}

𝑣2−𝜆2 .                    (8) 

 

From (8), a function 𝑢0: 𝐼 × 𝐼 → ℝ is a solution 

of (2) if and only if 

 
ℳ{𝑔(𝛾, 𝜘)} = (𝑣2 − 𝜆2)ℳ{𝑢0} − 𝑣2𝑢0 

                          −𝑣(𝑢0)𝜘(𝛾, 0). 
 

Putting 𝑟(𝜘) =
𝑒𝜆𝜘−𝑒−𝜆𝜘

2𝜆
, we obtain 

 

𝑤(𝛾, 𝜘) = 𝑢(𝛾, 0) (
𝑒𝜆𝜘 + 𝑒−𝜆𝜘

2
) + 𝑢𝜘(𝛾, 0)𝑟(𝜘) 

                  +[𝑟(𝜘) ∗ 𝑔(𝛾, 𝜘)]. 
 

Then, we have 𝑤(𝛾, 0) = 𝑢(𝛾, 0) and 𝑤𝜘(𝛾, 0) =

𝑢𝜘(𝛾, 0). Applying the Mahgoub transform of 𝑤, 
we get 

 ℳ{𝑤(𝛾, 𝜘)} =
𝑣2𝑢(𝛾,0)+𝑣𝑢𝜘(𝛾,0)+ℳ{𝑔(𝛾,𝜘)}

𝑣2−𝜆2           (9) 

 

for 0 < 𝜆 < 𝑣.  As opposed to that, 

 
ℳ{𝑤𝜘𝜘(𝛾, 𝜘) − 𝜆2𝑤(𝛾, 𝜘)} 
= (𝑣2 − 𝜆2)ℳ{𝑤(𝛾, 𝜘)} 

    −𝑣2𝑤(𝛾, 0) − 𝑣𝑤𝜘(𝛾, 0).   

 

Using (9), we have 

 
ℳ{𝑤𝜘𝜘(𝛾, 𝜘) − 𝜆2𝑤(𝛾, 𝜘)} = ℳ{𝑔(𝛾, 𝜘)}. 
 

The last equality implies that 

 
𝑤𝜘𝜘(𝛾, 𝜘) − 𝜆2𝑤(𝛾, 𝜘) = 𝑔(𝛾, 𝜘). 
 

This means that 𝑤 is a solution of (2). It follows 

from (8) and (9) that 

 
ℳ{𝑢(𝛾, 𝜘)} − ℳ{𝑤(𝛾, 𝜘)} 

= 
ℳ{𝑝(𝛾,𝜘)}

𝑣2−𝜆2  

= ℳ{𝑝(𝛾, 𝜘) ∗ 𝑟(𝜘)}. 
                                       
Thus 𝑢 − 𝑤 = 𝑝 ∗ 𝑟. Using |𝑝(𝛾, 𝜘)| ≤ 𝜀𝜑(𝛾, 𝜘) 

and taking the modulus on both sides of above 

equality, we obtain 

 
|𝑢(𝛾, 𝜘) − 𝑤(𝛾, 𝜘)| 

= |𝑝(𝛾, 𝜘) ∗ (
𝑒𝜆𝜘 − 𝑒−𝜆𝜘

2𝜆
)| 

≤ | ∫ 𝑝(𝛾, 𝑠)𝑟(𝜘 − 𝑠)𝑑𝑠

∞

−∞

| 

≤ 𝜀𝜑(𝛾, 𝜘) | ∫ (
𝑒𝜆(𝜘−𝑠) − 𝑒−𝜆(𝜘−𝑠)

2𝜆
) 𝑑𝑠

∞

−∞

| 

 ≤ 𝐾𝜑𝜀𝜑(𝛾, 𝜘) 

 

where 

𝐾𝜑 = | ∫ (
𝑒𝜆(𝜘−𝑠) − 𝑒−𝜆(𝜘−𝑠)

2𝜆
) 𝑑𝑠

∞

−∞

|. 

 

The proof is now complete. 

 

Example 3.3. Consider 
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𝑢𝜘𝜘(𝛾, 𝜘) − 4𝑢(𝛾, 𝜘) = 2𝑠𝑖𝑛𝜘,                                 (10) 

 

in which 𝑔(𝛾, 𝜘) = 2𝑠𝑖𝑛𝜘 is a function of 

exponential order and 𝜆 = 2. 

If a continuously differentiable function 𝑦: 𝐼 ×
𝐼 → ℝ satisfies 

 
|𝑦𝜘𝜘(𝛾, 𝜘) − 4𝑦(𝛾, 𝜘) − 2𝑠𝑖𝑛𝜘| ≤ 𝜀 

 

for some 𝜀 > 0 and all 𝜘 ≥ 0, then there exists a 

solution 𝑤: 𝐼 × 𝐼 → ℝ of differential equation 

(10) such that 

 
|𝑦(𝛾, 𝜘) − 𝑤(𝛾, 𝜘)| ≤ 𝐾𝜑𝜀, 

 

for all 𝑥 ≥ 0. Here 

 

𝐾𝜑 = | ∫ (
𝑒2(𝜘−𝑠) − 𝑒−2(𝜘−𝑠)

4
) 𝑑𝑠

∞

−∞

|. 

