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An Experimental Study of a Pico Hydro Turbine 

 

 

Ümit BEYAZGÜL1, Ufuk DURMAZ*1, Orhan YALÇINKAYA1,  

Mehmet Berkant ÖZEL1, Ümit PEKPARLAK2 

 

 

Abstract 

Today, the storage and transporting of electricity from one place to another is still an unsolved 

problem. Besides, it is not economical to install power lines everywhere for low-voltage 

electronic circuits such as valves which are used to reduce leakage in water lines. When water 

demand is lower, it is a practical solution to use the pico hydro turbines to supply the required 

electrical energy for the electronic circuits of the valves used to reduce the losses in the water 

discharge lines. For this purpose, it is experimentally investigated electricity production in a 

pico hydro turbine and validated with experimental data that a pico hydro turbine (PHT) 

generates 1 W electricity under a water flow velocity of 0.53 m/s. It is concluded that the higher 

resistances were used in the test rig, the less turbine power produced. As the voltage increased, 

the current obtained decreased, and the turbine power reached its maximum at a resistance of 

130 Ω. 

Keywords: Pico hydro turbine, hydropower, banki turbine, energy efficiency, experimental 

setup 

 

 

1. INTRODUCTION 

Pico hydro turbines are frequently used for 

opening and closing valves, which regulate 

the flow rate in water distribution pipelines. 

Also, it is an energy harvesting device that 

uses the energy of a water pressure drop. This 

energy is captured by the pico hydro turbine 

and converted into electricity. 
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Most studies have been conducted on 

numerical investigation of cross-flow water 

turbines as opposed to this current study [1, 

2]. 

Borkowski et al. [3] tested and validated the 

single-equation Spalart-Allmaras (SA) 

model, as well as the k-ε and k-ω shear-stress 

transport (SST) turbulence models, in an 

experimental hydroelectric power plant with 

a power of 75 kW. The calculation results 
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according to the turbulence models differed 

significantly. As a result of the comparisons, 

the Spalart-Allmaras model provided the best 

experimental results. Verma et al. [4] 

analyzed runner speed and efficiency 

variation with different attack angles, nozzle 

tip height, and nozzle tip distance from the 

runner. The runner consists of 12 blades 

symmetrically arranged between the two 

circular end plates around the plate. They 

prepared the installation for places with 

relatively moderate or low head 

consideration. While the inlet angle β1 of the 

vane was kept between about 26° and 28°, 

and the outlet angle β2 was 90°. Namely, the 

outlet was radial. Critical parameters such as 

nozzle inlet angle, nozzle tip height, and 

horizontal distance from the center of the 

runner shaft were changed for different heads 

under different field configurations. Sinagra 

et al. [5] designed and tested a 10 kW 

prototype of a new compact in-line turbine 

called the Power Recovery System (PRS) in 

the University of Palermo hydraulic 

laboratory. They proposed a Banki-type 

microturbine with positive outlet pressure 

and a mobile regulating vane for hydraulic 

control of the characteristic curve. They 

aimed to control the pressure or discharge in 

a water transport or distribution network by 

producing energy up to 76% of the efficiency 

value of the device. Using two pressure 

gauges located just before and after the 

turbine made it possible to control the net 

head in inactive mode at the given discharge 

point or to control the discharge by 

regulating the net head in active mode. 

Sammartano et al. [6] carried out a numerical 

and experimental study to validate a 

previously proposed design criterion for a 

cross-flow turbine and a new semi-empirical 

formula that relates the inlet velocity to the 

inlet pressure. An experimental test stand 

was designed to perform a series of 

experiments and measure the efficiency of 

the turbine designed according to the 

proposed criteria. Experimental efficiency 

was compared with numerical simulations 

using a Reynolds-Averaged Navier-Stokes 

(RANS) turbulence model. The proposed 

semi-empirical velocity formula was also 

validated with numerical solutions for cross-

flow turbines with different geometries and 

boundary conditions. They verified the 

previous hydrodynamic analysis with 

obtained results. Therefore, they found that it 

can be used to design cross-flow turbines to 

reduce the cost of simulations required while 

optimizing the turbine geometry. Elbatron et 

al. [7] proposed a new system configuration 

to extract as much kinetic energy as possible 

from the water stream. This system, known 

as a bidirectional diffuser augmented (BDA) 

channel, works by using bidirectional 

nozzles in the flow. The proper angle is 

essential to direct its flow so that it touches 

the wings vertically to capture as much 

torque and power as possible. Therefore, 

experimental and numerical studies were 

carried out and verified with each other to 

examine the performance characteristics of 

the cross-flow turbine (CFT) configuration 

applied to the BDA system and to investigate 

the effects of the inlet and outlet angles of the 

blades on the internal flow properties and 

efficiency of the CFT runners. Dragomirescu 

et al. [8] presented the results of the 

experimental and numerical study of a Banki 

turbine with a horizontal nozzle operating at 

5% and 30% below nominal values and 

discharges. In line with the experimental 

results, they predicted that a maximum 

efficiency of over 55% could be reached 

even if there were sharp decreases in the 

values of the working parameters. Numerical 

simulations were performed to get an idea of 

the flow through the turbine. It has been 

determined that the obtained numerical 

results were compatible with the 

experimental results. Sammartano et al. [9] 

tested the performance of a cross-flow water 

turbine, which provides high efficiency in a 

wide water discharge range, by 

experimentally working on cross-flow 

micro-turbines and verified a new 

approximate formula that relates the inlet 

pressure to the main inlet velocity. They 

found that the experimental tests and CFD 

analysis results were in agreement with each 

other, and both experimental studies and 

CFD computations provided a consistent 

reduction in machine efficiency due to 
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increased internal energy losses of the 

internal shaft. Giosio et al. [10] investigated 

a comprehensive range of micro hydro 

turbine units recently. They presented an 

affordable micro-hydro turbine unit with an 

improved operating range. As a result, 

utilizing a pump impeller as a runner 

provided an efficiency of 79% and near-peak 

efficiency at off-design conditions. 

Moreover, this micro-hydro turbine unit had 

the ability to power supply remote areas. 

The availability of a continuous energy 

source enables optimal pressure management 

that is continuously maintained at a lower 

value to reduce water leaks, improve network 

efficiency, and extend pipeline lifetime. The 

main objective of the present study is to 

experimentally investigate the performance 

of PHT and its characteristics through 

varying the resistance (Ω) and voltage (V). In 

this study, the electrical power produced by 

a pico hydro turbine (PHT) was 

experimentally tested by measuring the 

average volumetric flow (Q), voltage, and 

current under real conditions with an 

experimental setup.  

2. MATERIALS AND METHODS 

The hydraulic power of a PHT depends upon 

the flow rate (𝑄) and the water head (H), 

which are the significant parameters that 

affect the turbine performance exposed on 

the turbine shaft. While impulse turbines are 

adapted for sites with high heads and low 

flow conditions, reaction turbines such as 

cross-flow and Banki turbines perform best 

at low heads and high flow rates. These main 

parameters determine the runner diameter 

(D), angular velocity (w), turbine power 

output (P), and output torque (T) in a water 

turbine. Several equations were considered 

to have accurate measurements for 

hydroelectric power while using different 

amounts of resistances during the experiment 

in this study. By assuming no friction 

through the pipe and the turbine, available 

hydraulic power (PH) generated by water can 

be measured as a function of the amount of 

volume flow rate (𝑄) and water head (H) at 

incompressible flow conditions. Since there 

is no available water head for the PHT in this 

study, PH can also be measured based on 

voltage (V) and current (I) in line with 

resistance (R), whose equations represented 

by Eq. (1) are as follows: 

𝑃𝐻 = 𝜌𝑄𝑔𝐻 = 𝑉𝐼          (1) 

Where PH is available hydraulic power, 𝜌 is 

the water density, presented by a value of 997 

kg m3⁄  at ambient temperature, g is the 

acceleration of gravity, with a value of 9.81 

m s2⁄ , 𝑄 is the volume flow rate passing 

through the turbine (m3 s⁄ ), H is the 

available water head at the turbine. It is equal 

to the power provided by voltage and current 

generated by the turbine shaft by using a 

wide range of resistances in this study. 

Furthermore, PM is the mechanical power 

output of the PHT turbine and is defined as 

the product between angular velocity (ω) and 

torque (T) on the turbine shaft by Eq.(2). 

𝑃𝑀 = 𝑇𝜔                      (2) 

As a result of Eq.(1) and Eq.(2), experimental 

turbine efficiency (η) is as follows 

𝜂 = 𝑉𝐼
𝑇𝜔⁄            (3) 

2.1. Experimental Setup and Design 

Parameters 

A cross-flow turbine at a pico scale was 

investigated to examine the effects of several 

geometric factors involved in the design, 

including turbine diameter (D), the number 

of blades (z), and volume flow rate (𝑄) on 

maximum turbine performance. The tested 

turbine shown in Figure 1 is comprised of a 

runner with 32 mm of inner diameter and 40 

mm of outer diameter. The total number of 

turbine blades is 24. The PHT turbine is 

made up of plastic material in the turbine 

body and blade. The hydraulic test bench 

consists of a system of pipes connecting an 

inlet and outlet of the turbine whereby the 

water was recirculated. 
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Figure 1 Schematic of 2-D tested turbine 

model flow surface section 

Experiments have been carried out in the 

hydraulic research laboratory (HRL) of the 

faculty of Mechanical Engineering of 

Sakarya University (Turkey). The test stand 

comprises a PHT turbine coupled with 

resistances, flowmeter, pipe, multimeter, and 

probes on a test bench, as shown in Figure 2. 

Flowmeter has been used to measure the 

volume flow rate of the water through the 

pipe. The water volume flow rate has been 

set to be the maximum flow rate after several 

attempts and varied from 0.25 L/s to 0.167 

L/s at the inlet and outlet of the turbine. The 

velocity (𝑣) at the turbine outlet can be 

calculated by using the continuity equation 

as follows: 

𝑣 =
𝑄
𝐴⁄           (4) 

𝐴 represents the cross-sectional area of the 

runner. The velocity of PHT was obtained 

with a value of 0.53 m/s under the volume 

flow rate of 0.167 L/s.

 
Figure 2 The test-rig model schematic diagram established in HRL 

 

There is also one calibrated multimeter used 

to measure each voltage to determine the 

maximum hydraulic power by using three 

amounts of resistances in the test rig. It has 

been respectively used 10 Ω, 15 Ω, and 100 

Ω, which correspond to 2050 Ω resistances 

totally during the experiment. 

2.2. Experimental Procedure and 

Uncertainty Analysis 

The actual water volume flow rate and the 

voltage generated by the turbine have been 

recorded by flowmeter and multimeter, 

respectively, to calculate input power. The 

runner velocity has been calculated by using 

a flowmeter to reach maximum velocity in 

PHT. Also, voltage coupled with resistance 

has been measured using a multimeter to 

reach maximum power. Therefore, it has 

been prioritized for two parameters to 

analyze maximum uncertainties. Parameter 

accuracy and maximum uncertainties for 

power and volume flow rate have been 

determined by several tests with forty-eight 

voltage value point that equal 4%. Moreover, 

multimeter uncertainty has been determined 

by Mc-Clintock equation, and it has been 

found to be 0.5%. Also, the uncertainty of the 

flowmeter used to measure water volume 

flow rate is 0.09%. 

Using Mc-Clintock, the maximum 

uncertainties of 𝑃 and 𝑄 are represented in 

Eqs. (5) and (6), respectively: 

𝑊𝑃 = ±[(
𝜕𝑃

𝜕𝑉
𝑊𝑉)

2

+ (
𝜕𝑃

𝜕𝐼
𝑊𝐼)

2

]

1
2⁄

        (5) 

𝑊𝑄 = ± [(
𝜕𝑄

𝜕𝑉
𝑊𝑉)

2

+ (
𝜕𝑄

𝜕𝐴
𝑊𝐴)

2

]

1
2⁄

        (6) 
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3. RESULTS AND DISCUSSIONS 

Response surface methodology (RSM) has 

been conducted to establish relationships 

among selected parameters referring to a set 

of mathematical and statistical techniques to 

create a regression model characterizing 

affecting parameters of turbine performance. 

For this purpose, it has been calculated power 

increase by means of coupled different 

amounts of resistance in the electric circuit 

among several trials. It has been split into 

three categories starting from the first 10 Ω 

resistance intervals between 10 Ω and 200 Ω 

(R1), 15 Ω between 200 Ω and 350 Ω (R2), 

and 100 Ω between 350 Ω and 2050 Ω (R3). 

The experimental study matrix and 

regression models are obtained on ANOVA 

by combining the considered factors and 

levels, which are R-square/adjusted (R2/adj.), 

p-value, sum of squares (SS), degrees of 

freedom (df), mean square (MS) and F-ratio, 

etc. for each treatment according to RSM. In 

this regard, several regression models 

representing the turbine power performance 

have been created, including linear and 

polynomial models, as shown in Table 1. 

 

Table 1 ANOVA for fitted polynomial and lineal regression model using RSM for PHT 
Resistance 

model 

R2 R2
adj

 MS SS F-ratio df p-value Regression 

model 

R1 0.99 0.99 0.73 1.46 1254.12 18 0.06 Polynomial 

R2 0.99 0.99 0.05 0.10 6448.83 8 1.61 Polynomial 

R3 0.96 0.95 0.08 0.16 182.10 15 0.558 Polynomial 

R1 0.54 0.51 0.79 0.79 22.35 19 0.40 Lineal 

The PHT model significance and adequacy 

have been analyzed by the p-value of the 

regression model and the 𝑅2 and 𝑅𝑎𝑑𝑗
2 , 

respectively. The results analysis shows the 

fact that the polynomial regression model 

had a p-value of more than 0.05 (0.06), and 

the highest 𝑅𝑎𝑑𝑗
2  (99.20%) unlike the linear 

regression model. Furthermore, the value 

corresponding to 𝑅2 for the linear regression 

model revealed that a minimum 40% of the 

deviation of the obtained experimental data 

for the resistance model-R1 is shown in 

Figure 3 and Table1. Therefore, the 

polynomial regression model was selected 

because this model gives a higher 

significance and an adequate regression 

model which fits the best for PHT. The 

equation referred to polynomial equation 

model defining the maximum turbine power 

is given by Eq. (7). 

𝑦 = 0.061 + 0.014𝑥 − 5.442x10−5𝑥2   (7) 

Where y is ascribed to the maximum turbine 

power and x are the defined levels for the 

turbine voltage values. As a result of the 

experimental study between related voltages, 

it has been obtained that the PHT generates 

approximately 1 W against 130 Ω, which is a 

value similar to that one predicted by the 

polynomial model. 

 

Figure 3 Power-R1 until 200 Ω 

The polynomial model has also been applied 

to the resistance-R2 and R3 models shown in 

Figure 4 and Figure 5, respectively. Figure 4 

represents the experimental voltage data 
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versus power for the optimal conditions 

found at 200 Ω. This value has turned out to 

be at 350 Ω in Figure 5. 

 

Figure 4 Power-R2 until 350 Ω 

 

 

Figure 5 Power-R3 until 2050 Ω 

While the maximum power is 0.73 W for the 

resistance-R2 model, it is obtained that the 

power is a maximum of 0.43 W for 

resistance-R3. As a result of this study, it is 

important to note that the kinetic energy is 

generated from the water-energy by means of 

a pipe. When the flow rate is gradually 

declining towards the turbine outlet, it is 

observed that even though the amount of 

resistance is increasing, the power generation 

is decreasing depending on the current. 

4. CONCLUSION 

This study involves the experimental study to 

demonstrate turbine performance with a set 

of voltages evaluated with the RSM 

procedure under the regression model. In the 

current work, the turbine experimental study 

is conducted to obtain maximum electrical 

power value using a resistance of 2050 Ω in 

a test rig through a multimeter and 

flowmeter. It was concluded that PHT 

generates 1 W output power at 130 Ω under 

the water velocity of 0.53 m/s at operating 

flow conditions. It is also observed that as the 

resistance amount increases, the turbine 

generates less power. In this regard, 

minimum power is measured at the last 

resistance point, 2050 Ω. RSM is an efficient 

tool to provide a prediction model 

demonstrating turbine performance. In this 

context, the polynomial regression model 

predicted maximum power turbine efficiency 

is approximately 1 W when R2 is equal to 

0.99. The experimental results obtained in 

this study are essential in terms of validating 

the numerical models to be made in the 

future. 
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NOMENCLATURE 

β1 Inlet angle [°] 

β2 Outlet angle [°] 

ω Angular velocity [rad/s] 

η Turbine efficiency [-] 

A Cross-sectional area [m2] 

BDA 
Bidirectional diffuser augmented 

[-] 

CFT Cross-flow turbine [-] 

D Turbine diameter [mm] 

g Gravity [m/s2] 

df Degrees of freedom [-] 

H Head [m] 

HRL Hydraulic research laboratory [-] 

I Current [A] 

MS Mean square [-] 

P Power [W] 

PHT Power hydro turbine [-] 

PRS Power recovery system 

PH Hydraulic power [W] 

PM Mechanical power [W] 

𝑄 Volume flow rate [m3/s] 

R Resistance [Ω] 

RANS 
Reynolds-Averaged Navier-

Stokes [-] 

RSM 
Response surface methodology 

[-] 

R2 R-square [-] 

Radj
2  R-square adjusted [-] 

SS Sum of squares [-] 

SA Spalart-Allmaras [-] 

SST Shear-stress transport [-] 

T Torque [N.m] 

V Voltage [V] 

𝑣 Velocity [m/s] 

z Number of blades [-] 
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Abstract 

Lithium-ion batteries have a wide range of usage areas, from transportation to the defense 

industry, from daily usage to space applications. The widespread use of consumer electronics 

day by day also increases the need for this critical strategic technology, which allows us to live 

at almost every point of our lives without binding factors such as cables. But this technology 

also has many limitations, which dominate our lives so much that it needs to be overcome. Low 

cycle life due to poor electrochemical efficiency of electrode materials is one of these 

limitations. At the same time, energy density constraints are also an obstacle to many 

technological developments. Therefore, finding new materials with higher capacity and higher 

cycle life has become inevitable to meet the demands. Moreover, developing novel production 

techniques suitable for the materials used in the battery is also critical. Cylindrical cells are 

mostly used commercially in the market due to their easy and fast production technics and 

relatively safe components. However, the energy density and capacity limit of this architecture 

pushes the market to use alternative cell designs. There are different cell structures in the 

lithium-ion battery industry apart from cylindrical cells, such as button type, pouch type, and 

prismatic type. Among them, pouch cells have rising star geometry due to their unique 

properties and flexible production style. But many parameters still need to be overcome in 

pouch cells. In this study, the NMC811 cathode has been selected to investigate some critical 

parameters in lithium-ion pouch cells. The effects of dynamic conditions such as electrode film 

thickness, variable temperatures, and current rates on electrochemical performance were 

analyzed. Finally, a cycle life test was performed on the cell with optimum parameters.  

Keywords: Energy storage, lithium-ion battery, pouch cell, NMC cathode 

 

 

1. INTRODUCTION 

The quality of life of living things is 

becoming poor due to unprecedented 

ecological degradation depending on many 

factors such as global warming and pollution. 
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One of the most important reasons for this is 

the irresistible increase in the use of fossil 

fuels [1]. Therefore, it has become inevitable 

to find clean and renewable alternatives to 

these extremely attractive and harmful energy 

sources [2]. Over the last two decades, 

scientists have extensively researched 
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batteries as an alternative to fossil fuels. And 

at this point, the first quarter of this century 

has been the beginning of an important 

transition period [3]. In recent years, lithium-

ion batteries have been widely used in 

portable, mobile, and stationary applications, 

and their designs are being broadened [4, 5]. 

With the acceleration of technological 

developments so fast, the demand for 

electrochemical energy storage systems grew 

day by day [6]. Increasing energy density, 

reducing cost, and improving the 

electrochemical performance of the existing 

battery technologies are some of the most 

important efforts to meet the energy needs of 

commercial electric vehicles [7, 8]. The 

energy density of the current lithium-ion 

batteries is changed between 100–265 Wh/kg 

depending on the cell chemistry, cell type, 

and cell shape, which are all factors that were 

chosen for the specific application areas. This 

performance is still significantly less than that 

of gasoline. While cell chemistry is 

responsible for the efficiency of 

electrochemical reactions, the structure of the 

cell determines the weight and usage area. 

Thus, improving both cell chemistry and 

design is critical to increasing the energy 

densities of lithium-ion batteries. The 

elements mentioned above also significantly 

affect the cost of the cell. The energy sector is 

trying to reduce the battery costs from 

$200/kWh to $125/kWh and then $100/kWh, 

respectively. However, the unfortunate 

developments, such as the pandemic and 

Ukraine war between 2020 and 2022, that 

affect the world negatively, have brought 

along the increase in raw material prices and 

production costs, and logistics problems. 

Therefore, in the shadow of these unexpected 

developments, battery prices do not look to 

appear to decrease for a long time. In addition, 

the unpredictable rapid growth of the electric 

vehicle industry, and the consequent high 

demand for batteries, made supply difficult 

and intensified competition in the market. For 

all these reasons, it has become a necessity to 

better understand the current battery 

technology and to approach the aspects that 

need improvement more modestly.  

In this study, parametric research on the 

electrochemical performance of 

commercially available NMC811 cathode in 

pouch cells has been carried out to understand 

the key parameters to building better energy 

storage systems. The most important reason 

for choosing this pouch type system among 

geometries such as cylindrical and prismatic 

is the attractive passion for high energy 

density. Because pouch cells are lighter than 

cylindrical and prismatic cells. It is also more 

likely and possible that they will be adapted 

to next generation battery operations. This is 

the first study to compare the electrode 

thickness, working temperature, and current 

rates of non-commercial pouch cell 

prototypes under real conditions. It is 

believed that this study, which simulates our 

daily life, will make positive contributions to 

the literature and the mobility industry. 

2. EXPERIMENTAL STUDIES 

This study consists of a detailed examination 

of four main parameters in pouch cells. 

(i) Comparison of electrochemical results of 

the electrodes in different thicknesses in 

pouch cells, (ii) Investigation of 

electrochemical performance of pouch cells at 

different temperatures, (iii) Investigation of 

the electrochemical performance of the pouch 

cells at different current rates, (iv) 

Investigation of electrochemical cycling 

performance of pouch cells.  