 

4. CONCLUSION 

 

In this study, we used the Mahgoub transform 

to examine the (HUS) of second order 

homogeneous partial differential equation and 

(HURS) of second order nonhomogeneous 

partial differential equation. This study also 

demonstrates that the Mahgoub transform 

method is more practical for looking at stability 

issues with partial differential equations. 
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The Fatty Acid Compositions and Textural Properties of Dry Clotted Creams 

Produced in Different Drying Systems 

 

 

Esma ÇAPA1 , Bedia ŞİMŞEK*1  

 
 

Abstract 
 

In this study, the properties of dry clotted creams produced in different drying systems (vacuum 

and tray drying systems) and traditional methods have been determined. Physico-chemical, color, 

textural, microbiological, and sensory analysis as well as fatty acid composition analysis and 

appearance analysis of dry clotted creams were carried out during storage. During the storage, it 

was observed that pH and titration acidity values of samples increased. The hardness levels of the 

clotted cream produced with the tray dryer were found to be higher than the vacuum and traditional 

methods. The highest ratio of saturated fatty acids was observed in the samples produced with a 

vacuum dryer. As a result, it was faund that a product similar to traditional dry cream could be 

produced in industrial tray drying systems. When vacuum drying was applied, more successful 

results were obtained against oxidation than other drying techniques. However, it was determined 

that some of its features were also lost. It was also determined that in this system, the dry cream 

production time may be shortened by at least 50 % compared to the traditional production. 

 

Keywords: Dry clotted cream, tray dryer, vacuum drying 

 

 

 

1.INTRODUCTION 

 

A drying process is applied to the food in order 

to extend the shelf life [1]. The most common 

drying methods for this product are air drying 

and shade drying.  This process can result in 

negative effects such as taking a long time, low 

productivity, unhygienic conditions, and 

detrimental quality features such as loss of 

product flavor, color, texture and nutrients [2, 

 
* Corresponding author: bediasimsek@sdu.edu.tr 
1 Süleyman Demirel University, Faculty of Engineering 

E-mail: capaesma07@gmail.com 

ORCID: https://orcid.org/0000-0002-7497-1542, https://orcid.org/0000-0002-9608-9710 

 Content of this journal is licensed under a Creative Commons Attribution-Non Commercial No Derivatives 4.0 International License. 

3]. For this reason, industrial drying systems 

have been developed for the dry food industry. 

The tray dryer system consists of a motor, fan 

and tray with an adjustable temperature and air-

flow rate [4]. In vacuum drying systems, 

natural liquids and gases in the food system are 

removed through partial vacuum pressure, and 

low temperatures are produced in an oxygen-

free environment [5]. It is seen that drying 

studies are mostly on fruits and vegetables. 

However, tray dryers can be used for drying 

dairy products such as Keş [6], Cokelek [7], 

Sakarya University Journal of Science 26(6), 1274-1287, 2022
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İzmir Tulum Cheese [8], etc. It is seen that 

vacuum dryers are also involved in the 

production of Lor cheese [9] and dried cheese 

puffs [10]. When dairy products with high fat 

content are dried at high temperatures, the fat 

in the dairy product would leak. Therefore, it 

has been reported that dairy products with high 

fat content should be dried at low temperatures 

[11].  

 

Milk fat is a food that does not last very long 

even in refrigerator conditions. The freezing 

process, on the other hand, brings a huge cost. 

Therefore, drying milk fat is seen as a good 

alternative to extend the shelf life [12]. Among 

the dried products with high milk fat content, 

the most widely known are cream powders and 

whole milk powders [13]. Among the dried 

products with high milk fat content, the most 

commonly known ones are cream powders and 

whole milk powders. Among the traditional 

products, dry clotted cream is one of the dried 

products containing high milk fat [14]. 

 

Clotted cream is a slightly acidic dairy product 

rich in milk fat. It is made from buffalo milk in 

Western and Central Anatolia, and from cow's 

milk in the Eastern regions [15, 16]. Dry clotted 

cream is a traditional product that has different 

properties from clotted cream. The texture of 

traditional dry clotted cream is hard and 

crunchy. It is also defined as a natural wafer in 

the Central Anatolia region [17]. Dry clotted 

cream is a homemade product produced by 

small-scale producers; the milk is frothed from 

height onto aluminum trays and then cooked 

slowly. It is kept in a cool environment for 

about 12 to14 hours and the fat layer is waiting 

for the fat layer to gather and harden on the 

surface. Afterwards, the clotted cream layer 

formed is cut with a knife and folded into half 

with the lower layers in the middle and then left 

to dry in a cool environment on a perforated 

container (sieve). It has been noted that 500 

grams of dry clotted cream at a diameter of 60 

to 70 cm is produced from approximately 6 

liters of milk. The product obtained is used as a 

breakfast or a snack in the form of a wafer-like 

structure.  In a study conducted on dry clotted 

cream, it was found that the fat content ranged 

from 55.5 % to 70 % and the protein content 

ranged from 14.3 % to 20.3 % [16]. 

 

Dry clotted cream production is a process that 

requires traditional conditions and takes a long 

time. For this reason, its industrial production 

is limited. In order to expand the production of 

this product in the industry, the ability to be 

produced with different dryers has been 

evaluated in this study. The study aims are to 

dry the clotted cream using various food drying 

systems (tray dryer, vacuum dryer) and to 

compare the product properties with the 

traditional drying method. 