A battery consists of some active materials 

such as an anode, a cathode, and an ion 

conducting electrolyte. In this paper, the 

electrolyte is used commercially available 1M 

lithium hexafluorophosphate (LiPF6) in 

ethylene carbonate, diethyl carbonate, and 

dimethyl carbonate (EC:DEC:DMC) (1:1:1) 

mixed solution. The anode and cathode 

electrodes were prepared by the conventional 

mixing methods using commercial NMC811 

and Artificial Graphite (AG) powders.  

For the anode preparation process, 94% active 

material (artificial graphite), 4% binder 

(Carboxymethylcellulose sodium (Na-
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CMC)), and 2% conductive carbon (carbon 

black (Super-P)) composition was used. To 

prepare the homogeneous slurry, the CMC 

binder was first dissolved in deionized water 

with 4 wt. % concentration in a vacuum mixer 

and then a selected amount of powders were 

dry mixed mechanically. Finally, the mixed 

powders were added into the binder solution 

and mixed for an additional 2 hours. The 

obtained slurry was then cast onto 9 μm thick 

copper foil and coated using a doctor blade 

(tape casting method). The coating process 

was applied to both sides of the copper foil. 

After leaving it for 10 min. in an ambient 

atmosphere, the drying process was carried 

out in a tape casting device at 70 °C for 10 h 

to remove the remaining solvent.  

The cathode preparation method is also 

similar to the anode preparation method. The 

main difference between the two electrodes is 

the used materials. For the cathode 

preparation process, 90% active material 

(NMC811), 4% binder (Poly(vinylidene 

fluoride) (PVDF)) and 6% conductive carbon 

(carbon black (Super-P)) composition was 

used. To prepare the homogeneous slurry, the 

PVDF binder was first dissolved in n-methyl-

2-pyrrolidone (NMP) with 4 wt. % 

concentration in a vacuum mixer and then 

selected amount of powders were dry mixed 

mechanically. Finally, the mixed powders 

were added into the binder solution and mixed 

for an additional 2 hours. The obtained slurry 

was then cast onto 15 μm thick aluminum foil 

and coated using a doctor blade (tape casting 

method). The coating process was applied to 

both sides of the aluminum foil. After leaving 

it for 1 h in an ambient atmosphere, the drying 

process was carried out in a tape casting 

device at 120 °C for 10 h to remove the 

remaining solvent. In order to see the 

differences in electrochemical performances 

of the cells depending on the cathode 

thickness, the electrodes were coated as 50 

μm, 100 μm, 150 μm, and 200 μm.  

The pouch cells were manufactured with the 

electrodes prepared in the same conditions. 

The stages of the pouch cell manufacturing 

process after the electrode preparation step 

are (i) calendaring to electrodes to decreasing 

of the porosity, (ii) die cutting of the 

calendared electrodes in 4,5x5,5 cm 

dimensions, (iii) vacuum drying of the 

electrodes to completely remove the remained 

solvents and humidity, (iv) stacking of the 

electrodes to separate the anodes and cathodes 

with an electronic isolator and ion conductive 

separator (polypropylene (PP)) to prevent 

physical contact between the anodes and 

cathodes. They were stacked repetitively in a 

cycle of anode-separator-cathode-separator-

anode with a semi-automatic stacking tool, 

(v) tab welding using an ultrasonic welding 

process. Before packaging the pouch cells, 

copper and aluminum current collectors were 

contacted with nickel and aluminum cell tabs, 

(vi) case forming of aluminum laminated film 

to put stacked electrodes in it, (vii) sealing of 

the three sides of the aluminum laminated 

film and electrolyte filling in an argon filled 

glove box, (vii) vacuum sealing of the 

electrolyte filled cell to make formation test, 

(ix) preconditioning and degassing of the cell 

to teach them the specific electrochemical 

characteristic. After vacuum sealing, the 

pouch cells were charged and discharged 

according to defined current and voltages. 

Defined charge-discharge potentials are 

between 2.8V - 4.2V and the current densities 

are C/20, C/10, and C/5 respectively. The 

solid electrolyte interface (SEI) layers and gas 

evaluations form during the first charging and 

discharging process.  The pouch cells were 

put again in the glove box. The gas was 

removed from the pouch cells, (x) final 

sealing, and (xi) aging. For the aging process, 

the pouch cells were stored at room 

temperature for up to 3 days before utilizing 

the battery performance. Digital images of the 

prepared pouch cells are given in Figure 1. 

Galvanostatic charging and discharging 

processes were performed for the parametric 

electrochemical tests under different 

conditions of assembled pouch cells. 
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Figure 1 Digital images of pouch cells 

 

3. RESULTS AND DISCUSSIONS 

Undoubtedly, electrode thickness is a very 

important parameter in determining the 

amount of active material per unit area. While 

this parameter directly affects the capacity of 

the cell, it also indirectly affects the energy 

density. In other words, as the amount of 

inactive materials used in the cell increases, 

the energy density of the cell decreases [9]. 

Depending on this information, the cathode 

active materials were cast on both surface 

areas of the aluminum foil with 50 μm, 100 

μm, 150 μm, and 200 μm thicknesses to 

compare the electrochemical performances by 

mass loading in approximately 500 mAh 

capacity pouch cells. These cells were 

subjected to electrochemical tests under the 

same conditions and examined from different 

perspectives. 

The electrodes are cast on foils of four 

different thicknesses. The parameters were 

analyzed for the cathode (NMC811) parts. 

The anodes in all the pouch cells used exactly 

the same conditions. However, the anode side 

should also be studied, and determined the 

optimum anode/cathode ratio to get 

maximum electrochemical efficiency. All the 

pouch cells are compared in almost equal 

capacities, that is, approximately 500 mAh. 

Naturally, some pouch cells had to have more 

or fewer electrodes. For example, when high-

thickness electrodes are used in the cell, the 

amount of material per unit area increases, 

and the desired values can be achieved with 

fewer electrodes. Since this will reduce the 

amount of inactive materials (current 

collectors and separators) used, the weight of 

the cell will decrease and its energy density 

will increase [10]. Therefore, it is very 

important to determine the critical coating 

thickness, especially in applications where 

weight is very important (such as the 

aerospace industry).  

 

Figure 2 Electrochemical performances of 

the pouch cells assembled with the 

electrodes in different thickness 

Charge-discharge tests of the pouch cells are 

performed at C/10 current rate and the 

capacity efficiencies and energy densities are 

compared. As shown in Figure 2, the cells 

were subjected to the charge-discharge test 

for 30 cycles. The 50 μm electrode exhibited 

a very stable behavior and showed an 

efficiency of 97.6%. However, besides this 

efficiency, the energy density is quite low at 

130 Wh/kg. The cell assembled with the 100 

μm electrode also showed good stability. At 

the end of 30 cycles, the cell showed a stable 

performance of close to 100%, which means 

almost no capacity loss. The energy density 

value is at a promising level with 170 Wh/kg. 

The electrochemical stability of the cell with 

a thickness of 150 μm electrode decreased 

when compared to the others. However, the 

energy density is higher. The 200 μm 

electrode was performed at the lowest 

efficiency with approximately 90% stability. 

However, due to the high coating thickness, 

the energy density is at the highest level. In 

fact, the energy densities of the cells were 

calculated according to their initial capacities. 
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In other words, the energy density calculation 

that has been carried out according to the first 

cycle can be misleading. Therefore, it is even 

more important to calculate and compare the 

energy densities of the cells at the end of 30 

cycles. In other words, the energy densities of 

all pouch cells were calculated by multiplying 

their initial discharge capacity by their 

nominal voltage, dividing by the total weight 

of the cell, and compared with the calculated 

values using the discharge capacities after the 

30th cycle. The calculated energy densities of 

the cells at the end of the 30 cycles are 126.88 

Wh/kg, 168.334 Wh/kg, 182.868 Wh/kg, and 

190.47 Wh/kg, respectively. According to 

these calculated values, the electrochemical 

performance of the cells seems to increase as 

the coating thickness increases. However, as 

can be seen from the electrochemical results 

curves, the gradual decrease in the capacity of 

the 150 μm and 200 μm electrodes means that 

it can turn into a disadvantage at high cycle 

numbers. Therefore, in this study, the 

optimum coating thickness was found as 100 

μm and subsequent analyzes were carried out 

accordingly. Important note that the key 

parameter for increasing the energy density of 

a cell is increasing the ratio of capacity to 

volume or weight. For this, either a higher 

capacity should be obtained from a cell of the 

same volume or weight, or the volume or 

weight of the cell with the same capacity 

should be reduced. When it comes to volume 

and weight, in addition to active materials, the 

importance of inactive materials that do not 

contribute to the capacity emerges. Because 

each component used changes these values. 

Therefore, in addition to the correct choice of 

active materials in determining the energy 

density, the inactive separator, current 

collector, assembling geometry of the cell, 

and packaging materials also play an 

important role. 

 

Figure 3 Electrochemical performance of 

pouch cells at different temperatures 

The dynamic conditions mentioned above are 

also studied in this section. The 

electrochemical performance differences of 

the pouch cells in variable seasonal conditions 

were determined by air-conditioning tests. 

The electrochemical performances of the 

pouch cells assembled for this aim were 

performed at -10 °C, 0 °C, 10 °C, 25 °C, 40 

°C, and 60 °C temperatures, assuming room 

temperature as 25 °C. In fact, the biggest 

improvements that should be realized in this 

parameter are on the electrolyte side. Because 

the main factor affecting the temperature-

dependent performance of a cell is the 

stability of the electrolyte [11]. Nonetheless, 

the climate tests of the pouch cells are still an 

important step to see the electrochemical 

character of the batteries at selected 

temperatures even if used the same aqueous 

electrolyte. Because most electronic devices 

have standard aqueous lithium-ion batteries, 

they are used in dynamic weather conditions. 

Figure 3 shows the electrochemical 

performance results of the pouch cell versus 

the dynamically changing temperature 

parameter. The cell assembled with a capacity 

of approximately 500 mAh/g was subjected to 

the charge-discharge test at room temperature 

at a current rate of C/10. Testing intervals 

vary between -10 and 40 °C depending on the 

temperature values that are likely to be 

encountered around the world. However, in 

some cases, the temperature of the cells may 

rise abnormally due to the sudden increase in 

the current rate. Therefore, an additional 60 

°C temperature value was added to the 

electrochemical tests. As expected, when 

temperatures begin to decrease or increase 

from standard conditions, variations in the 
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cell's capacity can be seen. However, 

depending on the obtained results, it managed 

to preserve approximately 75% of the cell 

capacity even under the most adverse 

conditions, which is a very promising result 

for safety. However, polymer gel electrolytes 

or solid electrolytes that can remain more 

stable at variable temperatures can be 

developed in order to minimize capacity 

losses [12].  

Another parameter affected by electrolytes is 

the current density. As it is known, since 

electronic devices are multifunctional, the 

power needed from the system changes with 

the activation of each function. Human beings 

lead a very dynamic life, which is more 

attractive and sustainable rather than staying 

in fixed environments. Similarly, battery-

powered electronics are also mostly used 

dynamically. Therefore, the current rate of the 

cells plays a very important factor to keep the 

energy stable in need. For example, when a 

mobile phone is in standby mode, the current 

need is minimal, and the battery produces low 

energy. However, when more than one 

function is used together in this phone, much 

more current requirements will occur, and the 

battery must produce a high amount of 

energy. Even this situation causes the phone 

to overheat from time to time as a result of 

producing high energy by the battery. This 

issue prevents the standard performance of 

the battery life and can pull the lifeline down 

[13]. In order to determine the performance 

behavior of the cells used in such dynamic 

conditions, electrochemical tests were 

analyzed at different current densities in this 

study. The tests were carried out in variability 

starting from C/10 current rates and then 

performed at C/5, C/2, C, 2C, and 5C, 

respectively. The C value corresponds to the 

capacity value consumed in 1 hour. In other 

words, the 1C value in a 1 Ah cell is the 1A 

current rate. Eventually, the cell will be 

charged and discharged within 1 hour. 

 

Figure 4 Rate capability of the pouch cell 

It is very important to know how the cell 

behaves at different current densities. 

Because, depending on the desired features, it 

would be possible to increase or decrease the 

capacity that arises. For example, when a 

10Ah battery is used for a drone that requires 

a 10A current, it is a possibility that the drone 

will stay in the air for approximately 1 hour. 

However, the activation of the wind during 

use, frequent maneuvering, or the use of extra 

features such as a camera will increase the 

amount of current needed. This time, higher 

current densities will need to get from the 

battery. Considering such conditions, current 

density tests are important in order to estimate 

how long the battery can be used in different 

conditions. The electrochemical performance 

values of a cell cycled at different current 

densities can be seen in Figure 4. 

A cell prepared with a capacity of 

approximately 500 mAh was subjected to the 

charge-discharge test at C/10 current rate. For 

five cycles, the cell showed a stable capacity 

of 500 mAh. Afterward, the current rate was 

doubled to C/5 and the test was continued for 

five more cycles. Despite the doubling of the 

current rate, there was no significant decrease 

in the cell's capacity. Subsequently, in the 

cell, which was subjected to five cycles of 

charge-discharge tests at C/2, C, 2C, and 5C 

current rate, respectively, decreases in 

capacity were observed with the increase in 

the current rate, as expected naturally, but this 

decrease is not such a serious degree. In other 

words, the cell was able to protect 80% of its 

capacity even at the maximum current rate 

(5C). Afterward, by reducing the current rate 

to C/10 again, the capacity of the cell reached 
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back to about 500 mAh as it was at the 

beginning.  

There is a direct relationship between current 

density and ionic conductivity in a cell. The 

higher ionic conductivity in the 

electrochemical cell leads to able to have a 

higher current density in the cell. Liquid 

electrolytes have relatively low ionic 

conductivity when compared to gel or solid 

electrolytes. In addition, liquid electrolytes 

may face some risks such as decomposition 

and fired in the cases of temperature increases 

at high current densities. Therefore, polymer 

or solid electrolytes are generally suggested to 

use when a high current density is desired. 

Although polymer electrolytes have been 

used commercially, the applications of solid 

electrolytes have not been widely 

encountered yet. Moreover, the discharge 

capacity of the cell drops at the higher C-rate. 

With more passivation of the electrode 

surfaces at high C-rates the resistance of the 

cell increases which leads to reaching the 

discharge cut-off voltage limit earlier, and 

because of that, the available discharge 

capacity is lower. 

 

Figure 5 Cycle performance of a pouch cell 

at C/5 current density for 200 cycles 

Considering the parameters optimized so far, 

100 μm electrodes were prepared and a pouch 

cell of approximately 2000 mAh was 

assembled for a life cycle test. In order to see 

the capacity loss depending on the number of 

cycles, charge-discharge tests were carried 

out at an ambient temperature of 25 °C at a 

current density of C/5, that is, 400 mA, for 

200 cycles. The electrochemical performance 

values of the cell can be seen in Figure 5. The 

initial capacity of the pouch cell was 

determined as 2016 mAh. In addition, the 

energy density of the pouch cell based on the 

initial capacity was calculated as 225 Wh/kg, 

which is quite promising for state of the art 

lithium ion batteries. A serious decrease in the 

cell's capacity was not observed depending on 

the number of cycles. Finally, the cell showed 

an efficiency of 96% after 200 cycles and was 

able to maintain its 1925 mAh capacity.  

4. CONCLUSIONS 

The electrochemical performance of pouch-

type cells, which is widely used today and is 

a suitable geometry for next-generation 

batteries, was investigated parametrically in 

this study. The NMC811 cathode, which is 

described as the most efficient in terms of 

capacity and energy density, was chosen as a 

variable parameter in the cell. The analyzes 

performed were reflected in the study 

according to the variability of daily life. 

Indeed, a systematic guide has arisen from 

intracellular factors, such as comparing the 

electrodes of different thicknesses, to 

extracellular factors, such as using the cells at 

different current rates and different 

temperatures. It is believed that this study will 

contribute to the battery optimization of 

current and future electric vehicle 

technologies. 

Acknowledgments 

The author thanks the TUBITAK TEYDEB-

BIGG-1512 program for their financial 

support under contract number 2190317. 

 

The Declaration of Conflict of Interest/ 

Common Interest 

The author has declared no conflict of interest 

or common interest. 

 

Authors' Contribution 

The author contributed fully to the study. 

 

The Declaration of Ethics Committee 

Approval 

This study does not require ethics committee 

permission or any special permission. 

 

Mahmud TOKUR

Electrochemical Performances of NMC811 Lithium-Ion Pouch Cells under Dynamic Conditions

Sakarya University Journal of Science 25(5), 858-866, 2022 864



The Declaration of Research and 

Publication Ethics 

The author of the paper declare that he 

comply with the scientific, ethical and 

quotation rules of SAUJS in all processes of 

the paper and that he does not make any 

falsification on the data collected. In addition, 

he declares that Sakarya University Journal of 

Science and its editorial board have no 

responsibility for any ethical violations that 

may be encountered, and that this study has 

not been evaluated in any academic 

publication environment other than Sakarya 

University Journal of Science. 

REFERENCES 

[1] M. S. Patil, J. H. Seo, S. Panchal, M. Y. 

Lee, “Numerical study on sensitivity 

analysis of factors influencing liquid 

cooling with double cold‐plate for 

lithium‐ion pouch cell,” International 

Journal of Energy Research, vol. 45, no. 

2, pp. 2533-2559, 2021. 

[2] E. Schuster, Z. Carlos, M. Andreas, R. 

Magnus, J. S. Hans, "Thermal behavior 

and electrochemical heat generation in 

a commercial 40 Ah lithium ion pouch 

cell," Journal of Power Sources, vol. 

286, pp. 580-589, 2015. 

[3] M. Tokur, A. Aydin, T. Cetinkaya, H. 

Akbulut, “Shoring up the lithium ion 

batteries with multi-component silicon 

yolk-shell anodes for grid-scale storage 

systems: experimental and 

computational mechanical studies,” 

Journal of The Electrochemical 

Society, vol. 164, no. 9, pp. A2238-

A2251, 2017. 

[4] Y. Chen, Y. Hu, Z. Shen, R. Chen, X. 

He, X. Zhang, Y. Li, K. Wu, “Hollow 

core–shell structured silicon@ carbon 

nanoparticles embed in carbon 

nanofibers as binder-free anodes for 

lithium-ion batteries,” Journal of Power 

Sources, vol. 342, pp. 467-475, 2017. 

[5] T. Çetinkaya, "Synthesis, 

characterization and electrochemical 

performance of core/shell structured 

carbon coated silicon powders for 

lithium ion battery negative electrodes," 

Sakarya University Journal of Science, 

vol. 21, no. 3 pp. 489-495, 2017. 

[6] F. Hall, J. Touzri, S. Wußler, H. Buqa, 

W.G. Bessler, “Experimental 

investigation of the thermal and cycling 

behavior of a lithium titanate-based 

lithium-ion pouch cell,” Journal of 

Energy Storage, vol. 17, pp. 109-117, 

2018. 

[7] J. Deng, C. Bae, A. Denlinger, T. 

Miller, “Electric vehicles batteries: 

requirements and challenges,” Joule, 

vol. 4, no. 3, pp. 511-515, 2020. 

[8] H. Köse, "Production and 

morphological characterization of tin 

dioxide nano thin films," Sakarya 

University Journal of Science, vol. 21, 

no. 6 pp. 1613-1619, 2017. 

[9] M. Tokur, M.Y. Jin, B.W. Sheldon, H. 

Akbulut, “Stress bearing mechanism of 

reduced graphene oxide in silicon-

based composite anodes for lithium ion 

batteries,” ACS Applied Materials & 

Interfaces, vol. 12, no. 30, pp. 33855-

33869, 2020. 

[10] H. Zheng, J. Li, X. Song, G. Liu, V.S. 

Battaglia, “A comprehensive 

understanding of electrode thickness 

effects on the electrochemical 

performances of Li-ion battery 

cathodes,” Electrochimica Acta, vol. 

71, pp. 258-265, 2012. 

[11] J. Landesfeind, H.A. Gasteiger, 

“Temperature and concentration 

dependence of the ionic transport 

properties of lithium-ion battery 

electrolytes,” Journal of The 

Electrochemical Society, vol. 166, no. 

14, pp. A3079, 2019. 

[12] R. He, T. Kyu, “Effect of plasticization 

on ionic conductivity enhancement in 

relation to glass transition temperature 

Mahmud TOKUR

Electrochemical Performances of NMC811 Lithium-Ion Pouch Cells under Dynamic Conditions

Sakarya University Journal of Science 25(5), 858-866, 2022 865



of crosslinked polymer electrolyte 

membranes,” Macromolecules, vol. 49, 

no. 15, pp. 5637-5648, 2016. 

[13] V. G. Choudhari, A.S. Dhoble, T.M. 

Sathe, “A review on effect of heat 

generation and various thermal 

management systems for lithium ion 

battery used for electric vehicle,” 

Journal of Energy Storage, vol. 32, 

pp.101729, 2020. 

Mahmud TOKUR

Electrochemical Performances of NMC811 Lithium-Ion Pouch Cells under Dynamic Conditions

Sakarya University Journal of Science 25(5), 858-866, 2022 866



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: A Case Study on the Relationship between Water Quality Parameters: Bursa

Authors: Ergun GUMUS

Recieved: 2022-03-05 00:00:00

Accepted: 2022-07-22 00:00:00

Article Type: Research Article

Volume: 25
Issue: 5
Month: October
Year: 2022
Pages: 867-878

How to cite
Ergun GUMUS; (2022), A Case Study on the Relationship between Water Quality
Parameters: Bursa. Sakarya University Journal of Science, 25(5), 867-878, DOI:
10.16984/saufenbilder.1083427
Access link
http://www.saujs.sakarya.edu.tr/en/pub/issue/73051/1083427

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



A Case Study on the Relationship between Water Quality Parameters: Bursa 

Ergun GUMUS*1 

 

Abstract 

Monitoring the quality of mains water in residential areas where industrialization is intense is 

of vital importance in terms of human health. For this purpose, quality parameters expressing 

the physical, chemical and biological properties of water are periodically observed through 

laboratory tests. During the evaluation of water quality, these parameters can be assessed 

individually or as a group by considering their interrelations. In this context, by using water 

quality reports of Bursa province which is an industrial city, answers to two questions were 

sought. The first of these questions is, getting evaluated on a group basis, which groups of water 

quality parameters are found to be highly correlated. The second question is whether the 

correlation between these interrelated parameter groups can be maintained in different 

measurement periods. For these purposes, analyzes were made using an approach which utilizes 

canonical correlation analysis, exhaustive scanning, and sliding window methods. As a result 

of these analyzes, it was observed that used approach gave successful results in terms of 

determining interrelated parameter groups and the differences in terms of interrelations between 

the measurement periods over these groups. 

Keywords: Water quality parameters, canonical correlation analysis, exhaustive search, sliding 

window 

 

 

1. INTRODUCTION 

Water is the basic building block and 

indispensable element of all living organisms, 

from the smallest one to the largest. In terms of 

mass, 73% of our brain and heart, 79% of our 

skeletal muscles and kidneys, and 83% of our 

lungs are composed of water [1]. Water plays an 

important role in balancing our body temperature, 

digesting and transporting nutrients, excretion, 
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working of our joints, protecting our brain and 

spinal cord against impacts, and many more. 

When all these aspects are taken into account, it 

becomes clear that human beings' access to water 

is of vital importance. 

Water is essential not only for biological life, but 

also for agriculture, textile and industrial 

production. Water used in production is polluted 

with various chemicals and unfortunately is 

Sakarya University Journal of Science 25(5), 867-878, 2022



sometimes left back to the water cycle without 

being filtered. This situation especially affects 

drinking water quality of people living in cities 

that are intertwined with industry. For this reason, 

local governments frequently test the quality of 

the mains water in terms of physical, chemical 

and biological aspects. In these tests, (i) physical 

properties of water such as color, smell, taste, 

turbidity, (ii) chemical properties such as 

hardness, electrical conductivity, dissolved gases 

and elements in it, (iii) biological properties such 

as presence/number of viral pathogens and other 

microorganisms are examined. If the parameter 

values are within the standard ranges, the water 

source is considered to be suitable for 

use/drinking. 

To date, many academic studies have been 

conducted on water quality parameters. In 

general, these studies focus on three main topics: 

Analysis of the relationship between quality 

parameters [2- 5], Depending on the analyzed 

relationship, estimation of a certain quality 

parameter [6- 9], and Estimation of total water 

quality using quality parameters [10- 14]. 

Among the studies on analysis of relationships 

between quality parameters, Noori et al. [2] 

examined physical and chemical parameters 

obtained from the Karoon River using Canonical 

Correlation Analysis. As a result of the research, 

it was reported that parameters of electrical 

conductivity, total dissolved solids, total amount 

of ions and water hardness have a high weight in 

explaining the canonical diversity. In a similar 

study [3], measurements taken from Macau main 

storage reservoir for ten years were used. 

Principal Component Analysis, a dimension 

reduction tool, was applied on two different 

groups of physical and chemical parameters. The 

canonical relations between remaining 

parameters were examined and it was seen that 

electrical conductivity from the physical 

parameters group and amount of chloride from the 

chemical parameters group had the highest 

canonical weight in their own group. In another 

study, Parmar et al. [4] divided water quality 

measurements into sub-levels using Discrete 

Wavelet Transform method instead of using them 

directly like in current studies. They obtained 

measurement-signal vectors of these levels. 

Afterwards, they showed that the chemical 

oxygen demand parameter was highly correlated 

with other three chemical parameters. On the 

other hand, Sallam et al. [5], established 

regression models for estimation of parameters 

such as pH, dissolved oxygen, electrical 

conductivity, and total dissolved solids using air 

temperature, relative humidity, and 

quantitative/qualitative properties of the water 

released into the water source. They stated that 

there is a strong correlation between these 

parameters. 

This study focused on the relationship between 

water quality parameters. In this context, six-

years-long water quality measurements of Bursa 

province were used and two separate subjects 

were examined. First subject is to identify two 

subgroups of quality parameters that provide a 

high canonical correlation. For this purpose, 

Exhaustive Search (ES) method was used. The 

second subject of the study is to determine 

whether there is a significant correlation between 

two different measurement periods or not. At this 

point, a sliding window approach along with 

Canonical Correlation Analysis (CCA) was 

applied on the data which is in form of time series. 

Rest of the study is organized as follows: In the 

second part, the dataset and approaches used are 

introduced. In the third part, experimental results 

are given. The fourth and final part is devoted to 

conclusions. 

2. MATERIAL AND METHODS 

2.1. The Dataset 

In the study, quality of drinking water reports 

published weekly by Bursa Water and Sewerage 

Administration were used 

(www.buski.gov.tr/SuAnalizRaporu/Detay/). 

There are 257 measurement reports in total for the 

period between June 15th, 2014 and May 6th, 2020 

(70 months). Distribution of these reports by 

months and years can be seen in Table 1.
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Table 1 Number of measurements on the basis of Months&Years 
 Month  

Year 1 2 3 4 5 6 7 8 9 10 11 12 Total 

2014      1 1 1 1 1 2 1 8 

2015 1 1 1 1 1 1 5 4 4 4 4 5 32 

2016 2 4 5 4 2 5 3 5 3 4 5 4 46 

2017 4 3 5 4 5 4 4 4 4 4 5 4 50 

2018 5 4 4 4 5 4 4 4 4 5 4 4 51 

2019 5 4 4 4 5 3 5 4 4 5 4 4 51 

2020 5 4 4 5 1        19 

In the aforementioned reports, there are a total of 

54 parameters regarding the physical, chemical 

and biological properties of drinking water. For 

some of these parameters, data before a specific 

date is not available. At the same time, for some 

parameters, number ranges are used instead of 

exact values. There are also parameters that have 

the same value for each measurement or that can 

be neglected because their standard deviation is 

very low. For these reasons, 18 parameters which 

are shown in Table 2 were selected to be used in 

the study. 

Table 2 Water quality parameters used in the study 

Par# Name of the parameter [Min - Max] Mean 
Standard 

Deviation 

1 pH [7.36 – 8.41] 7.889 0.260 

2 Blurriness [0.02 – 0.91] 0.264 0.131 

3 Total Hardness [137.8 – 250.9] 177.463 26.331 

4 Total Iron [0 - 64] 21.659 10.490 

5 Manganese [1 - 30] 12.284 4.147 

6 Chloride [3.8 – 20.37] 8.662 2.666 

7 Sulfate [7 - 51] 19.548 11.283 

8 Nitrate [0 – 5.3] 0.991 0.702 

9 Conductivity [277 - 432] 356.813 36.961 

10 Permanganate Index [0.12 – 4.06] 0.996 0.406 

11 Sodium [3.94 – 13.255] 7.787 1.880 

12 Aluminum [0 - 163] 32.458 29.314 

13 Fluoride [0 – 0.17] 0.065 0.021 

14 Free Chlorine [0.42 – 0.78] 0.648 0.062 

15 Arsenic [0.017 – 5.914] 2.637 1.271 

16 Copper [0 – 6.57] 0.710 0.725 

17 Nickel [0.25 – 9.22] 3.201 1.256 

18 Trihalomethane (THM) [0.42 - 64] 30.117 8.981 

 

There is a missing data problem for some of the 

selected parameters. To overcome this problem, 

the "window average" approach was used, and 

each missing data area was filled with the average 

of the other data in its 14 neighborhood. In the last 

step, all parameters were normalized to the range 

[0,1] since they take values from different number 

ranges. 

Measurement reports were fetched from website 

of Bursa Water and Sewerage Administration 

using Python library “Beautiful Soup”. All 

analyzes were carried on PC platform using 

MATLAB. 
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2.2. Canonical Correlation Analysis 

Canonical Correlation Analysis (CCA) method is 

a statistical analysis tool which is used to find 

canonical projection vectors that transfer samples 

of two different observation sets (views) 

belonging to the same entity to ideal data spaces 

in order to maximize their correlation (Pearson's 

correlation) between [15]. The method is used in 

many research areas like feature selection in 

classification processes [16, 17], biomedical 

applications [18- 20], bioinformatics [21, 22], and 

so on. 

CCA can be briefly stated as follows: 

Suppose that we have two zero-mean views SX = 

[x1, x2, …, xN], and SY = [y1, y2, …, yN] in D-

dimensional space for N samples. We can project 

these samples into a one-dimensional space using 

two basis vectors wX and wY, and write the 

correlation coefficient r between these projections 

as seen in Eq. 1. 

𝑟 =
𝑤𝑋

𝑇𝑆𝑋𝑆𝑌
𝑇𝑤𝑌

√(𝑤𝑋
𝑇𝑆𝑋𝑆𝑋

𝑇𝑤𝑋)(𝑤𝑌
𝑇𝑆𝑌𝑆𝑌

𝑇𝑤𝑌)

=

        
𝑤𝑋

𝑇𝐶𝑋𝑌𝑤𝑌

√(𝑤𝑋
𝑇𝐶𝑋𝑋𝑤𝑋)(𝑤𝑌

𝑇𝐶𝑌𝑌𝑤𝑌)
 (1) 

Here, CXX and CYY are within-class covariance 

matrices and CXY = CYX
T are between-class 

covariance matrices. Our goal is to find the ideal 

canonical projection vectors wX and wY that will 

maximize coefficient r. For this, we can create the 

optimization problem seen in Eq. 2 by specifying 

a set of constraints and using the Lagrangian 

relaxation method. 

 𝐿(λ, 𝑤𝑋 , 𝑤𝑌) =      𝑤𝑋
𝑇𝐶𝑋𝑌𝑤𝑌 −

                                   
λ

2
(𝑤𝑋

𝑇𝐶𝑋𝑋𝑤𝑋 − 1) −

                                   
λ

2
(𝑤𝑌

𝑇𝐶𝑌𝑌𝑤𝑌 − 1) (2) 

By solving our optimization problem, the equality 

seen in Eq. 3 and the eigenproblem seen in Eq. 4 

are obtained. The coefficient λ is the Lagrange 

multiplier from our optimization problem and is 

also the square root of the eigenvalue of our 

eigenproblem. 

𝑤𝑌 =
𝐶𝑌𝑌

−1𝐶𝑌𝑋𝑤𝑋

λ
 (3) 

𝐶𝑋𝑋
−1𝐶𝑋𝑌𝐶𝑌𝑌

−1𝐶𝑌𝑋𝑤𝑋 = λ2𝑤𝑋 (4) 

With the solution of our eigenproblem, the 

canonical projection vector wX (eigenvector) and 

the coefficient λ (eigenvalue) are obtained. By 

substituting both of them in Eq. 3, the canonical 

projection vector wY is obtained. 

2.3. Exhaustive Search 

In the first stage of the study, it was aimed to find 

subgroups of water quality parameters that have a 

significant relationship. Some of previous studies 

[2, 3] used CCA method to examine the 

relationship between physical and chemical 

quality parameters for this purpose. Unlike their 

work, instead of using views of two logical 

classes, relationships between mixed subsets 

(views) of all parameters given in Table 2 were 

examined in this study. In literature, there are 

iterative [23] and adaptive [24] techniques for 

composing CCA views. However, since the 

number of parameters subject to the study is 

appropriate, Exhaustive Search (ES) approach, in 

which all possible subsets of parameters are used, 

was applied. The algorithm regarding to 

application of the approach together with CCA 

can be seen in Figure 1. 

Like many machine learning methods, CCA can 

be affected by the way training and test sets are 

formed, and it can be under the influence of bias 

effect. For this reason, the algorithm was run 

using 5×2 cross validation, and 10 different test 

scenarios were obtained.
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Figure 1 Implementation of CCA using ES

2.4. Sliding Window Approach 

Another subject of study is to find out whether 

there is a significant correlation between water 

quality parameters in different measurement 

periods when measurements are ordered from 

oldest to newest according to their dates. For this 

purpose, the sliding window approach seen in 

Figure 2 was used. Accordingly, two observation 

periods (Period1 and Period2), which contain 

equal number of observations (W) but do not 

overlap with each other were created. Then, 

canonical projection vectors which maximize 

CCA training correlation of two views in Period1 

were calculated. Lastly, using same canonical 

projection vectors, samples in both views of 

Period2 were projected to a new data space and 

test correlation of projected views, which resolves 

a possible relationship between two observation 

periods, was obtained. In each iteration of the 

approach, one of the observation periods 

(Period1) remained constant while the other 

(Period2) was shifted by one sample forward. In 

case where Period2 could not be shifted any 

further, the approach was repeated from the 

beginning by shifting Period1 one sample further. 

Whole process is maintained until the case where 

two periods overlap. 
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Figure 2 Sliding window approach for detecting periodic relationships 

3. RESULTS 

3.1. Group-Based Relationships among Water 

Quality Parameters 

In order to find an answer to the question of 

whether there is a significant relationship between 

water quality parameters on a group basis, the 

algorithm mentioned in Figure 1 was applied to 

whole dataset, with a 5×2 cross-validation 

approach. In this way, 10 different test scenarios 

were created, each containing 218 – 19 test 

correlations. The 5-number summary obtained 

after eliminating extreme values for each of these 

scenarios is shown in Table 3. 

Table 3 5-number summary of test scenarios 

Test # Minimum 
Lower 

Quartile 
Median 

Upper 

Quartile 
Maximum 

1 0.3938 0.6966 0.8064 0.8985 0.9510 

2 0.3056 0.6520 0.7935 0.8829 0.9282 

3 0.3987 0.6982 0.8386 0.8978 0.9592 

4 0.3081 0.6543 0.7815 0.8852 0.9340 

5 0.4205 0.7041 0.7991 0.8931 0.9409 

6 0.3202 0.6596 0.7969 0.8859 0.9540 

7 0.3419 0.6678 0.8037 0.8852 0.9322 

8 0.3549 0.6791 0.7849 0.8952 0.9557 

9 0.3644 0.6720 0.8145 0.8772 0.9404 

10 0.3114 0.6637 0.8024 0.8985 0.9424 

 

When Table 3 is examined, it is seen that there is 

not a big difference between upper quartile values 

of the test scenarios. The same is also true for 

maximum values. At this point, top 100 test 

correlations for each scenario and corresponding 

water quality parameter groups (View1 

parameters and View2 parameters) were detected. 

Afterwards, among these 100×10 cases, the most 
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common parameter group in View1 was scanned. 

As a condition for this scan, selection of 

parameter groups in View1 which took place in at 

least half of cases was taken as a basis. Result of 

this scan is given in Table 4. 

Table 4 Most frequently encountered parameter 

groups in selected test scenarios (View1) 

Parameter Group 
Observation 

Rate (%) 

{Total Hardness, Chloride} 86.2 

{Total Hardness, Chloride, 

Permanganate Index} 

70.4 

{Total Hardness, Chloride, 

Arsenic} 

55.6 

For View1, it was observed that high test 

correlations had been obtained by using three 

parameter groups formed by quality parameters 

#3 (Total Hardness), #6 (Chloride), #10 

(Permanganate Index), and #15 (Arsenic). 

Most frequently observed parameter group for 

View1 is the group consisting of “Total 

Hardness” and “Chloride” pair. This group took 

place in a total of 862 cases. Among all cases, 

most frequently observed parameter groups for 

View2 were scanned with a similar approach, 

where selection of parameter groups in View2 

which took place in at least half of cases was taken 

as a basis. Result of this scan is given in Table 5. 

Table 5 Most frequently encountered parameter 

groups in selected test scenarios (View2) 

Parameter Group 
Observation 

Rate (%) 

{Conductivity, Sodium} 100 

{Nitrate, Conductivity, Sodium} 96.9 

{Nitrate, Conductivity, Sodium, 

Fluoride} 

77.8 

{Sulphate, Nitrate, Conductivity, 

Sodium} 

77.3 

{Nitrate, Conductivity, Sodium, 

THM} 

62 

For View2, it was observed that high test 

correlations had been obtained by using five 

parameter groups formed by quality parameters 

#7 (Sulphate), #8 (Nitrate), #9 (Conductivity), 

#11 (Sodium), #13 (Fluoride), and #18 (THM). 

“Conductivity” and “Sodium” parameters were 

encountered in all of these five groups. 

After application of cross-validation approach, 

CCA test correlations ranging from 0.9021 to 

0.9434 were obtained between View1 created 

with “Total Hardness” and “Chloride” parameters 

and View2 created with “Conductivity” and 

“Sodium” parameters. 

Considering average test correlations obtained 

from 10 test scenarios which were formed by 5×2 

cross-validation approach, the highest average 

test correlation was 0.9402. This value was 

obtained by using {Blurriness, Total Hardness, 

Chloride, Permanganate Index} parameters for 

View1, and {Manganese, Nitrate, Conductivity, 

Sodium, Fluoride, THM} parameters for View2. 

3.2. Relationship between Observation Periods 

For the secondary purpose of the study, 

observations, which were ordered from oldest to 

newest according to measurement dates, were 

converted into periods covering 12 months. After 

that, couples of periods were analyzed using the 

sliding window approach mentioned in Section 

2.4 in order to check for existence of a 

similarity/difference between them. In this 

context, as seen in Table 1, observations covering 

6 years were divided into consecutive 12-months-

long periods with a one-month progress, and a 

total of 61 periods were obtained. While forming 

these periods, if there were more than one 

observation belonging to some specific month, 

only one of these observations was randomly 

selected. Since this selection is a stochastic 

process, each pair of non-overlapping periods 

(Period1 and Period2) whose relationship will be 

questioned were created 1000 times and averages 

of training and test correlations were used in 

analysis. While calculating both training and test 

correlations, {Blurriness, Total Hardness, 

Chloride, Permanganate Index} parameters for 

View1 and {Manganese, Nitrate, Conductivity, 

Sodium, Fluoride, THM} parameters for View2 

were used in each period. The reason for this 

choice is that the highest possible test correlation 

was obtained with the relationship between these 

parameter groups. 

In trials using the sliding window approach, first 

49 of 61 periods were used to calculate i) training 
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correlations between views of these periods, and 

ii) canonical projection vectors that maximize 

these correlations. Out of 1000 trials, training 

(Period1) correlations obtained using these 

periods are shown in Figure 3 together with 

outliers in box graphic form. 

 

Figure 3 Training correlations obtained during various train periods 

When Figure 3 is examined, it is seen that high 

training correlations ranging from 0.87 to 0.99 

can be obtained in each of the different train 

periods, as would be expected from CCA 

approach. It is also seen that correlation values 

obtained at the end of multiple trials per period do 

not show much variation for train periods 

including initial months with few observations. 

Lowest outliers (+ symbol) in training correlation 

are seen in train periods #17, #18, #19, #20, #21, 

and #28 (5 consecutive 12-months-long periods 

covering October 2015 – January 2017 interval, 

and a single 12-months-long period covering 

September 2016 – August 2017 interval). 

In accordance with the sliding window approach 

seen in Figure 2, test correlation between views of 

Period2 (test period) were obtained by applying 

canonical projection vectors which maximize the 

training correlation between views of Period1 

(train period). Accordingly, i. period was 

accepted as Period1 and each of the following 

periods in the interval [i + 12, 61] was considered 

as Period2 one by one. In this way, the 

relationship of each Period1 with each subsequent 

Period2 was evaluated through the test correlation 

obtained. The boxplot created using test 

correlations obtained over 1000 trials is shown in 

Figure 4. 
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Figure 4 Test correlations obtained by applying canonical vectors of training period (Period1) to views of 

test period (Period2) 

 

Figure 5 Variation of mean test correlations obtained using first 10 training periods 
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As can be seen in Figure 4, median values of test 

correlations obtained by applying canonical 

vectors of training period (Period1) to views of 

test period (Period2) remained low (at the level of 

0.2665) especially for 18th and 19th training 

periods (two consecutive periods of 12 months 

each, covering the range of November 2015 - 

November 2016). For 18th training period, mean 

and standard deviation of test correlations were as 

low as 0.2603 and 0.0507, respectively. Similarly, 

for 19th training period, mean and standard 

deviation of test correlations were as low as 

0.2722 and 0.0666, respectively. Median training 

correlations obtained for these two periods were 

similar, about 0.99. Other than this, test 

correlations which can be defined as outliers (+ 

symbols) were observed using first 10 training 

periods. Variation of mean test correlations for 

these periods is shown in Figure 5. 

Examining Figure 5, it is clear that mean test 

correlation values remain low until 20th test 

period. Only after that, a rise is possible. One 

might suspect that, the reason is lack of diversity 

in observations for leading periods (check number 

of measurements for leading months in Table 1). 

However, although observation diversity is low 

for first 10 periods, it is seen that canonical 

vectors obtained in training phases of these 

periods provide high mean test correlations after 

20th test period. Moreover, checking Table 1, we 

can see that lack of diversity in observations 

comes to an end after 13th period.

4. CONCLUSIONS 

In this study, a case analysis was conducted i) to 

determine the relationship between water quality 

parameter groups, and ii) to determine whether 

there exists a periodic relationship between 

measurements taken at different times or not. In 

this context, exhaustive search and sliding 

window approaches are employed along with 

canonical correlation analysis. When the 

relationship of quality parameters on a group 

basis is evaluated, it is seen that the relation 

between the group consisting of {Blurriness, 

Total Hardness, Chloride, Permanganate Index} 

parameters and the group consisting of 

{Manganese, Nitrate, Conductivity, Sodium, 

Fluoride, THM} parameters is maximized using 

the sets of observations in accordance with 5×2 

cross-validation. In addition, by using detected 

groups of quality parameters, the relationship 

between distinct 12-months-long periods was also 

questioned. As a result of this inquiry, it was seen 

that the relationship established between these 

two parameter groups was valid in most of the 

observation periods covering 70 months. 

However, especially for the periods covering 

November 2015 - November 2016 interval, low-

level test correlations such as 0.2603 and 0.2722 

were observed, which means the relationship 

established between detected parameter groups in 

this interval does not hold in other observation 

periods. This gives us an idea about benefit of 

applied methodology in order to detect seasonal 

variability of the relationship between water 

quality parameters. 
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Spectroscopic Characterization and DFT Calculations on 1H-benzimidazole-2-carboxylic acid 

monohydrate Molecule 

Emine BABUR ŞAŞ*1, Songül ÇİFÇİ1, Mustafa KURT1 

 

Abstract 

After first determining the optimized geometry of the 1H-benzimidazole-2-carboxylic acid 

monohydrate (1HBCM) molecule using the B3LYP/6-311+ + G (d, p) basis set, we investigated 

the spectroscopic properties, electronic properties and optical band gap of the molecule. We 

presented the fitted values of the vibrational frequencies of the molecule both as a table and as 

a spectrum and compared them with the experimental data. While the band gap energy (E) 

values of the molecule were calculated using HOMO and LUMO energies, the optical band gap 

(Eg) values of the molecule were obtained from the Tauc equation. We have given the Eg values 

of the molecule calculated for direct and indirect transmission by comparing them with the 

experimental data. In the article, we have also calculated and presented the data of the 1HBCM 

molecule such as MEP, Mulliken, and DOS. 