 

2.MATERIALS AND METHOD 

 

In this study on dry clotted cream production, 

raw cow’s milk was provided from the Isparta 

Unsut facility in Turkey and cow milk cream 

(60 %) was used for fat standardization.  

 

Dry clotted creams were produced using a 

Mikrotest MSD2.50 D8 (Turkey) tray dryer (at 

25 ℃ and an air velocity of 1.3 m/s), and a 

Korean- branded Wiseven Fuzzy Control 

System vacuum (under an 0.8 MPa vacuum at 

25℃). 

 

2.1.Dry Clotted Cream Production and 

Experimental Design 

 

In order to standardize the thickness of the 

clotted cream, the raw milk fat was 

standardized at 60 % by adding cream. The first 

heat treatment was applied to raw milk at 

95±2℃ for 20 minutes. Pasteurized milk, with 

a thickness of 12±3 mm, was transferred to the 

trays from a height of about one meter to foam 

it (to form a porous structure). The amount of 

height (approximately 1m) was determined by 

considering traditional production techniques. 

The milk in the trays has been left to cool to 

approximately 42±2 ℃. Then, a secondary heat 
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treatment was applied at 72±2 ℃. The clotted 

cream was then left to cool at +4℃ for about 

12 hours to form a layer. The finally formed 

product layer was cut and placed on the 

perforated grids and separated from the milk at 

the bottom [18]. The resulting product was 

divided into three parts. The clotted creams 

were dried using a traditional drying method 

(natural drying with air at a room temperature 

of 25 °C) for the control group (A), with the 

tray drying system for group B, and the vacuum 

drying system for group C.  The drying process 

was terminated when at least 75 % dry matter 

had been produced.  The samples were dried at 

25 °C for 46±2 hours, in the traditional drying 

method, 14±2 hours in tray drying system and 

24 hours in the vacuum drying system. The 

products obtained were vacuum packed and 

stored at +4 ℃ for 20 days.  

 

2.2. Physicochemical Analysis  

 

The thickness of the dry clotted cream samples 

was measured using digital calipers to a 

tolerance of 0.001 mm (Mitutoyo, Tokyo, 

Japan) [19]. Dry matter ratios (%) of clotted 

cream and dry clotted cream samples were 

determined using the gravimetric method. The 

fat (%) and total nitrogen were analyzed by the 

Gerber method [20] and micro-Kjeldahl 

method, respectively. The protein ratio was 

determined by multiplying the total nitrogen by 

the coefficient of 6.38 [19]. The pH values were 

determined with the help of a digital pH meter 

(WTW pH 315-Weilhelm, Germany), and 

titratable acidity (LA %) was determined with 

titration [15]. For the determination of acidity 

values, 5 g of filtered pure milk fat was 

weighed. Then 50 ml of an alcohol-ether 

mixture (1:1) was added into the weighed milk 

fat to dissolve it. The acid value was then 

determined with the use of the formula by 

titrating with phenolphthalein indicator and 0.1 

N NaOH [20].  

 

 

 

2.2.1. Peroxide value 

 

The peroxide values of clotted cream and dry 

clotted cream samples were found by weighing 

out 2 g fat extract, then, adding 25 ml of 

chloroform-acetic solution (2: 3) to dissolve the 

milk fat. Then, 0.5 ml of saturated potassium 

iodide was added. The samples were kept in the 

dark for 1 minute, before adding 75 ml of 

purified water.  The value was then calculated 

with the help of the formula after titrating with 

0.002 N sodium thiosulphate and 0.5 ml 1% 

starch solution indicator [19].  

 

2.2.2. Thiobarbituric acid value 

 

The 2-thiobarbituric acid (TBA) value was 

determined by a spectrophotometric method 

with a BOECO S20 (Hamburg, Germany) 

branded device. A 50 ml amount of 20 % cold 

trichloroacetic acid solution (TCA) was added 

to 5 g of each sample and homogenized. After 

adding 50 ml of cold distilled water, the extract 

was filtered through Whatman No: 1 filter 

paper. A 5 ml amount of the extract was poured 

into a tube and 5 ml of 2-TBA solution was 

added. An absorbance reading was then 

performed at wavelength of 532 nm [21]. 

 

2.2.3 Free fatty acids and the fatty acid 

composition 

 

Fatty acid analysis of clotted cream and dry 

clotted cream samples were quantitatively 

determined on the 1st and 20th days of storage 

using Perkin Elmer Auto System XL branded 

gas chromatography (GC) device and the 

analysis of fatty acid methyl esters was 

performed according to the AOAC [22] 996.06 

method. The flame ionization detector method 

used a mobile helium phase at 15 PSI, an 

injection volume of 1 µL, VARIAN CP sil 88 

column (50 mx 0.25 mm) for FAME 

compounds and a film thickness of 0.2 microns. 

The sample injection rate (split) was 1/200. The 

injector and detector temperatures were 240°C. 

The column temperature was programmed to 
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be 80°C for 4 minutes, then maintained at 

175°C for 25 minutes. The column was later 

maintained at 215°C for 2 minutes and operated 

at 240°C for 10 minutes. The total analysis time 

was approximately 40 minutes.  The standard 

mix of FAMEs (Supelco® 37 Component 

FAME Mix, Cat. No. 47885 U) was obtained 

from Sigma-Aldrich (St. Louis, MO, ABD).  

 

2.3. Textural Analysis 

 

Dry clotted cream samples were kept at +4℃ 

for at least 24 hours and measured by a TA XT 

2i (Stable Micro Systems, UK) branded texture 

analyzer with the help of a ball-type probe P/ 

0.75S number ¾ over 15 minutes [20].  The 

measurements were immersed in 3 different 

parts of the product at a speed of 1 mm/s to a 

depth of 10 mm and performed under a force of 

1 N [15, 23]. 

 

2.4. Color Analysis 

 

Color values (L*, a* and b*) of the samples 

were determined using a Chroma Meter CR 

400. An AC Adapter 5V AC-A17 (Minolta Co. 

Ltd, Osaka, Japan) branded automatic color 

determination device was used to determine the 

L* value range from bright to dark (0 black, 

100 white), the green/red a* value (-60 green, 

60 red) and blue/yellow b* value (-60 blue, 60 

yellow) [23]. 

 

2.5. Appearance Analysis 

 

The surface photos of the dry clotted cream 

samples were obtained using a digital camera 

(Nikon D7100 DSLR, Japan), and then the 

images were analyzed with the help of a 

Windows 8.1 PC containing an Intel I5 CPU, 

using the OpenCV image processing library 

and the C ++ language. The program examined 

the contrast between the two phases in the 

image, the pores, and the surface. The color 

images were first converted to a grayscale 

where the pixel values were converted to units 

of length with the help of bars of known length. 

Porosity was expressed as the ratio of the area 

of pores in the cross section examined in the 

analysis of the total area [24]. 

 

2.6. Sensory Analysis 

 

Sensory analysis of dry clotted cream samples 

were conducted according to a scoring method 

by 7 educated panelists (5 women and 2 men) 

aged 20-50 years on the 1st, 10th, and 20th days 

of storage. Two different methods, the 

Descriptive Analysis Method and the Hedonic 

Test, were used in the sensory analyses of the 

samples. Whereas the hedonic scale of 1 to 9 

points was used in the sensory evaluation 

panel, the dry clotted cream samples were also 

evaluated in terms of color, appearance, 

texture, odor and general acceptability. 

Examples representing very good and very bad 

in terms of sensory characteristics were 

introduced to the panelists and necessary 

training was given on this subject. For the 

evaluation of the original samples, the panelists 

were asked to use these samples as references. 

The methods given by Lawless and Heymann, 

[25] were used in the application of sensory 

analysis. 

 

2.7. Microbiological Analysis 

 

Yeast-mold counts in cream and dried cream 

samples were counted on Potato Dextrose Agar 

(PDA) and E.coli, and coliform 

microorganisms were counted on Eosin 

Methylene Blue (EMB) agar media [26]. 

 

2.8. Statistical Analysis 

 

The statistical evaluation of the study was 

performed by using the SPSS 17.0 program and 

by determining the significance of the 

differences between groups with the help of the 

Duncan multiple comparison test. The study 

was carried out with three replications. In this 

study, Principal Component Analysis method 

was applied to provide a visual representation 

of the similarity or distance model between a 
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set of objects and to reduce the size of the data. 

Analyzes were performed at 95% confidence 

intervals. Sensory analysis data (color, 

appearance, texture, odor) was evaluated in all 

samples (A, B, C, A10, B10, C10, A20, B20 

and C20) using the principal component 

analysis (PCA) Xlstat trial version-2020. 

 

3. RESULTS AND DISCUSSION 

 

3.1. Clotted Cream Analysis Results 

 

The dry matter (%), fat (%) and protein (%) 

percentages of the clotted cream used in the 

production of dry clotted cream were 65.89 

Re±2.61 %, 64.66±0.47 % and 2.22±0.04 %, 

respectively.  These results showed similarity 

to the research findings of Tosun [15]. The 

titration acidity of the clotted cream samples 

was 0.22±0.03 % and pH 6.23±0.04. The 

research results of Albay and Şimşek [27] 

showed similarity in terms of titration acidity 

and pH values. The peroxide, acid degree and 

TBA values of the samples were 0.44±0.04 

meq O2/ kg fat, 1.25±0.03 KOH/g fat and 

04±0.008 malonaldehyde/kg fat respectively. 

In the study by Kocaturk et al. [28], the total 

free fatty acidity values are 0.40 to 0.51 meq 

O2/ 100 g oil, ranging from 0.40 to 0.51 meq 

O2/ 100 g oil, and Kahyaoglu [29] reported that 

the TBA value of butter varied between 0.01 

and 0.03 mg malonaldehyde/kg fat at the 

beginning of storage. It was observed that the 

data of clotted cream in this study was close to 

the results of Tosun [15], Albay and Şimşek 

[24], Kocaturk et al. [28] and Kahyaoglu [29]. 

The L*, a*, and b* color values of samples 

were 88.87±1.26, -2.99±0.16 and 13.40±0.26, 

respectively. L* a* and b* color values in the 

study given by Albay and Şimşek [27] were 

similar to the values in this study. 