Keywords: FT-Raman, FT–IR, optical band gap DFT, MEP. 

 

 

1. INTRODUCTION 

The biological activities of benzimidazole and 

benzimidazole derivatives, such as anticancer, 

antiviral, anthelmintic, antimalarial, anti-ulcer, 

antihistaminic, antioxidant, and antifungal, have 

been widely reported in the literature [1-3]. 

Benzimidazole derivatives are also widely used in 

industrial processes as corrosion inhibitors for 

metal and alloy surfaces. In this molecule, it is 

difficult to assign the vibrational modes that occur 

with respect to the different chemical bonds. 
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Despite these problems, there are always attempts 

to assign vibrational modes of such molecules [4]. 

The fact that benzimidazole and its derivatives are 

used in many fields such as medicine, chemistry, 

and industry has attracted many researchers. In 

previous studies, benzimidazoles have also been 

used in organic semiconductor materials [5] and 

solar cells [6]. When electron acceptor and 

electron donor molecules come together, charge 

transfer complexes are formed [7]. The donor-

receptor interactions are determined by the 

HOMO-LUMO energy difference of the 
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molecules [8]. In this study, we investigated the 

electronic, spectroscopic, and optical properties 

of the 1HBCM molecule using the DFT method. 

In addition to the HOMO-LUMO energy 

difference, we used DOS spectra for the 

interactions between neighboring orbitals. Based 

on the properties of the semiconductor material, 

we have investigated the optical band gap values 

experimentally and theoretically using the Tauc 

equation [9-10]. 

2. EXPERIMENTAL 

The FT-IR and dispersive Raman spectra of the 

molecule 1H-benzimidazole-2-carboxylic acid 

monohydrate (1HBCM) were recorded at room 

temperature using a Bruker IFS 66/S spectrometer 

in the range 400–4000 cm-1 and a 532 nm laser in 

the range 3200–100 cm-1 using Renishaw/Invia. 

Since the molecule is an organic molecule, the 

UV spectrum was recorded with Thermoscientific 

Evulation 60 s in the range of 200–600 nm in 

ethanol solution. 

3. COMPUTATIONAL DETAILS  

The molecular structure of 1HBCM was 

visualized by the DFT /B3LYP/6 311++G(d,p) 

method, where the optimized parameter values 

were determined and compared with X-ray data 

[11]. Vibrational spectra of the molecule were 

obtained by this method and the spectra were 

recorded and compared with experimental FT-IR 

and dispersive Raman spectra. The 

thermodynamic properties were studied by the 

same method and correlation plots were obtained. 

UV-Vis spectra, MEP, frontier molecular orbital 

energies were calculated in DMSO, ethanol and 

vacuum. Optical band gap values were 

determined using the experimental and theoretical 

UV spectra and presented with figures. 

4. RESULT AND DISCUSSIONS  

4.1. Molecular Structure  

Having found the minimum energy level of the 

1HBCM molecule, the shape and geometrical 

parameters of the molecule in this state are given 

in Figure 1 and Table 1. As shown in Table 1, 

these values were compared with X-ray data [11]. 

According to the X-ray data, the C1-C2 bond 

length, which was reported to be 1.393, was 

calculated to be 1.42 in the 1HBCM molecule and 

was found to be larger than the other C-C bond 

lengths. This bond length was calculated to be 

1.41 in similar molecules [12, 13]. The C4-C5 

bond length, calculated as 1.415, is the largest C-

C bond length observed in the X-ray data [11]. 

 

Figure 1 The geometric structure of the 1HBCM 

The internal bond angles of the benzene ring in 

the title molecule are greater or less than the bond 

angle of a hexagon. For example, the C2-C1-C6 

and C1-C6-C5 bond angles were calculated and 

recorded as 122.2o and 116.3o in 1HBCM and X-

ray data, respectively [11]. This difference in 

bond angles may be due to the imidazole group. 

This is because the same bond angles are different 

compared to similar molecules. [12, 13]. The 

O19-H20 and O19-H21 bond lengths of 1HBCM 

were calculated to be 0.973 and 0.961 Å, 

respectively. This bond length was reported to be 

0.85 Å in the X-ray data [11]. 

4.2. Vibrational spectral analysis  

The 1HBCM molecule has C1 symmetry and 57 

fundamental modes. The fundamental vibration 

bands of the molecule calculated using the 

method DFT were fitted with the scaling factors 

reported in the literature to match the 

experimental data. A value of 0.958 was used for 

large frequencies and 0.983 for frequencies below 

1700 cm-1 [14]. 
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Table 1 Geometrical parameters of 1HBCM and X-Ray data 

Bond Lengths (Å) X-ray B3LYP/6-311++G(d,p) Bond angles (º) X-ray B3LYP/6-311++G(d,p) 
C1-C2 1.393 1.420 C2-C1-C6 122.2 122.2 

C1-C6 1.397 1.400 C2-C1-N13 106.9 105.2 

C1-N13 1.386 1.371 C6-C1-N13 130.8 132.6 

C2-C3 1.393 1.404 C1-C2-C3 121.6 120.1 

C2-N12 1.384 1.374 C1-C2-N12 106.0 110.1 

C3-C4 1.379 1.383 C3-C2-N12 132.4 129.8 

C3-H8 0.936 1.083 C2-C3-C4 116.5 117.8 

C4-C5 1.424 1.415 C2-C3-H8 120.0 120.3 

C4-H9 1.087 1.084 C4-C3-H8 123.0 121.9 

C5-C6 1.367 1.386 C3-C4-C5 121.5 121.5 

C5-H10 1.069 1.084 C3-C4-H9 120.0 119.7 

C6-H11 0.966 1.083 C5-C4-H9 117.0 118.9 

C7-N12 1.335 1.317 C4-C5-C6 121.9 121.9 

C7-N13 1.341 1.377 C4-C5-H10 113.0 118.9 

C7-C15 1.501 1.472 C6-C5-H10 124.0 119.2 

N13-H14 0.900 1.023 C1-C6-C5 116.3 116.6 

H14-O19 - 1.873 C1-C6-H11 120.0 121.8 

C15-O16 1.254 1.221 C5-C6-H11 124.0 121.5 

C15-O17 1.247 1.337 N12-C7-N13 108.9 113.6 

O16-H20 - 1.931 N12-C7-C15 125.9 125.9 

O17-H18 - 0.969 N13-C7-C15 125.1 120.6 

O19-H20 0.850 0.973 C2-N12-C7 109.5 104.7 

O19-H21 0.850 0.961 C1-N13-C7 108.6 106.3 

   C1-N13-H14 121.0 127.7 

   C7-N13-H14 130.0 126.0 

   N13-H14-O19 - 162.2 

   C7-C15-O16 114.8 124.1 

   C7-C15-O17 116.2 113.4 

   O16-C15-O17 128.9 122.5 

   C15-O16-H20 - 130.7 

   C15-O17-H18 - 107.0 

   H14-O19-H20 - 88.1 

   H14-O19-H21 - 133.2 

   H20-O19-H21 107.0 106.9 

   O16-H20-O19 - 148.1 

 

 

Figure 2 (a) The experimental and (b) the theoretical IR spectra of 1HBCM 

 

(a) 

(b) 
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The difference between the experimental and 

theoretical wavenumbers is that the experimental 

spectra were recorded in the solid phase and the 

theoretical spectra calculations were performed in 

the gas phase. The theoretical and experimental 

spectra are shown in Figure 2 and 3, the values are 

listed in Table 2. 

 

In molecules an imidazole ring structure, the N-H 

stretching vibration is generally observed in the 

range 3500–3000 cm-1 [15].  

 

 
Figure 3 (a) The experimental and (b) the theoretical 

Raman spectra of 1HBCM 

 

In some similar molecules (2Br1HB, 2-

arylaminomethyl-1H-benzimidazole, 2-

chloromethyl-1H-benzimidazole hydrochloride, 

and 2-(4-bromophenyl)-1H-benzimidazole), this 

vibration is measured above 3500 cm-1 at 3546, 

3513, 3509, and 3502 cm-1, respectively, and in 

the 5-benzimidazole carboxylic acid molecule it 

was measured as 3237 cm-1 [12, 16- 19]. This 

band was calculated as 3236 cm-1 in our study and 

proved to be a pure band according to TED. 

 

In the 1HBCM molecule, C-H vibrations were 

calculated in the range 3065–3036 cm-1 and 

recorded in the experimental spectrum at the 

values 3070 cm-1 and 3024 cm-1. In aromatic 

rings, C-H vibrations are observed in the range of 

3100–3000 cm-1, in-plane bending vibrations in 

the range of 1000–1300 cm-1 and out-of-plane 

bending vibrations in the range of 800–950 cm-1 

[15,20- 22]. These vibrations in the study 

molecule were calculated in the desired range and 

presented in detail in Table 2. The correlation 

graph of the experimental and theoretical 

wavenumbers given in Table 2 is shown in Figure 

4. According to the correlation graph, the R2 value 

being 0.99 indicates that the experimental and 

theoretical data are in agreement. 

 

 
Figure 4 Correlation graphic of calculated and 

experimental (total) wavenumbers of 1HBCM 

 

C-C, C-N, and C=N vibrations are generally 

observed to be intermixed. In the literature, these 

bands are reported to be found in the range of 

1480–1650 cm-1, 1338 cm-1, and 1617 cm-1, 

respectively [23- 25]. For the title molecule, the 

C-C vibrations were calculated to occur at 1633–

1499, 1446–1343, 1281–1224, 1120–975 cm-1, 

and the C-N and C=N vibrations at 1534–1446, 

1408, 1308–1224, 975 cm-1. The highest 

contribution was calculated as 55% for C-C 

vibrations at 1633 cm-1 and 45% for C-N and C=N 

vibrations at 1446 cm-1. C-C vibrations were 

observed experimentally in dis-Raman and FT-IR 

(b) 

(a) 
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in 1628, 1549, 1390, 1291, 1216, 1022 cm-1, and 

1636, 1517, 1470, 1392, 1332, 1249 1017 cm-1, 

respectively. C-N and C=N stretching vibrations 

were also obtained in 1459, 1390, 1291, 1216    

cm-1 in dis-Raman and 1517, 1470, 1392, 1249 

cm-1 in FT-IR. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4.3. UV-Vis Analysis and Optical Band Gap 

UV spectrum analysis of the 1HBCM molecule 

was performed in 2 different solvents (DMSO and 

ethanol) and in the gas phase. The spectrum 

obtained experimentally in ethanol is compared 

theoretically with the spectrum obtained in 

ethanol and these spectra are shown in Figure 5. 

According to Fig. 5, the experimental values were 

observed at 314, 298, and 291 nm and the 

theoretical values observed as a shoulder of 1 

peak were observed as two peaks at 312 and 293 

nm. Although the theoretical absorption peak is 

calculated at 256 nm in the spectrum, the intensity 

of this transition is feeble. The theoretical and 

experimental absorption peak values are very 

close to each other. The wavelengths of the 

absorption bands determined experimentally and 

theoretically are given in Table 3 with the 

corresponding energies for this transition. 

UV spectra are commonly used to investigate a 

molecule's optical band structure (direct and 

indirect band gap). Using the Tauc model, we 

investigated the optical band gap (Eg) of the 

1HBCM molecule. Figures 6 show the optical 

band gaps of the molecule, both theoretically and 

experimentally. The slope of the graph was used 

to calculate the Eg values using the Tauc 

equation. The theoretical and experimental values 

for the direct optical band gap were 4.12 and 3.68 

eV, respectively, as shown in Figure 6, while the 

indirect band gap was 4.09 and 3.57 eV. The 

Table 2 The wavenumbers of 1H-Benzimidazole-2-Carboxylic Acid Monohydrate molecule. 

 Theoretical wavenumber 
Experimental 

wavenumber 
Assignments TEDa (10%) 

No Scaled IIR SRa IRa IR Raman  

4 114 10.1 1.4 12.19  111 υOH(13)+δNOH(58)+ δCNH(12) 

5 161 3.5 0.5 2.67  131 δOH[ δNOH(11)]+ υOH(83) 

11 356 34.1 2.6 3.49  364 ɣOH[τCNOH(42)]+ ɣHOH(11)+υCC(13) 

16 571 2.0 0.2 0.14 560  τCCCC(40)+τCCCN(16)+τCCCH(15) 

17 579 21.8 0.9 0.57  579 δCCC(34)+ δCOO(11) 

19 623 6.3 10.9 6.39 616 619 υCC(21)+δCCN(34)+ δCCC(21) 

22 741 71.6 0.1 0.03 746  ɣCH[τCCCH(60)+ τCNCH(15)] 

24 766 8.6 0.5 0.20  764 τCNCO(39)+τCOOH(19)+τNOHH(15) 

26 824 13.9 24.1 9.42 829 834 υCC(55)+ υCN(12) 

28 900 2.9 1.3 0.43 889  υCN(14)+δCCC(47)+ δCCH(17) 

30 968 0.0 0.2 0.07 956  ɣCH[τCHCH(65)+τCCCH(18)] 

32 1008 4.2 64.9 18.79 1011 1022 υCC(54)+δCCH(19) 

34 1144 245.4 101.9 24.26 1149 1135 υCO(23)+δCCH(39)+ δCOH(13) 

35 1156 145.6 4.3 1.01  1158 υCO(28)+δCCH(22)+ δCOH(15) 

36 1224 111.5 102.1 21.84 - 1216 υCN(28)+ υCC(12)+ δCOH(18) 

37 1236 20.4 87.0 18.29 1252  υCN(22)+ υCC(14)+ δCCH(29) 

38 1281 2.1 246.0 48.87  1291 υCN(42)+ υCC(19)+ δCCH(18) 

40 1343 149.9 15.8 2.90 1334  υCC(53)+ δCOH(15) 

41 1408 79.2 18.6 3.15 1386 1390 υCO(10)+υCN(17)+ υCC(20)+ δCNH(12) 

43 1446 44.9 33.8 5.47 1469 1459 υCN(45)+ δCCH(15) 

45 1534 56.5 201.7 29.44 1547 1549 υCC(20)+ υCN(16)+ δCNH(19) 

48 1633 1.2 10.0 1.30 1634 1628 υCC(55) 

50 3036 1.5 51.8 1.63 3021  υCH(100) 

53 3065 10.8 255.1 7.83  3070 υCH(99) 

54 3236 726.3 210.5 5.48   υNH(101) 

56 3606 139.8 136.3 2.49 3536  υOH(100) 
aυ: stretching. 𝛿: bending.𝛿:in plane bending.𝛾: out of plane bending.𝛤: torsion 
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values obtained experimentally show that the 

material has semiconductor.

 

Figure 5 (a) The experimental and (b) the theoretical 

UV-Vis spectra of 1HBCM 

4.4. Frontier Molecular Orbitals and Total, 

Partial and Population Density of States (DOS, 

PDOS and OPDOS) 

The energy band gap in semiconductor materials 

is of great importance for electrical and optical 

studies [26]. The theoretical band gaps of 

1HBCM are obtained by using the HOMO and 

LUMO energies. For electronic properties, the 

energy band was calculated using the TD-DFT 

method and determined which atoms are 

concentrated on it. The valence band (HOMO) 

was localized throughout the molecule except for 

the carboxylic acid and the monohydrate group, 

while the conductance band (LUMO) was 

localized throughout the molecule except for the 

monohydrate group. 

 

 

Figure 6 (a) Direct ((αE)2(cm-1eV)2 vs photon energy) 

and (b) indirect ((αE)1/2(cm-1eV)1/2 vs photon energy) 

band gap of 1HBCM 

(b) 

(a) 
(a) 

(b) 
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Table 3 Electronic values of the 1HBCM molecule. 

DMSO 
Theoretical 

Gas 
Ethanol 

Experimental 

(Ethanol) 

λ(nm) E(eV) f λ(nm) E(eV) f λ(nm) E(eV) f λ(nm) E(eV) 

312.44  

(46→48) 

(47→48) 

𝜋 → 𝜋∗ 

3.9683 0.0433 

312.22  

(46→48) 

(47→48) 

𝜋 → 𝜋∗ 

3.9710 0.0305 

312.22 

(46→48) 

(47→48) 

𝜋 → 𝜋∗ 

3.9697 0.0417 314 3.9566 

293.77 

(46→48) 

𝜋 → 𝜋∗ 

4.2205 0.5324 

288.09  

(46→48) 

𝜋 → 𝜋∗ 

4.3036 0.4298 

293.13 

(46→48) 

𝜋 → 𝜋∗ 

4.2296 0.5209 298 4.1605 

256.38  

(45→48) 

𝜋 → 𝜋∗ 

4.8360 0.0010 

267.11  

(45→48) 

𝜋 → 𝜋∗ 

4.6418 0.0010 

256.69 

(44→48) 

(45→48) 

𝜋 → 𝜋∗ 

4.8302 0.0010 291 4.2693 

Table 4 The calculated energy values and the 

energy gaps of 1HBCM) 

Parameters Gas Ethanol DMSO 

Etotal (Hartree)   -645.08 -645.091 -645.09 

EHOMO (eV)  -6.64 -6.79 -6.77 

ELUMO (eV) -2.16 -2.29 -2.25 

EHOMO−1 (eV)  -6.76 -7.03 -6.89 

ELUMO+1 (eV)  -0.56 -0.42 -0.42 

EHOMO–LUMO gap (eV)  4.48 4.50 4.52 

EHOMO-1–LUMO+1 gap (eV)  6.20 6.61 6.47 

Chemical hardness (h) 2.24 2.25 2.26 

Electronegativity (χ) 4.40 4.54 4.51 

Chemical potential (μ) -4.40 -4.54 -4.51 

Electrophilicity index (ω) 4.32 4.57 4.50 

 

Figure 7 also shows this localization. Using this 

figure, the energy band interval is calculated to be 

4.48 eV and the detailed values are given in Table 

4. Also, the values of chemical hardness, chemical 

potential, electrophilicity index and 

electronegativity are given in the table. 

 

 

Figure 7 The frontier molecular orbitals of the 

1HBCM for vacuum 
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The energy range of the molecule, i.e., the 

distance between the energy levels of the highest 

filled molecular orbital (HOMO) and the lowest 

empty molecular orbital (LUMO), and the total 

electronic density of states (TDOS or DOS) to 

show the interaction between the bonding, 

antibonding, and nonbonding orbitals, the density 

of states (PDOS), and the overlap population 

density of states (OPDOS or COOP) were 

calculated and generated using the GaussSum 2.2 

program [27- 31].  

 

The total electronic density of states (TDOS) 

displays the density spectrum of the molecule on 

the orbitals and is shown in Figure 8. 

 

Figure 8 TDOS diagram of the 1HBCM in gas phase 

In this spectrum, it can be seen which orbital has 

a higher electron density and HOMO-LUMO 

energy range can be calculated. For the molecule 

studied, the HOMO energy was calculated as -

6.64 eV, the LUMO energy as -2.16 eV, and the 

energy range as 4.48 eV. In the TDOS spectrum, 

the red lines indicate the HOMO orbitals and the 

blue lines indicate the LUMO orbitals. The energy 

range chosen for these spectra is 0–20 eV. 

The molecule studied was divided into 3 groups 

(benzimidazole, water, and carboxyl groups) and 

shown in Figure 9. The contribution of these 

groups to the HOMO-LUMO orbitals is shown in 

the figure. 

Figure 9 PDOS diagram of 1HBCM in gas phase 

 
Figure 10 OPDOS diagram of 1HBCM in gas phase 

 

The OPDOS spectrum shows the interaction of 

the bonding, anti-bonding, or non-bonding 

orbitals between two orbitals, atoms, or groups. 

Positive values in this spectrum indicate a 

bonding interaction (due to a positive overlap 

population), negative values indicate an anti-

bonding interaction (due to a negative overlap 

population), and a value of zero indicates non-

bonding interactions. [30]. The OPDOS diagram 

is shown in Figure 10 and can be easily identified 
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by the colors and values of the interactions 

between the selected groups. According to this 

diagram, the carboxyl-benzimidazole system 

(red) is negative, i.e., it has an anti-bonding 

character. However, the water-benzimidazole 

system (green) is positive, i.e. it shows a binding 

interaction. 

4.5. Molecular electrostatic potential surface 

The molecular electronic surface (MEP) shapes 

are a technique used to represent the electrophilic, 

nucleophilic, and neutral domains in the molecule 

[32-33]. These regions are represented as a 

function of the specific colors and the degrees of 

the colors. The color scale ranges from dark red 

to dark blue. The red areas represent the regions 

where the electrophilic reactions occur, that is, the 

electron-donating atoms, the blue areas represent 

the regions of the nucleophilic reactions, the 

electron-accepting atoms, the yellow colors and 

green, and the neutral areas. 

 

Figure 11 MEP map for 1HBCM molecules in gas 

phase 

The electronic surface map for the 1HBCM 

molecule was found in the region of -6.347e2 and 

6.347e2 (red to blue) and is shown in Figure 11. 

According to Figure 11, the nitrogen and oxygen 

atoms are the regions where the electrophilic 

reactions can occur in the molecule, and N11 is 

considered as the most electronegative atom in the 

molecule. The positive potential in the molecule 

was found at the hydrogen atoms in the 

monohydrate group. 2D peaks were drawn for the 

molecule and the red lines were concentrated 

around the electronegative atoms. 

4.6. Mulliken atomic charges  

Mulliken atomic charges are closely related to 

polarization, dipole moment, and acid-basic 

behavior of molecules. Since it plays an important 

role in quantum chemical calculations, it was 

calculated for this study as well, and the charge 

distribution was compared with the 1H-

benzimidazole-2-carboxylic acid (1HBCA) 

molecule and given in Figure 12.  