 

 

 

 

 

 

3.2. Results of Dry Clotted Cream Analysis  

 

3.2.1. Results of physicochemical analysis 

 

In the thickness measurements of the dry 

clotted cream, B was reported to be the thickest 

sample (15.04±0.68 mm), while C was reported 

to be the thinnest (10.60±0.70 mm). Sample A 

was detected with a thickness of 12.23±0.13 

mm. The statistical difference between the 

samples was found to be significant (p<0.05). 

Since the vacuum effect reduces fat globules 

and surface tension, it was thought that a thin 

structure might have been formed in the C 

sample.  

 

The data, including the chemical properties of 

the dry clotted cream samples produced in 

different drying systems, have been presented 

in Table 1. In this study, the dry matter values 

of the dry clotted cream samples varied from 

78.15±0.25 % to 79.59±0.88 % and similar to 

the dry matter values of 70.8 % to 91.3 % 

determined in the dry clotted cream study by 

Cakmakcı and Hayaloglu [16].  The fat content 

of the dry clotted cream samples was found to 

be adequate according to the Turkish Food 

Codex Custard and Cream Communique [30]. 

When the dry clotted cream samples were 

examined in terms of the amount of protein, it 

was observed that samples A and C were 

statistically close to each other, and sample B 

had a higher amount. Depending on the 

composition of the milk used in the raw 

material, the protein values found in this study 

were lower than those reported by Cakmakci 

and Hayaloglu [16] for dry clotted cream. At 

the beginning of storage, the dry clotted cream 

sample B had the lowest pH (6.03±0.04), while 

at the end of storage, a decrease was observed 

in all three samples and the highest pH was 

observed in the dry clotted cream sample C 

(5.34±0.05). It was observed that titratable 

acidity similarly increased in dry clotted cream 

samples due to a pH decrease. It was noted that 

the dry clotted cream B sample had the lowest 

titratable acidity while the dry clotted cream  
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samples had the highest titratable acidity. This 

change between the groups was attributed to 

the longer production process of the tray drying 

system compared to the vacuum drying system. 

 

 

Acid values of dry clotted cream samples 

produced by different drying techniques have 

increased in particular because of lipolysis 

during storage, and the highest acid value at the 

end of storage was determined in the dry clotted 

cream A sample (2.16±0.15 mg KOH / g fat). 

It has been reported that the acid value can 

reach 1.8 mg KOH / g and there is a distinctly 

inferior aroma [31, 32]. It was thought that the 

traditional drying method, which takes longer 

to dry samples than other methods causes faster 

lipolysis. Cakmakci and Hayaloglu [16] 

reported that the acid value of the dry clotted 

cream samples was 1.69 ± 0.61 mg/ KOH g fat. 

It has been seen that the acid value results of 

the dry clotted cream samples on the first day 

were similar to these data.  

 

While the peroxide values of the dry clotted 

cream samples were similar at the beginning of  

storage, the highest value at the end of storage 

was determined to be 1.41 ± 0.34 meq O2/ kg 

fat for the sample A. The peroxide value, which 

is one of the oxidation indicators related to fat  

 

 

in dairy products was limited to 2 meq O2/kg 

fat by Downey [33]. Pearson [34] reported that 

the peroxide value in rancid butter was 6.3 meq 

O2/kg fat of fat. It was observed that the dry 

clotted cream samples were below this limit. 

The peroxide values of the samples at the end 

of the storage, seen in the samples using the 

vacuum drying system were lower than the 

other samples. Zhou et al [35] reported that in 

a study comparing different drying methods, 

the lowest peroxide value was obtained with 

vacuum drying. The TBA values of the dry 

clotted cream samples produced in different 

drying systems varied between 0.07±0.03 and 

0.28±0.02 mg malonaldehyde/kg fat during the 

storage period, and the highest change occurred 

in the dry clotted cream samples produced by 

the conventional method. TBA results in other 

samples have been found to be close to each 

other. 
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3.2.2. Results of free fatty acids  

 

The free fatty acid results of the dry clotted 

cream samples produced by traditional, tray 

and vacuum drying systems are presented in 

Table 2. It is observed that there are difference 

in the fatty acid profile depending on the 

parameters during production, drying times and 

changes during storage. In all dried cream 

samples, palmitic, oleic and myristic acid were 

the dominant fatty acids while c10-

heptadecanoic acid, tridecanoic acid and c-10-

pentadecanoic acids were detected at lower 

levels. In the study conducted by the 

examination of the saturated fatty acid amounts 

in dry clotted cream samples showed that the 

sum of short-chain fatty acids in the dry clotted 

cream C samples decreased during the storage 

period and increased in the other sample 

groups. It was statistically determined that this 

difference was influenced by caprylic acid. In 

addition, the amount of caprylic acid 

determined in the dry clotted cream C sample 

was higher since the removal of some fatty 

acids through drying systems (tray and vacuum 

drying systems) takes a shorter time compared 

to the traditional system. In the study 

conducted by Tosun [15], the fatty acids 

contents of clotted cream samples (short, 

medium and long chain) were determined as 

5.23-5.87 %, 5.06 %-5.55 % and 52.44 %-

53.92 %, respectively.  It was noted that the 

total amount of unsaturated fatty acids 

decreased in the dry clotted cream B sample 

during storage but increased in other groups. 

Oleic acid, one of the monounsaturated fatty 

acids, and linoleic acid, one of the 

polyunsaturated fatty acids, were the cause of 

statistical difference between the groups. Free 

fatty acid composition and amount were mostly 

affected by raw material properties. It was also 

affected by both drying and storage [36]. Senel 

[37], it was reported that the decrease in the 

amount of total fatty acids was related to the 

catabolic reactions of microorganisms, that is, 

biochemical changes in the formation of aroma 

and flavor. It was also reported that volatile free 

fatty acids decreased with oxidation. During 

the removal of water in vacuum dryers, 

oxidation was prevented since there is no air in 

the environment. Prevention of oxidation was 

caused significant changes on fatty acids [38].   

 

When  evaluated in terms of fatty acids in both 

methods (vacuum and tray drying), the results 

obtained with the traditional method were 

found to be similar.

 

Table 2 Free Fatty Acid Profile of Dry Clotted Cream Samples (n: 3) 

Methyl 

Ester 
Fatty Acid 

1st day(*)(M ±SD)(%) 20th day(*)(M ±SD)(%) 

A(**) B(**) C(**) A(**) B(**) C(**) 

C4:0 Butyric 3.15±0.30 3.43±0.03 3.58±0.62 3.41±0.03 3.41±0.07 3.60±0.05 
C6:0 Caproic 3.23±0.16 3.12±0.11 3.44±0.69 3.20±0.08 3.25±0.01 3.32±0.01 
C8:0 Caprylic 2.02±0.19 2.20±0.02 2.35±0.22 2.12±0.04 2.19±0.08 2.31±0.05 
C10:0 Capric 4.60±0.20 4.78±0.06 5.33±0.11 4.57±0.10 4.66±0.31 4.85±0.02 
C11:0 Undecanoic 0.54±0.06 0.48±0.00 0.54±00 0.46±0.05 0.46±0.02 0.50±0.01 
C12:0 Lauric 4.70±0.32 4.93±00 5.48±0.15 4.74±0.04 4.73±0.21 4.92±0.05 
C13:0 Tridecanoic 0.14±0.02 0.12±00 0.12±0.01 0.12±00 0.13±0.01 0.12±00 
C14:0 Myristic 12.82±0.86 13.41±0.02 15.03±1.19 13.22±0.12 12.85±0.56 13.32±0.02 
C14:1 Myristoleic 1.48±0.41 1.13±0.01 1.57±0.43 1.83±0.01 1.08±0.05 1.12±0.01 
 Saturated1 64.95 67.93 73.67 67.54 66.13 67.81 

C15:0 Pentadecanoic 1.13±0.01 1.13±0.01 1.11±0.03 1.12±0.02 1.07±0.03 1.11±0.01 
C15:1 c-10-pentadecanoic 0.42±0.05 0.34±0.02 0.34±0.02 0.37±0.01 0.35±0.005 0.37±0.01 
C16:0 Palmitic 25.18±1.94 26.45±0.39 29.41±3.96 26.56±0.13 25.62±0.85 26.03±0.16 
C16:1 Palmitoleic 1.20±0.07 1.26±0.02 1.22±0.02 1.22±0.03 1.26±0.01 1.25±0.01 
C17:0 Heptadecanoic 0.57±0.02 0.54±0.05 0.55±0.04 0.58±0.01 0.55±0.00 0.57±0.00 
C17:1 c-10 heptadecanoic 0.15±0.03 0.18±0.00 0.14±0.05 0.19±0.05 0.16±0.02 0.18±0.05 
C18:0 Stearic 6.84±0.38 7.31±0.02 6.71±0.23 7.42±0.09 7.17±0.11 7.13±0.20 
C18:1n9t Elaidic 1.82±0.58 1.24±0.01 1.08±0.03 1.30±0.02 1.23±0.03 1.24±0.07 
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Table 2 Free Fatty Acid Profile of Dry Clotted Cream Samples (n: 3) (Continue) 

Methyl 

Ester 
Fatty Acid 

1st day(*)(M ±SD)(%) 20th day(*)(M ±SD)(%) 

A(**) B(**) C(**) A(**) B(**) C(**) 

C18:1n9c Oleic 15.21±0.37 15.96±0.21 15.55±0.80 16.19±0.08 15.55±0.11 15.74±0.40 
C18:2n6c Linoleic 1.81±0.04 1.83±0.05 1.67±0.02 1.77±0.00 1.68±0.06 1.73±0.02 
C18:3n39 Linolenic 0.47±0.10 0.58±0.00 0.54±0.04 0.60±0.01 0.60±0.02 0.58±0.00 
 Monounsaturated2  20.29 20.12 19.92 21.11 19.65 19.92 

 Polyunsaturated3  2.28 2.42 2.22 2.37 2.42 2.31 

 Unsaturated4  22.57 22.54 22.14 23.49 21.93 22.23 

* a, b, c: Lower case letters indicate that the difference is statistically significant (p <0.05)  

** A: Traditionally dried Clotted Cream; B: Tray dried Clotted Cream; C: Vacuum dried Clotted Cream; M: Mean, SD:Standart deviation 

1: Saturated: Total of Saturated Fatty Acids; C4: 0 + C6: 0 + C8: 0 + C10: 0 + C11: 0 + C12: 0 + C13: 0 + C14: 0 + C15: 0 + C16: 0 + C17: 0 + 
C18: 0 