 

Figure 12 (a) In molecular form and (b) graphically 

the Mulliken charge distributions for 1HBCM and 

1HBCA in gas phase 

Looking at Figure 12, it is seen that the C1 atom 

has the highest positive value in both compounds 

(0.767 and 0.841 e). Although the C7 carbon 

atom is negative in both molecules, this value is 

smaller in the 1HBCM molecule. This difference 
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is thought to be due to the monohydrate group in 

the molecule. 

4.7. Thermodynamic properties   

Parameters such as entropy (S), enthalpy (H) and 

specific heat (C) can be used to predict new 

reactions of the molecule [34]. While 

investigating the minimum energy state of the 

1HBCM molecule, the thermodynamic 

parameters of the molecule were also calculated. 

Since the vibrational properties of molecules 

increase with temperature [35- 36], these 

parameters were also investigated in 1HBCM 

molecule with temperature change. As shown in 

Figure 13, it is seen that the thermodynamic 

parameters increase with temperature and become 

stable at a certain temperature in accordance with 

the thermodynamic laws. 

 

Figure 13 The correlation graphic of heat capacity, 

entropy, enthalpy and temperature for 1HBCM 

5. CONCLUSION   

As a result, the molecular structure, 

spectroscopic, optical and electronic properties of 

the 1HBCM molecule was investigated using 

experimental and quantum mechanical methods, 

and detailed information about these properties 

was given. The molecule was first optimized and 

the most suitable stable structure of the molecule 

was found. Geometric parameters and vibration 

spectra on the stable structure are given by 

comparing with similar molecules and 

experimental data. While the HOMO-LUMO 

band gap was calculated as 5.30 eV and 5.55 eV 

in similar molecules from the electronic 

properties of the molecule, this gap was calculated 

as 4.48 eV in 1HBCM molecule. When the Eg 

optical band gap values of the 1HBCM molecule 

were examined, it was observed experimentally as 

3.68 eV (direct) and 3.57 eV (indirect). 

Considering the information presented, we hope 

that the usage areas of this structure will increase 

and that it will be used in health and 

semiconductor material applications. 
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24 January 2020 Sivrice-Elazığ Earthquake: Assessment of Seismic Characteristics of 

Earthquake, Earthquake Territory and Structural Performance of Reinforced Concrete 

Structures 

 

İbrahim Özgür DEDEOĞLU*1, Musa YETKİN2, Yusuf CALAYIR2 

 

Abstract 

An earthquake with a magnitude of 6.8 (Mw) has occurred in Sivrice district of Elazığ province 

in Eastern Turkey, on January 24, 2020. The main shock and long-term aftershocks felt fairly 

by near vicinities. Many structures have been damaged severely or demolished at this moderate 

earthquake that occurred on East Anatolia Fault (EAF) zone. Also resulted in sum 41 casualties, 

including 37 people in Elazığ and 4 people in Malatya. The purpose of this paper is to give 

information of the tectonic characteristics of the EAF zone, the seismic characteristics of the 

earthquake territory, the general characteristics of the main shock and after-shocks. In addition, 

another purpose of this article is to reveal the damages caused by the earthquake in the 

reinforced concrete (RC) buildings in Elazığ, with the post-earthquake field observations. The 

main reasons of damages have presented and discussed. The most important reason for damages 

of structures is the lack of engineering services, in other words, not being constructed properly 

with respect to the available building codes.  

Keywords: 2020 Sivrice-Elazığ earthquake, reinforced concrete structures, earthquake damage 

survey, East Anatolia Fault zone, damage assessment 

 

1. INTRODUCTION 

On January 24, 2020, an earthquake with a 

magnitude of 6.8 (Mw) of according to Turkey 

Disaster Emergency and Management Agency 

(DEMA) [1] occurred in Sivrice district within the 

borders of Elazığ province in the Eastern Province 

of the Eastern Anatolian Region in Turkey. The 
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earthquake was felt in 42 provincial centers and 

26184 settlements, 750 km from the epicenter. 

The EAF zone is located between the Arabian 

Plate moving northward and the Anatolian Block 

moving westward. It has an average width of 30 

km and a length of approximately 600 km and 

forms a left-lateral strike-slip transform boundary 

trending North-East. The EAF zone consists of 
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segments ranging in length from 50 km to 145 km 

(Figure 1) [1].

 

Figure 1 EAF zone (1:Karlıova-Bingöl, 2:Palu-Hazar Lake, 3:Hazar Lake-Sincik, 4:Çelikhan-Gölbaşı, 

5:Gölbaşı-Türkoğlu, 6:Türkoğlu-Antakya) [1, 2] 

Many devastating earthquakes have occurred on 

the EAF zone throughout history. Some of these 

earthquakes have been recorded historically and 

some instrumentally (Figure 2) [1]. The 

earthquakes of 1789-Palu, 1866-Elazığ, 1874-

Elazığ, 1875-Bingöl-Elazığ and 1893-Malatya are 

some of the most important earthquakes recorded 

historically in the region (Table 1) [3- 11]. 

 

Figure 2 Earthquake activity in the historical and instrumental period along the EAF zone [1]
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Table 1 Earthquake intensity in the historical 

period along the EAF zone  

Year Location Intensity (Io) 

995 Elazığ (Palu, Sivrice) VI 

1513 Malatya IX 

1789 Elazığ (Palu) VII 

1866 Elazığ IX 

1874 Elazığ, Diyarbakır X 

1875 Elazığ, Bingöl VII 

1889 Elazığ (Palu) VI 

1890 Malatya VI 

1893 Malatya X 

When the earthquakes recorded instrumentally 

were examined, it was seen that 564 earthquakes 

over 4.0 occurred on the EAF zone. If we examine 

the earthquakes with magnitude 6 or more 

occurring on the main line and close segments of 

the EAF zone; the earthquakes of Pütürge (1905), 

Malatya (1908), Sincik-Adıyaman (1964), Varto-

Muş (1966), Karlıova-Bingöl (1966), Bingöl 

(1971), Lice-Diyarbakır (1975) and Doğanşehir-

Malatya (1986) earthquakes can be given as 

examples. During these earthquakes many people 

lost their lives and many houses were destroyed 

and heavily damaged [1]. 

When we entered the 21st century, earthquakes 

continued to occur in the EAF zone. Pülümür-

Tunceli (2003) and Bingöl (2003) earthquakes are 

the first earthquakes to occur. After these 

earthquakes, there was a serious dynamism in the 

EAF system and there were always earthquakes at 

certain time intervals until 24 January 2020 

Sivrice earthquake. In this time period, Sivrice-

Elazığ (2004), Pütürge-Malatya (2005), Sivrice-

Elazığ (Feb 9, 2007), Sivrice-Elazığ (Feb 21, 

2007), Kovancılar-Elazığ (2010), Elazığ (2011), 

Sivrice-Elazığ (April 4, 2019) and Sivrice-Elazığ 

(December 27, 2019) earthquakes occurred 

(Figure 2). For the EAF zone, in the 17-year 

period since 2003, it is seen that there has been an 

increase in earthquake activity incomparable with 

previous periods. In addition, the Sivrice-Elazığ 

(2019) earthquakes occurred both on the same 

fault and in a very close location with the January 

24, 2020 earthquake. Therefore, it is possible to 

interpret the 2019 Sivrice earthquakes as the 

foreshock of the January 24, 2020 earthquake 

[12]. 

Structural damages occurred with the past 

earthquakes in various regions had been 

investigated by many researchers according to the 

structure types. The earthquake performance of 

the RC structures is evaluated by Sezen et al. [13] 

for 1999 Kocaeli earthquake and by Doğangün 

[14] for 2003 Bingöl earthquake. Celep et al. [15] 

investigated failures of masonry and concrete 

buildings during the March 8, 2010 Kovancılar 

and Palu Earthquakes in Elazığ, Turkey. Calayır 

et al. [16] assessed damages of various structures 

(adobe, masonry, hımış, and RC structures, and 

minarets) in the rural area during the March 8, 

2010 Kovancılar Earthquakes in Elazığ, Turkey. 

Sayın et al. [17] presented a comprehensive study 

on the 24 January 2020 Sivrice‑Elazığ, Turkey. 

They summarized past and present seismic 

characteristics of the earthquake region. In 

addition, they also summarized the 

seismotectonic of the region, the general 

characteristics of the earthquake and more 

specifically to report on the structural damage, 

and structural damage caused by the earthquake, 

observed during the site investigation. Günaydın 

[18] et al. examined the case studies of damaged 

masonry buildings and as well as failure or 

collapse mechanisms. Yetkin et al. [19] 

investigated the damages occurred at the minarets 

in Elazig after the Mw = 6.8 magnitude earthquake 

that took place in Sivrice district of Elazig on 

January 24, 2020. In the examined minarets, the 

parts which the damages occurred in were 

determined and also the causes of these damages 
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were evaluated. At the end of the study, some 

recommendations were made for the repair and 

strengthening of damaged minarets and the 

construction of new minarets. 

The aim of this paper is to give information of the 

past and present seism tectonic characteristics of 

the EAF zone, the seismic characteristics of the 

earthquake territory, the general characteristics of 

the main shock and after-shocks. Also, the 

damages of RC buildings in Elazığ province were 

examined by the post-earthquake field 

observations. The observed damages was 

classified and discussed for RC structures. 

2. ON JANUARY 24, 2020 SIVRICE-ELAZIĞ 

EARTHQUAKE 

The closest settlement to the focal point of the 

earthquake that occurred on January 24, 2020 is 

Çevrimtaş village in Sivrice district. Çevrimtaş 

village is located 0.81 km from Sivrice (Figure 3).

 

Figure 3 Location of the January 24, 2020 earthquake [11, 20] 

This earthquake was felt in Elazığ and all its 

districts, and also in many other provinces, 

starting from the Çevrimtaş village. The 

magnitude of the earthquake has been announced 

by DEMA as 6.8 (Mw). Magnitude and source 

characteristics of the earthquake are defined by 

various institutions as given in Table 2. The depth 

at which the main shock occurred has been 

explained as different values by these institutions, 

and these values are in the range of 8.06-15.0 km. 

It is seen that aftershocks intensity in the depth 

range of 5 ~ 20 km (Figure 4). Therefore, 

earthquakes that occur are shallow earthquake. 
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After the main shock, the aftershocks continued 

for days. The number of daily aftershocks for one 

month in the region is given in Figure 4. The 

aftershocks have gradually decreased. When 1-

month data are evaluated in the region; it was 

observed that a total of 3080 earthquakes 

occurred, including the main shock, and 26 of 

these aftershocks were 4.0 (Mw) and above [1]. 

The distribution of earthquake aftershocks shows 

that the rupture started in the southwest of Sivrice. 

In addition, aftershocks are mostly concentrated 

in the northwest block very close to the Pütürge 

Segment. This data shows that the earthquake 

source fault is inclined to the northwest [12].

 

Figure 4 The number and location of daily aftershocks for one month [1, 21] 
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Table 2 January 24, 2020 Sivrice-Elazığ earthquake characteristics for various institutions. 

Institutions 
Magnitude 

(Mw) 

Depth 

(km) 
Longitudinal Latitude 

Turkish Ministry of Interior Disaster and Emergency Management 

Agency (DEMA) 
6.8 8.06 39.06 38.36 

Kandilli Observatory and Earthquake Research Institute (KOERI) 6.5 5.0 39.24 38.37 

European-Mediterranean Seismological Centre (France) 6.8 15.0 39.22 38.37 

German Research Center for Geosciences 6.8 10.0 39.20 38.36 

Instituto Nazionale di Geofisica e Vulcanologia (Roma) 6.8 11.0 39.12 38.39 

United States Geological Survey 6.7 11.9 39.08 38.39 
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The main shock caused significant damage and 

resulted in sum of 41 which are 37 people in 

Elazığ and 4 in Malatya casualties. In addition, 

many buildings such as houses, workplaces, 

places of worship, animal shelters were damaged 

and some of these structures were demolished. As 

a result of the investigations made by the damage 

determination committees, the building damage 

states for Elazığ province are given in Figure 5. 

 

Figure 5 The building damage states for Elazığ 

province [22] 

When the damage assessment results are 

examined, it is noteworthy that the number of 

damaged buildings is quite high. For some of 

these buildings, urgent demolition decision has 

been taken and some of them are determined as 

severely damaged and will be demolished. When 

the PGA data for the region on the Turkey 

Earthquake Hazard Map (DEMA) were 

evaluated, it was determined that the PGA-475 

value (Design Earthquake) was 0.622 g, but the 

maximum acceleration values measured for the 

earthquake that occurred were 0.298 g [1]. Thus, 

it has been revealed that the maximum 

acceleration of the occurring earthquake has a 

smaller value than the Design Earthquake. 

The spectral acceleration values of the records of 

Elazığ-Sivrice station were compared with the 

former Turkish Earthquake Code (TEC-2007) 

[23] and the current Turkish Building Earthquake 

Code (TBEC-2018) [24] design acceleration 

spectra in Figure 6. While calculating the design 

spectrum, the ground class of the region was 

accepted as Z3 according to TEC-2007 and ZC 

according to TBEC-2018. Elastic design 

spectrum was calculated for DD-2 earthquake 

ground motion level (design level, i.e., 10% 

probability of exceedance in 50 years-475 years 

return period) [20]. 

 

 

Figure 6 Comparison of the acceleration spectra of the Sivrice-Elazığ (2308) station horizontal 

acceleration records with the TEC-2007 and TBEC-2018 design spectra [1]
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According to seismic codes, limiting permanent 

structural damage in order to ensure life safety in 

severe earthquakes is the basic principle of 

earthquake-resistant building design. 

Accordingly, it is desired that the structural 

elements consume the energy of a severe 

earthquake with plastic deformations (permanent 

displacement and damage), in other words, to act 

ductile. However, when the damage caused by the 

earthquake and the acceleration values recorded 

in the earthquake are examined, it is obvious that 

the level of damage to the buildings is higher than 

expected. This situation have shown that heavily 

damaged or collapsed structures weren't construct 

in accordance with seismic codes. 

3. PERFORMANCE OF REINFORCED 

CONCRETE (RC) BUILDINGS  

Many RC buildings were affected by the 6.8 (Mw) 

earthquake that occurred in the Sivrice district of 

Elazığ Province in Eastern Turkey on January 24, 

2020. The damages were generally caused due to 

various engineering and structural deficiencies. 

Causes of damages of various types of RC 

buildings in the earthquake area are presented 

below. 

3.1. Column Damage 

The transverse reinforcement is of primary 

importance to ensure the adequate ductility 

capacity of the system in earthquake resistant 

building design. During the earthquake, shear 

forces is increased significantly, especially at end 

of column and beam, and beam-column joints. 

For this reason, we, as engineers, should pay 

special attention to the transverse reinforcement 

details during the project and construction of the 

building. However, in the field observations made 

after the earthquake, it was observed that the 

columns were damaged due to insufficient 

transverse reinforcement in the plastic hinge 

regions. Besides, it was seen that longitudinal 

reinforcement bar were also buckled owing to 

inadequate transverse reinforcement. This 

important deficiency caused the columns to 

display low performance against the shear forces 

of earthquake. In Figure 7-8, some of columns 

damaged in the earthquake due to insufficient 

transverse reinforcement have presented.

 

    

Figure 7 Column damage due to insufficient transverse reinforcement 
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Figure 8 Buckling longitudinal reinforcement bars of damaged column due to insufficient transverse 

reinforcement

3.2. Beam Damage 

The beams are usually exposed to shear and 

bending damage because of the aforementioned 

structural deficiencies. In field observations for 

the Elazığ earthquake, shear and bending cracks 

were observed in the beams. In addition, damages 

were observed in the connected point the 

secondary beams to the supporting beams were as 

well. Some of the beams damaged in the 

earthquake have shown in Figure 9.

          

Figure 9 Beam damages

 

3.3.  Strong Beam–Weak Column 

In Turkey, especially available old RC structures 

stock was constructed with strong beam and weak 

column design. Accordingly, the beams are deep 

and rigid while the columns weak and flexible. 

Therefore, damage of these RC building in the 

event of an earthquake start at the ends of the 

columns. The design of strong beam-weak 

column was the main reason of the partial and 

total collapse of some buildings during the 

Sivrice-Elazığ earthquake. In Figure 10, columns 

of structures damaged due to strong beam-weak 

column design are presented.
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Figure 10 Strong beam–weak column 

To prevent this kind of damages or collapses 

arising from the strong beam-weak column 

design, current and former seismic codes require 

that sum of ultimate moment of columns framing 

into a beam-column joint should be at least 20% 

more than the sum of ultimate moment of beams 

framing into the same joint [23, 24]. Thus, plastic 

hinges occur at the ends of the beam in case of the 

earthquake and brittle failure prevents. 

3.4. Damages of Infill Walls 

In Turkey, the infill walls in the RC buildings are 

generally constructed by using brick and cement 

mortar. During an earthquake, the in-plane and 

out-of-plane behaviour of these infill walls is 

extremely complex and depends entirely on the 

interaction mechanism of the infill wall and RC 

frames. During the field observations, different 

type of infill damages were encountered as shown 

in Figure 11-14. During the earthquake, the 

diagonal cracks were observed in the infill walls 

due to the interaction with the RC frame. (Figure 

11). Also partial or total out-of-plane mechanism 

was observed in the infill wall damages (Figure 

12). The other type of observed damage in the 

infill wall is the separation of the infill wall from 

the frame (Figure 13). In addition, numerous 

overhang infill wall damages have been also 

observed in the earthquake-affected region with 

the aforementioned damages (Figure 14). 

. 
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Figure 11 In-plane damage 

   

Figure 12 Partial out-of-plane damage 

 

DEDEOĞLU et al.

24 January 2020 Sivrice-Elazığ Earthquake: Assessment of Seismic Characteristics of Earthquake, Earth...

Sakarya University Journal of Science 25(5), 892-907, 2022 901



 

Figure 13 Disconnection of infill wall from the frame 

 

     

Figure 14 Damages of overhang infill walls

Infill walls are especially very sensitive to the 

inter-story drift ratio demand of the structural 

system. Therefore, TBEC (2018) limits these 

ratios. In order to prevent such damages, rules of 

earthquake code must strictly comply both during 

the project and the construction stage. 

3.5. Inadequate Gaps between Adjacent 

Buildings 

Today, due to the increase in the human 

population and the insufficiency of construction 

areas in city centers, adjacent buildings are often 

built. As a result of this, one or both facades of the 

buildings touch each other or there is little space 

between the buildings. Therefore, during an 

earthquake, these structures is collided because 

they do not have sufficient displacement space. A 

more dangerous situation is emerged when the 

story levels of adjacent structures are not same 

aligned. The slabs of the building can hit the 

columns of neighbor building, causing severely 

damage. Such damages were detected in the field 

observations made after the Elazığ earthquake 

(Figure 15).

DEDEOĞLU et al.

24 January 2020 Sivrice-Elazığ Earthquake: Assessment of Seismic Characteristics of Earthquake, Earth...

Sakarya University Journal of Science 25(5), 892-907, 2022 902



   

   

Figure 15 Damages of adjacent buildings 

To prevent such damages, there must be sufficient 

gaps between adjacent buildings. TBEC (2018) is 

required the construction of seismic joints that 

will maintain certain spacing between adjacent 

buildings. In this way, in the event of an 

earthquake, neighboring buildings can move 

independently without interfering with each 

other. According to the code, the minimum joint 

gap to be left will be at least 30 mm up to a height 

of 6 m and at least 10 mm will be added to this 

value for every 3 m of height after 6 m. Unless a 

more unfavorable value is obtained in accordance 

with requirement defined in previous statement, 

sizes of gaps should not be less than the sum of 

the absolute values of average story 

displacements multiplied by the coefficient α. If 

adjacent floor levels of buildings at all stories are 

same, then the amount of gap is 𝛼 = 0.25 (𝑅/I), 𝛼 

= 0.50 (𝑅/I) if not. In these equations, R is the 

structural behavior factor and I building 

importance factor. 

3.6. Poor Concrete Quality, Corrosion and 

Erroneous Applications 

In Turkey, ready-mixed concrete has started to be 

used widely especially after 2000s. That's why, 

the majority of existing RC buildings were built 

with cast in-place concrete without any official 

control. As a result of this, many such buildings 

have low strength concrete due to high water-

cement ratio, improper aggregate size and 

gradation, and reinforcement subjected to 

corrosion. In the field study, poor concrete 
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quality, corroded reinforcement bars and 

erroneous applications which shown in Figure 16 

were encountered in the structural members of the 

buildings.

     

(a) 

    

(b)                                                           (c) 

Figure 16 a) Poor concrete quality b) corrosion c) erroneous application

In order to prevent these erroneous applications 

that negatively affect the behavior of structural 

members; 

• Appropriate gradation concrete should be 

used. 

• A vibrator should be used in order for the 

concrete to settle into the mold 

homogeneously. 

• It should be ensured that the structural 

elements have sufficient concrete cover. 

• Wrong applications that will weaken the RC 

system should be avoided. 

4. CONCLUSIONS AND SUGGESTIONS 

On January 24, 2020 an earthquake with a 

magnitude (Mw) of 6.8 hit the Elazığ Province, 

Turkey. Many structures have been damaged 

severely or demolished at this moderate 

earthquake that occurred on East Anatolia Fault 

zone. A total of 41 people died, including 37 

people in Elazığ and 4 people in Malatya. The 

purpose of this paper is to summarize tectonic 

characteristics of the EAF zone, the seismic 

characteristics of the earthquake territory, the 
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general characteristics of the main shock and 

after-shocks.  In addition, another purpose of this 

article is to reveal the damages caused by the 

earthquake in the RC buildings in Elazığ, by the 

post-earthquake field observations. The main 

reasons of damages have assessed. The main 

factors of damages attained from this case study 

are given below. 

• Using plain bar, large spacing transverse 

reinforcement, absence of crossties has caused 

significant damage to structural elements. In 

addition, the ends of the stirrups, which is an 

important detail, had not bent 135 degrees. 

Because of all of these, the wrapping effect of 

the stirrups in the concrete block has 

considerably reduced and the section integrity 

has been sufficiently not ensured. To avoid 

damage of structural members, attention 

should be paid to detailing of transverse 

reinforcement, and close-spaced stirrups 

should be used.  

• During the earthquake, the diagonal cracks 

were observed in the infill walls due to the 

interaction with the RC frame. In addition, 

heavy overhangs in the building has increased 

the degree of damage. In order to prevent such 

damages, the infill wall should work 

independently from the frame. Also heavy 

overhangs should be avoided especially. 