2: Monounsaturated: Total of Monounsaturated Fatty Acids; C14: 1 + C15: 1 + C16: 1 + C17: 1 + C18: 1 

3: Polyunsaturated: Total of Polyunsaturated Fatty Acids; C18: 2 + C18: 3 

4: Unsaturated: Total of Unsaturated Fatty Acids; C10: 1 + C14: 1 + C16: 1 + C17: 1 + C18: 1 + C18 

 

 

3.3. Results of Texture Analysis   

 

The measurement values of the hardness, 

springiness, cohesiveness, gumminess, 

chewiness and resilience properties of the dry 

clotted cream samples examined in this study 

are presented in Table 3. Although there are 

very few studies investigating the textural 

properties of dry clotted cream, it was found in 

this study that the sample produced by drying 

in a tray dryer (B) reached the highest hardness 

value in the end of storage.  The fact that the 

products dried in the vacuum system were not 

as hard as the products in the tray drying system 

may have been caused by the loss of bubbles on 

the dry clotted cream surface during the 

vacuum process and a decrease in the structural 

strength. While the highest value was found in 

sample A (0.96), springiness values were 

decreased in all samples during storage. The 

cohesiveness values of the dry clotted cream 

samples produced in different drying systems 

were determined to be between 0.17 and 0.45. 

The gumminess value in dry clotted cream 

samples were found to be between 98.25 N and 

510.13 N. It was concluded that the dry clotted 

cream samples showed a change in parallel 

with the hardness values as it increased 

linearly. The chewiness values of the dry 

clotted cream samples were determined to be 

between 57.57 and 800.09, and group B 

showed the highest chewable property in the 

end of storage comparison to the other groups. 

While the C group (0.39 N) showed the highest 

level of resilience, it was observed that the dry 

clotted cream samples of the A and B groups 

were similar. These values were found to be 

close to those reported by Yıldırım et al. [39]. 

  
Table 3 Textural characteristics of Dry Clotted Cream Samples (n: 3) 

Samples 

(**) 
Hardness (N) Springiness 

Cohesivene

ss 
Gumminess(N) Chewiness 

Resilience 

(N) 

Day 1 (*) (M±SD) 

A 856.59±56.02b 0.91±0.05ab 0.25±0.08 211.25±55.17cdf 198.76±62.60b 0.09±0.01b 

B 973.02±95.24b 0.54±0.06b 0.38±0.01 327.79±32.02b 182.42±39.28b 0.14±0.01b 

C 421.34±120.13c 0.57±0.13b 0.34±0.05 134.41±16.51ef 74.99±9.16b 0.21±0.06ab 

 Day 10 (*) 

A 845.74±55.32b 0.83±0.08b 0.28±0.01 245.20±32.28bcd 208.20±46.39b 0.11±0.02b 
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Table 3 Textural characteristics of Dry Clotted Cream Samples (n: 3) (Continue) 

Samples 

(**) 
Hardness (N) Springiness 

Cohesivene

ss 
Gumminess(N) Chewiness 

Resilience 

(N) 

       

B 1121.91±195.01ab 0.68±0.05b 0.25±0.01 284.8±49.86bc 480.07±320.02a 0.10±0.01b 

C 421.84±131.51c 0.68±0.09b 0.29±0.01 103.97±5.72f 72.19±14.62b 0.17±0.06ab 

 Day 20 (*) 

A 905.71±186.11b 0.71±0.19b 0.28±0.02 249.86±32.69bcd 169.19±25.13b 0.12±0.01b 

B 1342.50±237.69a 0.65±0.05b 0.31±0.01 422.15±87.98a 284.55±80.32ab 0.14±0.01b 

C 522.30±131.51c 0.69±0.16b 0.34±0.11 155.50±16.11def 103.74±14.36b 0.27±0.12a 

* a, b, c: Lower case letters indicate statistically significant differences (p <0.05). 

** A: Traditionally dried Clotted Cream; B: Tray dried Clotted Cream; C: Vacuum dried Clotted Cream, M: Mean, 

SD:Standart deviation 

 

3.4. Results of Color Analysis  

 

L*, a* and b* color values of dry cream 

samples produced in three different drying 

systems are given in the Table 4. When dry 

clotted cream samples were evaluated in terms 

of the b* color value, statistically the group B 

sample was observed to decrease, and the group 

C dry clotted cream sample increased. Yıldırım 

et al. [39] determined the average b* values of 

the dry clotted cream sample to be 17.44. The 

results of the study were determined to be close 

to this value. 
 