• Each building has different natural vibration 

periods due to their structural and material 

properties. During an earthquake, a hammering 

effect occurs between adjacent buildings or 

buildings with insufficient gap between them. 

This situation is devastating for buildings, 

especially when the neighbor buildings have 

different floor levels. To avoid this kind of 

damage, proper gaps should be left between 

the attached buildings. 

• Material quality, proper workmanship and 

appropriate detailing are the main factors that 

positively affect the earthquake performance 

of structural systems. The information 

obtained the field observation shows that poor 

concrete quality, corrosion of reinforcement 

bars and wrong interventions reduce the 

structural performance of buildings. Hence, 

expected performance against earthquake 

cannot be provided. To prevent damage arising 

from this situation, selection and application of 

materials, workmanship and subsequent 

interventions should be paid attention. 

RC buildings should be designed and built in 

accordance with the requirements of current 

seismic codes in order to reduce the damage of 

RC buildings and to prevent loss of property and 

life. In addition, construction workers should be 

taught that workmanship has an important role in 

the earthquake performance of the building. 

Building construction must be strictly controlled 

by engineers at every stage. 
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Mass Distributions and Neutron-Proton Ratios of Fragments in Peripheral Heavy-Ion 

Collisions 

Hamide AVCI*1 

Abstract 

The mass and average neutron-proton ratio (N/Z) distributions of fragments from 

multifragmentation of excited projectile nuclei formed in heavy-ion collisions were reproduced 

theoretically. The experimental measurements in peripheral heavy-ion collisions of 124Sn + 
124Sn and 112Sn + 112Sn at 1 GeV/nucleon were carried out with the Fragment Separator (FRS) 

of GSI. The mass distribution and N/Z ratios of the produced nuclear fragments are calculated 

in the frame of a statistical approach. Comparisons with the experimental data show that the 

statistical models are successfully reproduce the mass yields and N/Z measured in the both 

reaction systems. The calculations in the present paper were carried out for the first time and 

were not published anywhere else.  

Keywords: Mass yield, nuclear multifragmentation, neutron-proton ratio (N/Z) 

 

1. INTRODUCTION 

One of the most important aims of current 

research in the field of nuclear physics is to 

describe the behavior of nuclear matter at extreme 

conditions at high temperature and pressure at 

various densities (to determine the equation of 

state related to the symmetry energy). For this 

reason, the properties of nuclear matter at extreme 

conditions have been under investigations by 

various groups both experimentally and 

theoretically. The results of these studies can be 

used in a wide range of research areas such as 

radiotherpy (treatment planning), space research, 

isotope production etc. The results are also used 

as a tool to investigate the stellar matter at 

extreme conditions as a fundamental research 

subject in astrophysical studies. The supernova 

 
* Corresponding author: himal@selcuk.edu.tr 
1 Selçuk University 

ORCID: https://orcid.org/0000-0003-2097-6054 

 

explosion mechanism and neutron stars modelling 

may be examples of this kind of studies. 

In order to simulate nuclear multifragmentation 

reactions the liquid-gas phase transition theory is 

widely used. In this theory, it is assumed that the 

hot and dense nuclear matter is formed when two 

heavy-ion collide at high energies. Then this 

matter expands as a result of strong repulsive 

forces at short distances and enters subsaturation 

densities. In this case the density fluctuations of 

the matter leads the system to thermodynamical 

equilibrium. At the end of this process the matter 

disintegrates into nuclear hot fragments. When 

there are at least 3 intermediate mass fragments 

satisfying the condition Z ≥ 3. At saturation 

density 𝜌0 = 0.15𝑓𝑚−3,  and freeze-out density  

𝜌 ≈
𝜌0

3
. The low temperature region is defined as 

𝑇 ≈ 3 − 8 𝑀𝑒𝑉. The properties of large and 
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small hot particles can be studies with statistical 

models relying on the phase transition theory.  

Beside statistical models, dynamical models such 

as Time Dependent Hartree Fock, Molecular 

Dynamics and Quantum Molecular Dynamics are 

also widely used in modeling the nuclear 

reactions and astrophysical events. Nucleation 

theory of nuclear matter can also be studied on the 

basis of macroscopic models which rely on Fisher 

nucleation model, and kinetic theory of 

Boltzmann and Boltzmann-Uehling-Uhlenbeck 

(BUU) equation. Presently, we consider statistical 

multifragmentation model in this calculations. So 

far the results based on the statistical 

multifragmentation model show that this model is 

found to be very successful for reproducing the 

experimental data of nuclear reactions at low and 

high energies [1- 7]. 

For the additional important references we can 

cite for mid-peripheral heavy ion collision 

experiments as [8]. We also refer to the 

experiments performed at relativistic projectile 

energies around 1 GeV/nucleon in the high-

resolution magnetic spectrometer, the Fragment 

Separator (FRS) at GSI laboratories for the 124Sn 

+ 124Sn and 112Sn + 112Sn reactions, and the 

experimental results [9]. In the present paper, FRS 

(FRagment Separator) experiments were 

theoretically analysed in the framework of 

statistical multifragmentation model.  

 

2. MATERIALS AND METHODS 

We know that in the statistical approach to 

analyse the nuclear reactions, there is a concept of 

equilibrium as described: a) There are few stages 

of reactions leading to multifragmentation. b) 

There is a short time around 100fm/c for primary 

fragment production. c) We assume that freeze-

out low density should be around 0.1 -0.6 𝜌0 (here 

𝜌0 is the normal nuclear matter density) d) There 

is a high degree of equilibration at the freeze-out 

volume. 

Various models can be used for the definition of 

peripheral heavy-ion collisions. In this study, we 

have used the statistical multifragmentation 

model (SMM) [4]. According to the SMM, when 

two heavy-ion collide, a compressed and hot blob 

of nuclear matter is formed. This dense and hot 

substance will expand due to repulsive nucleon-

nucleon forces. It will then enter a low-density 

freezing zone and the system reaches a statistical 

equilibrium. According to this model all 

fragmentation channels are composed of 

nucleons. It assumes that the laws of conservation 

of energy, momentum, angular momentum, mass 

number A and charge number Z are taken into 

account. It also includes compound nucleus 

channels and the competition between all 

channels is permitted. The statistical weight of 

fragmentation channels is defined in the 

Microcanonical approach as follows: 

( )( )ZAESW jj ,,exp
1 *


=                               (2.1) 

where Sj is the entropy of the system in channel j 

and ξ is the normalization constant. 

Accessible states of decay channels are created by 

the Monte Carlo method considering the 

statistical weight of these channels. In this 

approach the particles with A ≤ 4 are considered 

as elementary particles or gase particles. The 

fragments with A>4 are considered as hot liquid 

droplets. In this case, the coexistence of the 

phases in the freezing volume can be studied on 

the liquid-gas phase transition theory. To express 

the free energy one may utilize the Weizecker’s 

semi-empirical formula. In this formula, the FAZ 

of each fragment is the sum of the bulk, surface, 

Coulomb and symmetry energy contributions as 

shown below: 

sym

ZA

C

ZA

S

ZA

B

ZAAZ EEFFF ,,,, +++=                     (2.2) 

The terms are defined as follows: 

A
T

WF B

ZA 









+−=

0

2

0,


                                   (2.3) 

where, T is the temperature, 𝜀0 is related to the 

level density (approx. 16 MeV at normal nuclear 

matter density), and W0 is the binding energy of 

infinite nuclear matter (16𝑀𝑒𝑉), 
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where B0 is the surface energy coefficient 

(18MeV), and Tc is the critical temperature of 

infinite nuclear matter (18 MeV); 
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is the Coulomb parameter get from the Wigner-

Seitz approach with the charge unit e and 𝑟0 =
1.17 fm; 

( )
A

ZA
E sym

ZA

2

,

2−
=


                                  (2.7) 

where γ  is the standard effective symmetry 

energy parameter (25 MeV). The parameters here 

are those in the Bethe-Weizsäcker formula and 

correspond to the conjecture of isolated fragments 

with normal density in the freeze-out 

configuration. These liquid drop paramaters 

including symmetry and surface terms should be 

reduced at low densities (for excited hot 

fragments) to reproduce the experimental data 

measured in the yields of fragments emitted from 

the heavy-ion collisions [5- 7].  

 

3. RESULTS AND DISCUSSION 

In the literature, important properties of nuclear 

multifragmentation have been studied in various 

studies. For examples; fragment multiplicity, 

charge distribution, mass distribution, isotopic 

distribution and isoscaling observables.  In this 

study, we reproduced the fragment mass and 

neutron to proton ratio distributions in the 124Sn + 
124Sn and 112Sn + 112Sn reactions performed at 1 

GeV/nucleon at GSI laboratory. The initial 

neutron-to-proton ratios of these symmetrical 

systems are 1.24 and 1.48 for 112Sn and 124Sn, 

respectively. Now, we compare our results and 

experimental data [9]. In the calculations, the 

projectile and target nuclei were chosen to have 

the same N/Z so that isospin diffusions can be 

excluded. A statistical ensemble version of the 

SMM was used to define the properties of this 

isospin symmetric reaction systems. In our 

previous publication [10] we investigated the 

isotope and charge yields in the same reaction 

system of FRS experiments. Now, we have 

presently investigated mass yield and mean N/Z 

ratios of the fragmentation products of the same 

reactions. As for the comparison of our theoretical 

calculations and the experimental data, we 

normalized the data and predicted results with 

respect to the measured cross sections in the 

interval 20 ≤ Z ≤ 25 as shown in Ref.[10]. The 

obtained factor was 0.00334 mb and 0.00344 mb 

per theoretical event for fragmentation of 124Sn 

and for 112Sn projectiles, respectively.  

Figure 1 shows the present results that we 

obtained from the statistical ensemble 

calculations for the mass distribution of the final 

cold fragments in 500 000 reaction events. Here, 

red stars represent the experimental data and blue 

circles the theoretical predictions. Upper panel 

shows the mass distribution of the particles 

emitted from a neutron-rich projectile 124Sn and 

lower panel the results for a neutron-poor 

projectile source 112Sn. 

The results were in agreement with the literature, 

that the U-shape of nuclear mass distributions 

were seen in Figure 1, both in upper and lower 

panels. Theoretical calculations for Z<10 are not 

shown in Figure 1. Because there is no 

experimental data that we can compare in this 

region. From these figures, one can see an 

agreement between theoretical and experimental 

values of the yields. Since the isotopes cannot be 

fully addressed in the experiments, such 

differences are, generally, observed in the 

distribution curves. See Refs [9, 11] for a 

comprehensive analysis of these differences.  

Recently, we have carried out the calculations for 

weakly excited nuclear matter to reproduce the 

compound nuclei contribution at low excitation 

energies for Ex<1 MeV/nucleon [12]. In order to 
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calculate the contribution of compound nuclei, the 

excitation energy interval was chosen, within 

weighting calculations, from 0 to 4 MeV per 

nucleon with the corresponding masses and 

charges of the excited source nuclei. Thus we 

demonstrated a connection of the compound 

nucleus regime with the multifragmentation 

regime.  
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Figure 1 Production cross-sections of fragments 

emitted from two reaction systems as a function 

of mass number of the fragments 

The final stage in the evolution of a highly excited 

nuclear system is the de-excitation stage of hot 

primary particles. Primary hot fragments are 

emitted from excited semi-projectile sources. 

This state in which all particles are considered hot 

can be described as “hot” fragmentation. When 

the system expands and the excitation of the hot 

primary particles is removed, cold fragmentation 

occurs.  In the case of “cold” fragmentation the 

fragments preserve the Z/A ratio of initial 

nucleus. In contrast to that the “hot” 

fragmentation products, after the de-excitation 

stage, fall into the vicinity of the β-stability line, 

the so called exotic nuclei [4]. 

Figure 2 shows the present results that the average 

<N>/Z ratios of primary fragments (hot) and 

secondary fragments (cold) as a function of 

fragment charge number Z, in the interval 10 ≤ Z 

≤ 25. Upper panel shows the results for a neutron-

rich projectile 124Sn (full circles) and lower panel 

shows the results for a neutron-poor projectile 

source 112Sn (empty circles). In this figure, red 

stars show the experimental result. Blue symbols 

show the theoretical calculations for cold 

fragments and red symbols show theoretical 

calculations of the hot fragments formed before 

de-excitation process. These systems have a large 

difference in neutron-to-proton ratios of the 

fragments emitted from their quasiprojectile 

sources. The differences between the N/Z values 

of the hot fragments in the upper and lower panels 

of Figure 2, are also higher than the differences 

between the N/Z values of the cold fragments. 

This stems from the large difference in the initial 

isospin asymmetry of the reaction systems and de-

excitation processes.  
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N

>
/ 
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Figure 2 Mean N/Z values of the fragments 

emitted from two reaction systems 

In the calculations of 𝑁/𝑍 values we have used 

the reduced symmetry energy values for the 
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optimization process in Ref. [10]. For a detailed 

discussion of the modifications of these model 

parameters in optimization calculations, we will 

refer the reader to Refs. [5, 13]. One can see in 

Figure 2 that, the most neutron-rich systems 

preferably populate the most neutron-rich 

isotopes, additionally the most proton-rich 

systems populate the most proton-rich isotopes. 

This result may be observed in Figure 2 that both 

in experimental and predicted theoretical 

calculation data. This is consistent with other 

findings in the literature (see e.g. Ref. [14]).    

 

4. CONCLUSIONS 

As a result, we have shown that statistical models 

successfully reproduce the experimental data for 

fragment production and mean 𝑁/𝑍 values. It is 

remarkable that in the present calculations the 

isospin term (symmetry energy) is not subdivided 

into surface and volume parts, simply we have 

taken the effective values of the symmetry energy 

parameter into account as 25 MeV. One can see 

from the figures that there is a good agreement 

between theoretical and experimental results. We 

can argue that our results are in consistent with the 

existing studies in the literature [5-7, 10, 15]. It is 

shown in our calculations that the symmetry 

energy parameter should be reduced at low 

densities to be able to reproduce the experimental 

data. The effect of other liquid-drop parameters of 

nuclear matter are widely investigated in Ref. [5]. 

Consequently, our analysis of FRS experiments 

show that neutron-rich sources preferentially, 

produce neutron rich fragments when enough 

excitation energy is deposited in projectile nuclei. 

Thus, we have shown that the nuclear 

multifragmentation reactions become superior to 

produce neutron-rich and proton-rich isotopes, in 

relativistic energies (1 GeV/nucleon) [5, 9, 11], as 

well, as a continuation of the Fermi energy regime 

[16-18]. 

To investigate the properties of nuclear matter at 

extreme conditions in more details, further 

experiments are needed e.g., to extract 

information for the properties of neutron-rich 

exotic nuclei towards the neutron dripline in 

nuclear chart [19]. 
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Characterization Of Jute/Aramid Hybrid Composite Materials with Using Different Resins 
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Abstract 

For the last twenty to thirty years, interest in the use of hybrid fiber-reinforced composites has 

gradually increased due to their potential for various applications. The balanced strength and 

stiffness properties of hybrid composites, along with the advantages of lighter weight and lower 

cost, have made them an important step toward replacing traditional materials. In this study, a 

hybrid composite was made from a combination of Jute fabric from natural fibers, Aramid 

fabric from synthetic fibers, and two different resins (polyester and vinylester). This type of 

study was proposed because there is little research in the literature on how the use of polyester 

and vinyl ester resins affects the mechanical properties of homogeneous composites and hybrid 

composites. The vacuum assisted resin transfer molding process was used for the fabrication. 

The mechanical properties of the manufactured products were determined by tensile and 

hardness tests, and their morphological structures were examined by taking scanning electron 

microscope images. The results indicate that the value of tensile strength and elastic modulus 

of the Jute/Aramid hybrid samples in the productions prepared with polyester resin is 37.6% 

and %12.28, respectively, higher than in those made with vinyl ester resin. When comparing 

the values for microhardness, the results of the Jute/Aramid hybrid specimens produced with 

polyester resin were 1.20 times higher than those produced with vinyl ester resin. Scanning 

electron microscope images of the samples also clearly show that the bonding between matrix 

and fiber is better in polyester resin samples. 

Keywords: Hybrid composites, jute fiber, aramid fiber, polyester resin, vinylester resin 

 

1. INTRODUCTION 

Hybrid composites are materials in which two or 

more materials form a combination, where the 

advantages and disadvantages of their 

components become a balance element. The 

hybridization process provides possibilities to 

obtain and develop customized material 

properties based on the unique properties of its 

constituent components. For a suitable 
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hybridization process, the fiber and design must 

be compatible, and the performance-price balance 

of the composite materials would be well taken 

into account [1, 2]. Hybridization is indicated in 

many studies as a solution to reduce the 

disadvantageous properties of natural fibers and 

the applications of sustainable, non-

environmental synthetic fibers. As a modern 

material, hybrid composites formed by synthetic-

natural fibers have directed the attention of the 
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manufacturing sector to the use of hybrid 

composites and these materials have found 

various application areas such as marine, aviation 

and automotive sector, making hybridization an 

increasingly effective solution [3, 4]. In this 

context, natural fiber reinforced composites, 

which are expected to be used more in hybrid 

composites, come to the fore as an alternative and 

environmentally friendly option to synthetic fiber 

composites. Jute, flax, kenaf, hemp, ramie, and 

banana can be counted as the main stem type 

natural fibers. Among these fibers, jute is one of 

the strongest bast fibers grown in tropical 

countries and at low cost [5]. Jute is a widely used 

natural plant fiber with its easy availability and 

good insulating properties. In addition to being 

one of the most common agricultural fibers 

exhibiting moderately higher mechanical 

properties, jute has seen a significant increase in 

use as reinforcing materials in composites, along 

with flax fiber, over the past decade. This 

increased use can be attributed to the specific 

mechanical properties of the fiber obtained from 

the natural jute plant and its very good 

compatibility with polymers [6, 7]. In the search 

for alternatives to traditional materials, synthetic 

fiber-reinforced composite materials from fiber-

reinforced composites have become the focus of 

attention due to the potential to replace these 

materials in various applications. Compared to 

traditional metallic materials, synthetic fibers are 

preferred due to their low weight, high 

mechanical properties, flexible structure, 

convenience in manufacturing, and corrosion 

resistance. Among these fibers, poly aramid fiber, 

called Kevlar fiber, stands out with its distinctive 

features [8]. Choosing Kevlar as a reinforcing 

element in composites has become popular due to 

its unique properties such as good strength, high 

impact and high energy absorption capacity, 

higher modulus, and higher strength per mass 

rate. In addition to its current use in helmets, 

bulletproof waistcoats, badminton and tennis 

rackets, airplanes, helicopter rotor blades, Kevlar 

fiber has a high potential for use in high-value 

applications, including vehicles, both for 

commercial purposes and as an innovative 

material in the future [9]. Polymer matrix 

composites are formed from polymer resin as 

matrix and fibers as reinforcement element. The 

matrix material generally determines the 

maximum service temperature because it 

normally softens, melts, or decomposes at a 

temperature much lower than the fiber 

reinforcement. The matrix materials commonly 

used in composite materials are thermosets and 

thermoplastics. Thermoset composite matrices 

include epoxies, phenolics, cyanate esters, 

bismaleimides, polyesters, polyimides, and vinyl 

esters [10]. Polyester resin is heat resistant, high 

strength, and tough. Polyester is a reactive solid 

and unsaturated in a polymerizable monomer. 

They are produced by a growth reaction between 

a glycol and an unsaturated (malic or fumaric) 

dibasic destructor [11]. Polyester resins are 

known for their fast curing, versatility, and long 

life at room temperature, but they also have 

disadvantages such as self-polymerization at 

higher temperatures compared to epoxy [12]. 

Vinyl esters, which are very similar to polyesters 

in molecular structure, differ from polyesters by 

having merely reactive groups at the ends of the 

molecular bond. The fact that vinyl esters have 

fewer ester groups than polyesters, and that the 

ester group is more sensitive to hydrolysis by 

water, increases their resistance to deterioration 

from water and moisture [13]. Vinylester 

materials are less sensitive at ambient 

temperature, with significant interfacial adhesion 

of natural fibers to the polymer matrix, but have a 

greater curing effect than polyester [14]. Little 

research has been done in the field of composite 

materials created using different resins reinforced 

with Kevlar and Jute fibers. Bhanupratap and 

Chittappa [15] investigated the effect of Kevlar 

fabric on the mechanical properties of hybrid 

composites they created by adding Kevlar fabric 

to homogeneous Jute fabric reinforced 

composites. As the Kevlar fiber ingredient 

increased in the hybrid composites, it was 

observed that the tensile strength and load 

carrying capacity of the jute reinforced epoxy 

composites increased. In another Jute/Kevlar 

fiber reinforced epoxy composite investigation 

[16], the effect of reinforcement elements on the 

thermal properties of the material designed using 

dynamic mechanical features was investigated. 

By adding increasing numbers of Kevlar and 

converting them to hybrid composites, it 

increased the storage modulus and loss modulus, 
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glass transition temperature (Tg) compared to 

pure Jute composites. Maharana et al. [17] created 

Jute/Kevlar hybrid composites using a hand layup 

process and investigated how fiber orientation 

would affect mechanical features. While 20% 

Kevlar as a weight percent remained constant in 

the produced composites, the amount of jute 

changed with epoxy. The maximal tensile 

endurance value was determined at 30° 

orientation in the fiber orientation, and the 

bending strength value was determined the 

highest at 45° fiber orientation. In a different 

study [18], the impact absorption energy of hybrid 

composites formed with Jute fiber and Kevlar 

fiber was tested. A low velocity impact test was 

applied to the composites at heights between 50 

mm and 250 mm, and energies were observed to 

vary between 0.4 J and 2.3 J. As the amount of 

Kevlar fiber increases in the hybrid composites 

formed, the impact energy of the composites and 

the absorbed energy increase with the increase in 

height and speed, and penetration is either absent 

or partial. Maharana et al. [19] created several 

hybrid array combinations of bidirectional woven 

Jute and Kevlar fabric, in which nanoscale fumed 

silica was used as the filler reinforcement. Double 

cantilever beam and end notch bending tests were 

applied to 13 different hybrid composite material 

combinations they produced. They determined 

the effect of layering sequence and nanofiller 

content on interlayer fracture toughness. In other 

examination [20], in which fumed silica was used 

as nanofiller and Jute fiber and Kevlar fiber were 

used as reinforcement elements, it was desired to 

observe the moisture absorption capacity of the 

hybrid materials produced. In the results, it was 

found that when the nanofiller reinforcement was 

increased up to 3%, the moisture absorption 

capacity of the hybrid composites decreased, the 

amount of more than 3% had an adverse effect on 

moisture absorption, the surface exposure of the 

jute fibers decreased and the moisture absorption 

decreased as the proximity of the Kevlar fiber to 

the surface in the composites increased. In a 

search in which Kevlar fiber and sisal fiber 

formed a hybrid composite, it was found that 

maximum mechanical properties were obtained 

when the nano silica additive to the polyester resin 

was 4%, and it was understood that increasing the 

nano silica ratio more than 4% had a negative 

effect on the mechanical properties [21]. In the 

study of Dogan et al. [22], they found that the 

absorbed energy and deformation amounts of 

graphene nanoplatelets added at different rates to 

the hybrid structure consisting of Aramid fiber 

and carbon fiber also had a significant effect. It 

was stated that 0.1% and 0.25% by weight 

nanoparticles added to the resin created the best 

effect on the structures. In the study of Cetin et al. 

[23], they analyzed the energy absorbed, 

deformation and damage in the composites they 

formed by reinforcing carbon and aramid fibers 

with halloysite nanotubes. In these analyzes 

carried out at different temperatures, they stated 

that the damage increased as the temperature 

decreased, and the nanoparticle additive had a 

positive effect on the mechanical properties of the 

material at the same temperatures. In another 

study where Cetin et al. [24] examined the effect 

of nanoparticles on wear in carbon-aramid fiber 

hybrid composites, they stated that as the 

percentage of halloysite nanotubes added to the 

composite material increased, the wear rate and 

friction coefficient decreased from 9% to 11%. In 

his study, Cetin [25] examined how the addition 

of multi-walled carbon nanotube filler (0.1% and 

0.2% by weight) to sandwich composite materials 

affects low velocity impact energy, it was 

observed that 0.1% nanomaterials improved low 

velocity impact energy properties. In researches 

where glass fiber and Kevlar fiber are used as 

hybrid yarns and polyester resin is preferred as 

resin, the presence of Kevlar fiber in hybrid yarns 

significantly increases the mechanical properties, 

while the effects of fiber orientation and aging test 

applied on the results are seen [26, 27]. Kennedy 

and Inigo Raja [28] chose Jute fiber and glass 

fiber reinforcement material, polyester resin as 

matrix material in their studies. It has been 

observed that hybrid Jute/Glass fibers improve 

their mechanical properties compared to pure Jute 

fibers in tensile, bending, impact, and hardness 

tests, and even in some tests, hybrid material 

properties exceed those of pure glass fiber 

composite material. Hybrid composites formed 

by Kevlar fibers and natural fibers are used not 

only where mechanical properties are important 

but also where physical properties such as sound 

insulation are important. When the good 

mechanical strength properties of synthetic fibers 
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are combined with the acoustic properties of 

natural fibers, these materials become a 

remarkable alternative in sound transmission loss 

performance [29]. Swami and Dabade [30] 

investigated the optimum fiber-resin combination 

in the study where different resin types (epoxy, 

polyester, vinylester) were reinforced with glass 

fiber. Inter-laminar shear stress and bending test 

results, it is stated that the highest mechanical 

properties were obtained in the sample with 60% 

fiber and 40% vinyl ester resin, while the 

polyester resin fiber combination showed the 

lowest mechanical properties. Khare et al. [31] 

produced composites using different percentages 

of jute and glass fibers by hand lay-up three 

different resins as epoxy, vinylester, and 

polyester. The highest tensile, flexural strengths, 

and impact energy were obtained with 

grewiaoptiva at 7.5 wt% in epoxy-based hybrid 

composites, while the value was found to be better 

when using grewiaoptiva at 5% wt for hardness 

compared to other resins. Bozkurt et al. [32] and 

Bulut et al. [33] performed impact behavior, 

damping and vibration analysis of hybrid 

structures formed by aramid fibers with basalt 

fibers. They showed that the volumetric 

percentage of aramid fibers in the hybrid structure 

and the variation of the sequence order with basalt 

fibers significantly affect the mechanical 

properties of the hybrid composites. The objective 

of this research is to examine the mechanical 

properties of hybrid composites produced in the 

combination of Jute and Kevlar fibers, rarely used 

in studies, with two different resins (vinylester 

and polyester). The mechanical properties of pure 

Jute and pure Aramid reinforced composites will 

be compared with the use of two different resins 

in the results of the study with the hybridization 

of natural Jute fibers and synthetic Kevlar fibers. 

The results of the analysis will shed light on the 

emergence of a low-cost material that can be used 

in the automotive industry, both in terms of the 

resin used and the use of natural fibers. 

2. MATERIAL AND METHOD 

2.1. Material 

The reinforcing materials used were plain weave 

Jute fabric and Aramid twill fabric. Both fabrics 

were supplied by a company in Istanbul, Turkey. 

For this research, Table 1 contains the texture 

characteristics. Figure 1 indicates the texture 

specimens. 

Table 1 Fabric features [34, 35] 
Fabric Weight

(g/m²) 

Thickness of 

fabric(mm) 

Warp Weft 

Jute 

fabric 

250 0.4 - - 

Aramid 

fabric 

170 0.25 1270 1270 

 

 

Figure 1 Texture samples: a) Jute texture b) 

Aramid texture 

In the work, polyester resin with related additives 

and vinyl ester resin with related ingredients were 

benefitted for matrix materials. They were 

procured from the Poliya company. Technical 

specifications of the resins are demonstrated in 

Table 2 and Table 3. Mixing was carried out for 

both polyester and vinyl ester resins in a weight 

ratio of resin: cobalt nephthalate (as an 

accelerator): methyl ethyl ketone peroxide 

(MEKP) of 1:0.002:0.02. 

Table 2 Polyester properties [36] 
Maximum temperature (°C) 170 

Flexural strength (MPa) 134 

Elongation at break (%) 2.6 

Viscosity (cps) 500-600 

Tensile strength (MPa) 71 

Barcol Hardness 40 

 

 

 

Berkay KARACOR, Mustafa ÖZCANLI

Characterization Of Jute/Aramid Hybrid Composite Materials with Using Different Resins

Sakarya University Journal of Science 25(5), 915-930, 2022 918



Table 3 Vinylester properties [37] 
Flexural strength (MPa) 155 

Elongation at break (%) 5 

Viscosity (cps) 200-250 

Tensile strength (MPa) 76 

Barcol Hardness 36 

Twelve composite specimens were produced 

using two different resins and with different fabric 

stacking orders. Table 4 displays the pattern 

names for the texture laminas in the composite 

specimens. 

Table 4 Naming pattern specimens 
Pattern 

Names 

Texture kinds 

J Jute fabric 

A Aramid fabric  

JA Jute/Aramid fiber hybrid composite 

JP Jute fiber reinforced polyester hybrid 

composite 

AP Aramid fiber reinforced polyester hybrid 

composite 

JAP Jute/Aramid fiber reinforced polyester 

hybrid composite 

JV Jute Fiber reinforced vinylester hybrid 

composite 

AV Aramid fiber reinforced vinylester hybrid 

composite 

JAV Jute/Aramid fiber reinforced vinylester 

hybrid composite 

After curing at 60 °C for 1 hour, the composite 

specimens were cut off with a water jet machine 

in accordance with the test sizes determined in the 

norms, such as 250 mm length, 25 mm width, and 

2.5 mm thickness. As the state of the produced 

samples before the tensile test is given in Figure 

2, the stacking sequences of the fabrics are given 

in Figure 3 and Figure 4. 

 

 

Figure 2 Composite samples after water jet 

machine application 

 

Figure 3 Fabric stacking sequences of a) JP b) 

AP c) JAP  

 

Figure 4 Fabric stacking sequences of a) JV b) 

AV c) JAV 

2.2. Method 

The vacuum-assisted resin transfer process was 

used to produce composite laminates reinforced 

with jute and aramid fibers. The composites were 

prepared at ambient temperature (20°C±2°C). 

This method uses a vacuum to remove the air 

from the reinforcing material so that the resin can 

penetrate the preform. The production area was 

created by using tempered glass for the composite 

production process. Firstly, the surface was 

sanitized and the area to be produced was 

determined with a vacuum sealing tape. Mold 

release wax was applied twice at specified times 

to the specified surface. Then the fabrics were laid 

Berkay KARACOR, Mustafa ÖZCANLI

Characterization Of Jute/Aramid Hybrid Composite Materials with Using Different Resins

Sakarya University Journal of Science 25(5), 915-930, 2022 919



in the predetermined sequence, and the peeling 

fabric and infusion net were set on top. The 

system was sealed with a vacuum bag, in an 

airtight manner, only two small holes were made 

for the resin inlet and outlet. During these 

procedures, the mixing ratio of resin and 

additional additives was specified, considering 

the values from prior manufacturing, and the 

blend was put together thence. Lastly, the vacuum 

pump was started to absorb the resin (Figure 5). 

The vacuum pump was operated for an average of 

2 hours at a pressure of about 1 bar and was 

switched off as soon as the additional resin flow 

on the sample was interrupted. The products 

prepared to complete the curing process were left 

in this position for 24 hours. At the end of this 

period, the test samples were put into the oven and 

kept at 60°C for 1 hour. 

 

Figure 5 Vacuum assisted resin transfer molding 

process 

2.3. Tensile Testing 

The tensile experiment was performed to decide 

the mechanical properties of the produced 

composite specimens. Average tensile strength 

values were calculated by testing 5 samples from 

each configuration were tested, resulting in a total 

of 6 configurations. The tensile test was 

performed following the ASTM D 3039 standard 

[38]. The test was carried out with ALŞA 

hydraulic testing device (KOLUMAN 

Automotive Industry Laboratory) and 2 mm/min 

was adjusted as the cross-head speed on the 

machine with a 98000 kN load cell. Figure 6 

displays the universal tensile tester. The tests were 

carried out at room temperature, and the sample 

sizes were recorded in the computer program 

before starting the tests. In addition to the 

automatic drawing of the engineering stress-strain 

diagram by a computer connected to the machine, 

the tensile strength, elastic modulus, and 

elongation ratios are calculated by the device. 

 

Figure 6 Tensile testing machine 

2.4. Hardness Testing 

The definition of hardness in materials is known 

as resistance to local plastic deformation. In order 

to determine the hardness of the samples 

produced in this study, Vickers hardness tests, 

also called 136-degree diamond pyramid hardness 

tests, were performed. In hardness samples, the 

sample thickness was produced to be 1.5 mm. The 

Vickers hardness value was determined by 

measuring 15 hardness measurements from 

different areas of the surface of each sample, and 

the average of these values was found as the 

hardness value. While the hardness test of the 

samples was carried out with respect to the ASTM 

E92-17 standard [39], the AOB Lab hardness test 

measuring device was used. Figure 7 

demonstrates the Vickers hardness test device.  
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Figure 7 Hardness testing machine 

2.5. Morphological Analysis 

The most suitable method for analyzing fiber 

surface morphology of materials is scanning 

electron microscopy (SEM). Owing to this 

method, fracture surfaces, fiber-matrix 

interactions, and fiber structures formed in 

composites can be observed as a result of tests. A 

Scanning Electron Microscope FEI Quanta 650 

Field Emission instrument at an acceleration 

voltage of 100V-30kV was used for SEM 

analysis. In order to increase the superficies 

conductibility of the specimens, a gold overlay 

was done by spraying method. The machine seen 

in Figure 8 has a magnification capacity of 6-

1,000,000 x. In order to see the hybridization 

effects, in addition to analyzing the quantitative 

data, the effects of mechanical fracture in a 

macroscopic way can be examined by SEM. 

 

Figure 8 SEM analysis machine 

3. RESULT AND DISCUSSION 

3.1. Tensile Test Results 

Figure 9 highlights that composite products 

prepared with polyester resin has higher tensile 

strength than those prepared with vinylester resin. 

It is understood from Figure 10 that this trend 

continues in the same way in the tensile modulus 

results. In the tensile strength results, it was found 

that the tensile strength value of the samples 

prepared with polyester resin was 1.37 times 

superior to the samples prepared with vinylester 

resin. In the tensile modulus outcomes, the 

samples using polyester resin were 1.12 times 

higher than the samples using vinylester resin. As 

seen in Figures 9 and 10, the highest tensile 

strength and tensile modulus values were 

obtained in pure aramid composite products. Pure 

jute composites, on the other hand, had the lowest 

values among the products produced in terms of 

both tensile strength and tensile modulus. The 

tensile strength results are also close in the studies 

where jute fibers and polyester resin are used 

together. The tensile strength values of the 

samples in the study are not far from each other. 

While the woven topology in the samples reduces 

the shrinkage in the fibers while the samples are 

breaking, it is stated that the progression of the 

crack formation is caused by the pulling of the 

fibers from the hollow structures in the matrix 

[40, 41]. When evaluated in terms of 

hybridization effect among the produced 

products, the tensile strength of JAP products was 

3.89 times higher than that of JP products, and the 

tensile strength of JAV products was 3.09 times 

higher than JV products. This resulted in the value 

of the JAV product being 1.87 times higher than 

the value of the JV product, and the value of the 

JAP product being 1.88 times higher than the 

value of the JP product in the tensile modulus 

comparison. The low mechanical properties of 

jute fibers due to their nature are tried to be 

eliminated by using different fiber structures and 

by hybridization. In another study in which jute 

fibers were hybridized, an increase in tensile 

strengths of 4.79% and 6.14% were found 

depending on the warp and weft directions. In 

addition, it has been stated that the core-centered 

array creates an advantage in mechanical 
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properties compared to the axial surface array in 

fiber fabric arrays [42]. In this study, the 

hybridization process with Aramid fibers 

provides improved tensile strength and tensile 

modulus values in the produced composites, but 

also provides a significant change in character. 

The use of polyester resin with jute fibers 

improved the tensile strength of the composite 

structure by 1.09 times compared to the use of 

vinylester resin with jute fibers, while the 

composite structures of aramid fibers prepared 

with polyester resin allowed an improvement in 

tensile strength by 1.32 times compared to 

structures prepared with vinylester resin. In the 

comparison of pure jute composites in the tensile 

modulus results, it was determined that the 

modulus value of JP was 1.12 times higher than 

that of JV, and the modulus value of AV was 1.55 

times higher than that of AP. Considering the 

elongation rates in Figure 11, the elongation rates 

of the samples prepared with vinylester resin were 

higher than the samples prepared with polyester 

resin. The elongation rate values indicate the 

ductility of the sample. Since the factors that 

increase the yield and tensile strengths of material 

mostly decrease the ductility, it is seen that the 

samples prepared with polyester resin with high 

strength value results have less elongation rate. 

While the JAV structure showed 1.28 times 

higher elongation rate than the JAP structure, this 

difference was found to be 1.93 times in favor of 

AV between AV and AP and 1.11 times in favor 

of JV between JV and JP. Pure jute fiber polyester 

resin structures showed 1.81 times less elongation 

than hybrid jute/aramid fiber polyester resin 

structures. Structures formed with pure jute fiber 

polyester resin showed 1.57 times less elongation 

than structures formed with hybrid jute/aramid 

fiber polyester resin. 

 

Figure 9 Tensile strength test results 

 

Figure 10 Elastic modulus results 

 

Figure 11 Elongation rate results 

Figures 12- 17 indicate one of the stress-strain 

curves closest to the mean value from each 

configuration of the samples tested. As seen in 

Figures 12 and 13, rupture was observed at the 

maximum force of 4.2-4.63 kN with the brittle 

structure of the jute fiber. The fracture forces with 

the high elongation amount of aramid fibers were 

also determined at the values of 15.12-20.65 kN, 
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as can be seen from Figures 14 and 15. As stated 

in Figures 16 and 17, in hybrid composites, on the 

other hand, a breaking force was determined 

between pure jute and pure aramid composites 

with a maximum breaking force of 11.35-16.02 

kN, almost without departing from a linear curve. 

 

Figure 12 Stress-strain curve of JV sample 

 

Figure 13 Stress-strain curve of JP sample 

 

Figure 14 Stress-strain curve of AV sample 

 

Figure 15 Stress-strain curve of AP sample 

 

Figure 16 Stress-strain curve of JAV sample 

 

Figure 17 Stress-strain curve of JAP sample 

Figure 18 and Figure 19 indicates the photographs 

of broken surfaces after the tensile test. From the 

sample images in Figure 18, it is understood that 

the ductile structure of aramid fibers manifests 

itself in the form of elongation of the fibers, while 

the jute fibers have a more fragile structure and 

break from the axial center. In hybrid jute/aramid 

structures, fiber tearing occurred on the outer 

surfaces, and unlike the breakage in pure jute 

fibers, aramid fibers tried to make breaking 

difficult. In the study examining the impact force 

applied to aramid and basalt, it was determined 

that the fibers showed slight ruptures and cracks 

occurred in the central region. High stresses 

where the impact force is applied have been the 

areas where the deformations are concentrated [3, 

32]. 

Berkay KARACOR, Mustafa ÖZCANLI

Characterization Of Jute/Aramid Hybrid Composite Materials with Using Different Resins

Sakarya University Journal of Science 25(5), 915-930, 2022 923



 

 

 

Figure 18 Back side view(a) of JP, AP and JAP 

and front side view(b) of JP, AP and JAP 

When the breaks in the vinylester resin samples in 

Figure 19 were examined, it was observed that 

there was no complete break in the aramid fibers. 

This explains why the percent elongation in 

tensile results is greater in samples prepared with 

vinylester resin. It was determined that the JV 

structures were completely broken, as in the JP 

structures in Figure 18. In the JAV structure, it 

was understood that the elongation of the fibers 

was less than that of the JAP structure, and it 

showed sharper breakage. In the study [2], in 

which aramid fiber and glass fiber were used as 

reinforcement elements, it was stated that the 

sequence types of the samples determined the 

tearing in the fabrics. Therefore, in the hybrid 

structures, the fibers in the outer layers of the 

fabrics were broken. 

 

 

Figure 19 Back side view (a) of JV, AV and JAV 

and front side view (b) of JV, AV and JAV 

3.2. Hardness Test Results 

In view of Vickers hardness test outcomes as seen 

in Figure 20, products using polyester resin in 

composite production have higher Vickers 

hardness than products using vinylester resin. The 

use of aramid fabric as a reinforcement element in 

the use of both polyester and vinylester resin gave 

the highest Vickers hardness value. The use of 

jute fiber fabric as a reinforcing element showed 

the lowest Vickers hardness values in both resins. 

Hybridization of jute fabric with aramid fabric 

increased the hardness value in both resins 

compared to homogeneous composites using Jute 

fabric from the natural fiber fabric category. In 

this study [43], where the hybridization of Aramid 

fabric to natural fiber fabrics was investigated, it 

was observed that the addition of 5% Aramid 

fabric increased the hardness value by 14% 

compared to the pure vinylester resin composite. 
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While the Vickers hardness value of the JAP 

sample increased by 49.28% compared to the 

homogeneous JP sample, the hardness value of 

the JAV sample increased by 89.71% compared 

to the homogeneous JV sample. There is a 

difference of 20.2% between the JAP hybrid 

sample and the JAV hybrid sample in terms of 

hardness in favor of the composite sample using 

polyester resin. When the product specification 

values are also examined, the hardness value of 

pure polyester resin is higher than that of 

vinylester resin, as given in Tables 2 and 3. This 

difference is 52.75% on behalf of JP structure for 

JP and JV samples, while 10.24% is on behalf of 

AP structure for AP and AV samples. These 

results indicate that the highest hardness value 

difference is in the samples using Jute reinforced 

polyester resin and vinylester resin. In the study 

of Khare et al. [31], the hardness value in the 

samples produced by using polyester resin 

together with jute fiber was higher than the 

samples using vinylester resin, even though jute 

fiber was used in varying ratios such as 2.5% and 

7.5%.  

 

Figure 20 Micro hardness test results 

3.3. SEM Analysis Results 

The SEM images of Figures 21 displays the 

morphological structure of the JV after the tensile 

test, and also Figure 22 and 23 demonstrate 

morphologies the AV and JAV hybrid composite 

structures after the tensile test. In the JV 

composite structure as seen in Figure 21, fiber 

breaks are observed due to the brittle structure of 

the jute fibers, while in the AV composite 

structure in Figure 22, it is understood that the 

aramid fibers are broken homogeneously and 

there is no rupture. In the JAV composite 

structure in Figure 23, it has been determined that 

the Kevlar fiber provides a higher mechanical 

property by reducing the shrinkage effect on the 

jute fiber, with the effect of the hybrid structure, 

compared to the JV structure. It has also been 

noted in previous studies that hybridization of 

Kevlar fiber with jute provides a significant 

matrix fiber interaction [44, 45]. 

 

Figure 21 JV composites SEM micrograph 

 

Figure 22 AV composites SEM micrograph 

 

Figure 23 JAV hybrid composites SEM 

micrograph 
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Figures 24 shows the morphological forms of JP 

composite structures after the tensile test. Figures 

25 and 26 indicate the morphological examination 

of AP and JAP composite structures after the 

tensile test prepared with polyester resin. 

Compared with the SEM images in Figures 21, 

22, and 23, it is seen that JP, AP, and JAP hybrid 

composite structures have fewer voids, fewer air 

bubbles, and high toughness structure. In the 

tensile test results, better tensile strength values 

are obtained in the use of polyester resin 

compared to the use of vinylester resin, which is 

supported by these morphological analysis 

images. The absence of gaps around the fiber in 

the AP composite structure as in Figure 25 

compared to the JP composite structures as in 

Figure 24 indicates that it provides a better 

adhesion with the resin. In structures where 

aramid fibers are used as reinforcing elements, 

fiber abrasion and fiber breakage occur as 

frequently encountered situations. Significant 

cases of rupture and micro buckling in Kevlar 

fibers have also been found in other studies [46]. 

In the JP composite structure, the fibers are not 

broken evenly, while a more homogeneous 

breakage is detected in the JAP composite 

structure in Figure 26. 