Table 4 Color properties of Dry Clotted Cream 

Samples 
Samples (**) L*  a*  b* 

1st day M±SD  M±SD  M±SD 

A 85.25±1.33 -3.44±0.21abc 16.71±0.77ab 

B 85.88±0.90 -4.11±0.19d 18.39±1.33a 

C 84.33±1.60 -3.61±0.11ab 15.18±1.14b 

10th day   

A 86.16±1.20 -3.19±0.22a 17.09±1.10ab 

B 85.69±1.67 -3.92±0.35cd 18.22±1.46ab 

C 86.56±1.38 -3.32±0.22ab 16.00±1.15ab 

20th day   

A 85.46±1.77 -3.35±0.17abc 16.14±1.70ab 

B 84.99±1.09 -3.89±0.14cd 18.11±1.08ab 

C 84.94±2.06 -3.76±0.40bcd 16.44±1.50ab 

* a, b, c: Lower case letters indicate statistically significant 

differences (p <0.05). 
** A: Traditionally dried Clotted Cream; B: Tray dried Clotted 

Cream; C: Vacuum dried; M:Mean; SD:Standard deviati 

 

Although using the vacuum drying system 

took longer than the tray drying system, the b* 

value was found to be lower in these samples, 

so the vacuum effect caused the samples to be 

less yellow in color. However, no statistical 

difference was observed between the b* 

values of the samples on the 10th and 20th days 

of storage. Silva and Moriera [40] stated that 

the vacuum drying method reduced the color 

deterioration in the samples due to the absence 

of oxygen during the process. 

 

3.5. Results of Appearance Analysis 

  

In our study, surface imaging process was 

performed on dry clotted cream samples 

produced in different drying systems and is 

presented in Figure 1. The appearance analysis 

of the dry clotted cream samples was only 

measured on day 1 of storage. The textural 

analysis showed that porosity was formed 

when milk was poured to cause frothing. 

Detailed information about this feature has 

been obtained through the appearance analysis. 

It was determined that the group B dry clotted 

cream sample had the highest porosity rate of 

25.36±1.15 %, while the lowest level of 

porosity was achieved with 12.57±1.55 % in 

the sample dried in the vacuum dryer. It was 

found that the porosity decreased due to the 

effect of the vacuuming. In the study conducted 

by Atamer et al. [17], the microtextural 

structure of dry clotted cream samples was 

examined and it was reported that the protein 
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layer surrounding the oil bubbles maintained 

the shape of the adsorption layer during the 

drying phase and that the fat globules that rose 

during the cooling phase formed a structure 

characterized by the penetration of the air 

bubbles. 

 

3.6. Principal Component Analysis (PCA) 

The sensory analysis results of dry clotted 

cream samples were analyzed by the principal 

component analysis (PCA) method. This test, 

which explained 57.34 % of the total variance, 

is presented in Figure 2.  The first major 

component explained 38.70 % of the total 

variance, while the second component 

explained 18.63 %. The eigenvalue value of the 

first main component was determined to be 

7.35, and for the second component was 

determined to be 3.54.  According to the 

distance of the first basic component from zero 

and having the same sign, the order of porous 

appearance was 0.29, the yellowish color was 

0.24, the cuttability was 0.31, the animal 

malodor was -0.26, the pleasant smell was 0.31, 

the foreign taste -0.29, the milk taste 0.25, the 

flavorless taste was -0.31, the sour taste - 0.23, 

an oxidized taste was -0.27, and a stale taste 

was -0.28. The order of the second main 

component was 0.35 for a smooth appearance, 

0.41 for an elastic structure, and -0.33 for a 

crumby structure. In the first 10 days of storage, 

it was concluded that samples A and B had an 

elastic, smooth appearance, were porous 

yellowish, had a cuttable structure and a 

distinctive pleasant odor. While sample C had 

a milk odor at the beginning, at the end of the 

storage period (20th day) together with the other 

samples A and B, it turned into a stale, sour and 

oxidized product with a bad odor

.

 

Figure 2 Principal Component Analysis Values of Dry Clotted Cream Samples 

A: Traditionally dried Clotted Cream; B: Tray dried Clotted Cream; C: Vacuum dried Clotted Cream,   

A10,B10,C10: Samples on the 10th day of storage   A20,B20,C20: Samples on the 20th day of storage
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Samples A; Traditional Drying System, B; 

Tray Drying System, C; Vacuum Drying 

System 
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3.7. Results of Microbiological Analysis  

 

Coliform growth and yeast and mold growth 

were not observed in the dried cream samples 

obtained by drying in different drying systems. 

 

4. CONCLUSIONS 

 

In this study, dry clotted creams producibility 

were evaluated using a traditional method and 

using a vacuum dryer and tray drying systems. 

It was observed that the dry clotted cream 

samples produced in tray drying systems had 

the lowest pH, titratable acidity, and free fatty 

acid values. Samples produced in tray drying 

systems were the most yellow in color, had the 

hardest and most porous structure. Dry clotted 

cream samples produced in vacuum drying 

systems were noted to be samples with the 

lowest values in terms of peroxide and TBA 

numbers, which determined the oil oxidation. It 

was observed that the amounts of saturated, 

short, and medium chain fatty acid in dry 

clotted creams produced by vacuum drying 

system were higher than the other samples. It 

was observed that the samples produced by 

traditional drying were the most desirable 

group in the sensory evaluation in terms of 

structure, texture, and odor qualities.  Based on 

the results found in this study, it was concluded 

that the production duration could be shortened 

by using tray and vacuum drying systems. In 

addition, it was observed that the tray drying 

system yielded better results than the 

traditional drying system. It was seen that the 

vacuum drying system is not a suitable 

technique for the production of dry cream in the 

industrial sense. Although this technique had 

positive effects on the shelf life of cream, it did 

not show positive effects on physical and 

sensory properties. However, in this study, it 

has been seen that a production similar to 

conventional production in industrial terms can 

be carried out in a shorter time by using a tray 

dryer. 
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