 

 

Figure 24 JP composites SEM micrograph 

 

Figure 25 AP composites SEM micrograph 

 

Figure 26 JAP hybrid composites SEM 

micrograph 

4. CONCLUSION  

In this work, jute fabric made of natural fibers and 

Kevlar fabric made of synthetic fibers were 

preferred as reinforcement elements, vinylester 

and polyester resins were preferred as matrix 

elements. The effects of using two different resins 

on the mechanical properties of the pure and 

hybrid composites were investigated. It has been 

determined that the use of polyester resin in 

hybrid jute/aramid composites improves the 

tensile strength, tensile modulus and 

microhardness value compared to the use of 

vinylester resin. The use of polyester resin, as 

understood from the SEM analysis results, 

provided better delamination resistance and 

structural integrity of the structures by creating 

better interfacial bonds between the fiber and the 

matrix and allowing less air gaps. In addition, it 

can be deduced from the results of this study that 

the mechanical properties of jute fibers in hybrid 
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structures are improved by the hybridization 

process of jute fibers with aramid fibers in both 

resins. The results of this paper show that the use 

of polyester resin for reinforcement with jute and 

aramid fabrics results in better mechanical 

properties than vinylester resin. The use of 

polyester resin, which is more economical in 

terms of cost, instead of the commonly used 

epoxy resin, together with jute fibers, which are 

cheaper than Kevlar fibers and belong to natural 

fibers, points to an important point in terms of less 

harm to the environment and sustainability. In the 

light of the results of this study, these materials 

offer designers new ideas in terms of cost and 

weight without any loss in performance in the 

areas of the interior of the vehicle. 
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Conformational Analysis and DFT Investigations of 1-(4-Fluorophenyl)Piperazine by ELF 

and LOL, Inhibitory Activity Against Alzheimer’s Disease, and ADME Prediction 

Sibel ÇELİK*1 

 

Abstract 

 

This study reports 1-(4-Fluorophenyl)Piperazine molecule structural and electronic properties 

calculated at the DFT/B3LYP level. A potential energy surface scan along the rotational bonds 

discovered the most stable minimum energy conformer of the title compound. Frontier molecular 

orbital (FMO) analyses, density of state (DOS), molecular electrostatic potential (MEP), and global 

and chemical reactivity descriptors were also used to investigate the reactivity of the pFPP 

molecule. In addition, ELF and LOL analysis were performed. In silico biological studies such as 

drug-likeness, ADME, and toxicity properties were also performed. Molecular docking studies are 

performed to predict the anti-Alzheimer agent enzyme (AChE) active site of the pFPP. The docking 

predicts the possibility of a potential drug to improve Alzheimer's disease (AD) treatment. 

 

Keywords: 1-(4-fluorophenyl)piperazine, DFT, ADME, ELF, LOL, molecular docking  

 

 

 

1. INTRODUCTION 

 

The piperazine derivatives are important 

pharmacophores across several different 

therapeutic areas [1] and act as antibacterial [2], 

antifungal, antipsychotic, antimalarial [3], and 

anti-HIV proteases [4]. On the other hand, it is 

frequently employed to generate a variety of 

physiologically active compounds, including 

anticonvulsant, anxiolytic, neuroprotective, 

antioxidant, antidepressant, and anti-

Alzheimer’s [5]. A large number of well-known 

medications with a variety of uses contain  
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piperazine, a six-membered heterocyclic 

molecule that contains nitrogen [6]. Due to their 

powerful biological activity and their 

involvement in the creation of promising 

pharmacological candidates, fluorine-

containing heterocyclic compounds have 

attracted considerable attention [7]. Many 

commercially available drugs contain a 

piperazine ring, mainly on the nervous system. 

This pathology is characterized by a decline in 

memory, language, problem solving, and some 

other cognitive skills. This condition affects the 

ability of the person to perform daily duties. 

Alzheimer's disease causes neurons to die, 

which eventually affects parts of the brain that 
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help a person do basic physical tasks like 

walking and swallowing [8]. 

 

1-(4-fluorophenyl)piperazine (pFPP) is a 

neuropharmacologically active compound [9]. 

The actual benefit of this molecular structure 

for pharmaceutical development is the potential 

for straightforward coupling of several 

aldehyde moieties by reductive amination to 

different phenylbenzyl-piperazines. Different 

neuroligands have important structural motives, 

such as ligands for D2-like dopamine receptors, 

serotonin receptors, sigma receptors [10], 

adrenergic receptors [11], and calcium channels 

[12]. Most of the time, adding an aromatic 

fluorine to a ligand increases its affinity and/or 

selectivity, which is important for 

radiodiagnostics [13, 14]. 

 

In this paper, the detailed conformational study 

of the pFPP molecule was performed using 

DFT. The study of the stable conformer has 

been performed by theoretical and in silico 

biological methods. In order to understand the 

structural and electronic properties of the title 

molecule, DFT results were compared. The 

molecular stability, softness, and chemical 

reactivity of the pFPP molecule are determined 

by the FMOs and global reactivity Electrophilic 

and nucleophilic centers were discovered by the 

MEP, which may interact with biological 

targets. Also, ELF and LOL analysis of the 

optimized most stable conformer structure were 

performed. The drug-likeness, pharmacokinetic 

(ADME) characteristics, and toxicity 

investigations were all predicted 

computationally. In relation to Alzheimer's 

disease (AD), an in silico molecular docking 

study was also done on the title compound with 

a protein target. 

 

2. THEORETICAL CALCULATIONS 

 

Density functional theory (DFT) calculations 

were performed with the B3LYP functional and 

the 6-311++G(d) basis sets by using the 

Gaussian 09 software [15]. The most stable 

conformer structure is used for the HOMO-

LUMO orbitals and MEP analysis of the 

investigated chemical. The Gaussview 

molecular visualization program [16] was used 

to visualize the HOMO, LUMO, and MEP 

analyses. The Multiwfn software program [17] 

is used to do the ELF and LOL. The Autodock 

2.2.6 software was used to molecular docking 

the chemical ligand-protein binding site [18]. 

The docked complexes were visualized using 

PYMOL [19] and Discover studio software 

[20]. The RSCB protein data bank provided the 

3D dimensional structure of AChE (PDB ID: 

1EVE) (www.pdb.org). The ADME and Drug-

likeness parameters of the title compound are 

calculated using Pre-ADMET software [21] 

and the SwissADME program [22]. The 

Protox-II website [23] was used to figure out 

the LD50, as well as the organ toxicity and 

toxicological end points of the pFPP 

compound. 

 

3. RESULT AND DISCUSSION 

 

3.1. Conformational studies  

 

The same molecule can be in different positions 

at room temperature [24]. As a result, 

conformation analysis was used in this section 

of our study to determine the lowest energy 

structure of the title structure at room 

temperature using the initial structure 

B3LYP/6-311++G(d, p). To determine the 

more stable conformer of the pFPP molecule, 

the PES was generated by shifting this dihedral 

angle (C10-C8-N2-C4) from 0° to 180° with a 

step of 10°. The potential energy surface (PES) 

curve drawn as a result of the calculations is 

given in Figure 1, according to which there are 

three different conformers of molecular 

geometry. The calculated energy as well as 

relative energies of these conformers are given 

in Table 1. The results of the PES scan show 

that conformer II is most stable with the lowest 

potential energy at an angle of 110° for the 

selected (C10-C8-N2-C4) dihedral angle. 
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Figure 1 Scan of total energy of C10-C8-N2-

C4 dihedral angle calculated by B3LYP/6–

311++G(d,p) method. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2 Optimized geometric structure 

 

 

 

Table 1 Ground-state optimized energy and 

energy difference of all pFPP conformers 

Conformer Dihedral 

angle 

(°) 

Energy 

(Hartree) 

∗Energy 

differ. 

(Hartree) 

I 0 -598.383215640 0.000157 

II 110 -598.383372769 0.000000 

III 170 -598.383331269 0.000041 

* Other conformers' relative energies in relation to the 

lowest energy of conformer I (Figure 2) 

 

 

 

3.2. Frontier Molecular Orbitals and 

Chemical Reactivity Descriptors 

 

The frontier molecular orbital (FMOs) analysis 

using quantum chemistry techniques is a well-

known tool for explaining molecular transitions 

[25- 28]. The these orbitals control the mode of 

interaction between pharmaceuticals and other 

molecules, including interactions between 

drugs and their receptors [29]. Figure 3 shows 

the isodensity surface plots of HOMO and 

LUMO for the examined compound. Since 

HOMO is mostly delocalized on –phenyl ring 

and partially on the –piperazin ring, charge 

transfer within the system can be seen as 

LUMO is on phenyl ring. In this study, HOMO 

and LUMO are critical quantum chemical 

characteristics that are used to compute several 

significant parameters, such as chemical 

reactivity descriptors, and these are calculated 

and given in Table 2. The HOMO-LUMO 

energy gap is calculated as 4.99 eV. This band 

gap confirms that pFPP has a stable, bioactive 

structure and that charge transfer occurs within 

the molecule [30]. The lower chemical potential 

and higher electrophilicity index values 

calculated for the title molecule are similar to 

those of bioactive molecules.   

 

The DOS spectrum graphically represents the 

occupied and unoccupied molecular orbitals of 

the corresponding molecule [31]. DOS 

contributions reinforced the information 

gathered by FMOs. Figure 4 depicts diagrams 

of DOS computations. 
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Figure 3 Frontier molecular orbitals of pFPP 

compound. 

 

 

 
Figure 4 Density of states (DOS) diagram for 

pFPP molecule. 

 

3.3. Molecular electrostatic potentials 

(MEP) 

The molecular electrostatic potential (MEP) is 

a well-established computational approach for 

predicting reactive regions in molecules for 

nucleophilic and electrophilic attacks [32, 

33]. As shown in Figure 5, MEP was estimated 

for the most stable conformer geometry. The 

most negative region on the MEP surface is -

5.54e-2, which is depicted in red and is referred 

to as the electrophilic region. The most positive 

area, shown by the blue color and the 

nucleophilic region, is +5.54e-2. The various 

color coding on the MEP surface as displayed 

in Figure 5 reveals the yellow color regions 

around –phenyl and are electrophilic regions, 

whereas the blue color regions around 

hydrogen atoms show low electron density 

(nucleophilic). In the MEP, the most reactive 

location for electrophilic attack is the negative 

electrostatic potential (shown in red) localized 

on the fluorine and -NH group in the piperazin 

ring. 

Table 2 Global reactivity descriptors of the 

pFPP compound 

Parameters    Values  

EHOMO -5.65 eV 

ELUMO -0.66 eV 

Energy band gap 

(ΔE = ELUMO-EHOMO) 

4.99 eV 

Ionization potential  

(I = -EHOMO) 

5.66 eV 

Electron affinity  

(A = -ELUMO) 

0.66 eV 

Chemical hardness 

(η= (I-A)/2) 

2.49 eV 

Chemical softness  

(σ = 1/2η) 

0.40(eV)-1 

Electronegativity 

(χ =(I + A)/2) 

3.16 eV 

Chemical potential  

(μ = − (I + A)/2 

-3.16 eV 

Electrophilicity index  

(ω = μ2 /2η) 

2.00 eV 

Max. charge transfer index  

(ΔNmax = -μ/η) 

1.27 
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Figure 5 Molecular electrostatic potential 

maps of pFPP compound 

 

3.4. ELF and LOL analyses 

 

The electron localization function (ELF) and 

the localized orbital locator (LOL) are often 

used to show the structure of an atomic shell 

structure, chemical bonding classification, and 

charge-shift bond verification on the surface of 

a molecule. These surface analysis show that 

the high likelihood of discovering an electron 

pair on the molecular surface [33-35]. 2D and 

3D depictions of the ELF and LOL isosurface 

for the pFPP compound in Fig. 6. The strong 

localized bonding and nonbonding electrons 

around hydrogen atoms are indicated by high 

ELF regions (red region) in Figure 6(a). The 

delocalized electron cloud around carbon and 

nitrogen atoms is shown by blue regions. The 

electron density is shown by the white color 

present in the central part of the hydrogen atom 

(H22) of the piperazin ring, as seen in Figure 

6(b). The majority of the covalent region 

between carbon-carbon atoms and carbon-

nitrogen atoms, represented by the red color. 

The blue circles around fluorine atom indicate 

the electron depletion. 

 

 
 

Figure 6 Relif map and Color filled map of (a) 

ELF and (b) LOL of pFPP compound 

 

3.5. Molecular docking study 

 

The pFPP molecule is an active substance for 

different neuroligands, and it is also involved in 

the structure of many drugs that act on the 

nervous system because it contains a piperazine 

ring. Since piperazines are under development 

as multifunctional agents for the treatment of 

Alzheimer’s disease (AD) [36], anti-

Alzheimer's receptor has been chosen as a 

biological target in the molecular docking. The 

most common treatment for AD is to improve 

cholinergic neurotransmission by blocking one 

of the major neurotransmitters, ACh, from 

being broken down by AChE, which maintains 

the brain's ACh level to compensate for the loss 

of functional brain cells. Therefore, the AChE 

enzyme was chosen as a biological target for 

our study. In order to study the most stable 

conformer, it was docked to the active sites of 

AChE. The in-silico molecular docking results, 

the binding energy, inhibition constant (Ki), 

and RMSD in the ligand-enzyme complex are -

5.97 kcal/mol, 42.30 µM, and 92.61 Å, 

respectively. In drug design, the binding energy 

of compounds to anti-Alzheimer's receptors is 

crucial, while Ki is a measure of the ligand's 

protein binding affinity. The ligand-enzyme 

complex contains hydrophobic interactions and 
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hydrogen bonds as shown in the Figure 7 given 

in 2D and 3D. The computational analyses of 

the molecular docking research show that the 

hydrogen bond interaction between the nitrogen 

atom N3 of piperazin ring and SER’286 residue 

of oxygen atom (N-H…O). Additionally, 

hydrophobic amino acids that are ordinarily 

incorporated inside the enzyme, such as 

TRY’334, PHE’331 and  ARG’289, in the form 

of pi-pi interactions between title compounds 

(see Table 3). In molecular docking studies, it 

was concluded that the reactive sites obtained 

from MEP calculations are suitable for H-bond 

interaction with the selected enzyme. 

 

 

 

 
 

Figure 7 2D interaction and 3D bonding 

between amino acid residue and pFPP 

molecule with AChE 

Table 3 The enzyme–ligand interaction 

parameters with hydrophobic contacts for 

pFPP compound 

R: Residues, D: Distance 

 

3.6. Toxicity prediction 

 

Piperazines have a reputation for being safe, 

and there are no studies of their toxicity at the 

cellular level that could help to understand their 

harmful effects [37]. Therefore, the aim of this 

work is to predict the organ toxicity, 

toxicological endpoints, and median lethal dose 

(LD50) of the 1-(4-Fluorophenyl)piperazine) 

compound, which were obtained by using the 

Pro-Tox II web server [23]. As shown in Table 

4, ProTox-II toxicity prediction software gave 

the predicted LD50 value of the pFPP molecule. 

The results of acute toxicity prediction, such as 

toxicity class classification [1 (toxic) to 6 (non-

toxic), revealed that the listed chemical was 

classed as acute toxicity class 3 (toxic if 

swallowed). According to the findings, the title 

molecule is non-carcinogenic and has no 

immunotoxicity, cytotoxicity, or mutagenicity. 

 

3.7. Drug-Likeness and ADME Analysis 

 

In the present drug development, the potential 

of a novel chemical is commonly evaluated 

using initially through virtual tools [6]. The 

drug-likeness and ADME parameters of the 

pFPP molecule have been evaluated in order to 

determine its suitability for usage as an active 

substance in a variety of novel pharmaceutical 

products. Table 5 summarizes the calculated 

drug-likeness and ADME parameters, which 

should be interpreted using Lipinski's rule of 

five [38]. The Lipinski's rule of five states that 

the number of HBD (Hydrogen Bond Donor) 

Table 4 Toxicity prediction using the Protox 

II of pFPP 

pFPP Values 

Toxicity Class III 

LD50 (mg/kg) 108 

Organ Toxicity (Probability  

Hepatotoxicity Inactive  

(0.83) 

Carcinogenicity Inactive  

(0.71) 

Immunotoxicity Inactive  

(0.96) 

Mutagenicity 
Inactive  

(0.82)  

Cytotoxicity 
Inactive  

(0.79) 

AChE 

(PDB ID) 

Hydrogen 

bonding 

interaction 

Hydrophobic 

interaction 

 R D 

(Å) 

R D 

(Å) 

 1EVE SER286 2.19 TRY334 3.38 

   PHE331 3.35 

   ARG289 3.53 

Sibel ÇELİK

Conformational Analysis and DFT Investigations of 1-(4-Fluorophenyl)Piperazine by ELF and LOL, Inhibi...

Sakarya University Journal of Science 25(5), 931-941, 2022 936



   

 

and HBA (Hydrogen bond acceptor) must be 

fewer than 5 and 10, the miLogP value must be 

less than 5, and the molecular weight must be 

less than 500. Furthermore, TPSA (Total polar 

surface area) (≤140) is within acceptable limits. 

According to the analysis, the physicochemical 

properties of the title molecule definitely meet 

Lipinski's rule. 

 

ADME analysis shows that the pFPP molecule 

is predicted by human intestinal absorption 

(HIA), Caco-2 (colorectal carcinoma) cell 

permeability and Blood-brain barrier 

penetration (BBB). The HIA value showed 

good oral absorption and the Caco-2 

permeability values were considered good 

permeability of the compound. However, it was 

concluded that the BBB value of this molecule 

is not in the acceptable range for an ideal drug 

candidate. The bioavailability score was 0.55. 

In terms of bioavailability, drug-like behavior 

is critical to becoming an oral drug. These 

calculations show that the chemical in question 

shows promise as a pharmacological agent. 

 

Table 5 Calculated ADME and Drug-Likeness 

properties of pFPP molecule 

pFPP Values 

HBD ≤5 1 

HBA ≤10 2 

TPSA≤140 Å 15.27 

miLogP 1.50 

GI absorption High 

BBB No 

Caco2 permeability 57.77 

HIA 100 

 

4. CONCLUSION 

 

We explored various properties of pFPP 

compound in this work, including conformation 

analysis, surface properties, pharmacokinetic 

and  toxicity properties. The title molecule 

possesses three stable conformers. The 

intramolecular charge transfer was determined 

from the HOMO-LUMO orbitals, as well as the 

HOMO-LUMO energy values were used to 

compute and analyze various global reactivity 

parameters. The FMO shows the Egap of the 

pFPP molecule 4.99 eV, indicating that title 

compound is more chemically stable. The MEP 

map shows that the fluorine and NH group, 

which is deep red, has the most negative charge. 

ELF and LOL study shows that between C-C 

and C-N atoms, most of the covalent region is 

present. Pharmacological studies gave 

information about ADME, drug likeness, and 

value to identify the toxic activity of the 

molecule. The π–π staking interactions of the 

AChE inhibitors with title ligand molecule 

show the non-covalent binding sites in the 

structures. These sites were also justified by 

MEP surface. Hence, we predict the title 

compound pFPP might be used as a prospective 

drug after clinical and pharmaceutical research 

for Alzheimer’s disease. 
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Performance Analysis of MIMO Techniques for a Pyramid Receiver in an Indoor MIMO-VLC 

System 

 

Aamir Ullah KHAN*1, Sultan ALDIRMAZ ÇOLAK1, Yasin ÇELİK2 

 

Abstract 

In an indoor multiple-input multiple-output (MIMO) visible light communication (VLC) 

system, line of sight (LoS) channel links are present between a light-emitting diode (LED) 

based transmitter and a photodetector (PD) based receiver. The PDs in the receiver are closely 

packed resulting in a high channel correlation. To overcome channel correlation and improve 

the performance of the MIMO-VLC system, angle diversity receivers (ADRs) are commonly 

employed. The channel matrix entries depend on the normal vectors of the PDs, which in turn 

depend on the elevation angle (EA) of the PDs. Thus, by having normal vectors pointing in 

different directions, the channel correlation can be considerably reduced. This paper considers 

a special type of ADR called pyramid receiver (PR) and employs a 4x4 MIMO-VLC system. 

In this paper, different MIMO algorithms such as repetition coding (RC) and spatial 

multiplexing (SMP) are considered to exhibit and compare the bit-error-rate (BER) 

performance of the fixed and variable EA MIMO-VLC systems. The results show that an SMP-

employed MIMO-VLC system outperforms the RC-employed MIMO-VLC system. SMP 

results in an spatial multiplexing gain that varies linearly with the number of LEDs whereas RC 

does not yield any spatial multiplexing gain. To attain the same spectral efficiency i.e. 4 

bit/s/Hz, a larger signal constellation size is required for RC employed MIMO-VLC system to 

achieve the same BER as of an SMP employed MIMO-VLC system. Similarly, the BER 

performance of variable EA MIMO-VLC systems is better as compared to fixed EA MIMO-

VLC systems. 

Keywords: Angle diversity receivers, optical wireless communications, pyramid receiver, 

visible light communication  
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1. INTRODUCTION 

Wireless connectivity has become an absolute 

necessity nowadays. It is no more regarded as a 

luxury but as an utter need of time. Due to 

technical developments, the cost of handheld 

devices has become relatively lower over recent 

years, due to which their availability is no more 

an issue. According to the wireless world research 

forum, 7 billion people will be served by 7 trillion 

devices by the end of the year 2020. Similarly, it 

is also expected that the number of wirelessly 

connected devices will reach 1000 times the 

human population [1]. Similarly, a recent study 

[2] has anticipated that mobile networks will 

become the major source of data and around 77 

exabytes of data traffic will be transmitted by 

mobile networks every month.  

The number of digital users has been growing 

over recent years and there has been a rapid 

increase in the demand for wireless data 

communication. With the saturation of the radio 

frequency (RF) spectrum, it is very difficult to 

meet the growing demand for high-speed 

connectivity. In order to alleviate the looming 

spectrum crisis, scientists have started to look for 

new means to accommodate the new users. In 

recent years, optical wireless communications 

(OWC) specifically visible light communication 

(VLC) has become a prevalent wireless 

communication technique among researchers to 

complement traditional RF communications, 

especially for indoor environment-based 

communications. VLC is viewed as a very 

promising complementary technology to 

traditional RF-based indoor technologies, due to 

the inherent advantages of low-cost front-ends, 

unregulated spectrum, high data rates, and 

simultaneous illumination and data transmission.  

In VLC, the visible part of the spectrum in 

390nm-750nm is exploited for communication. In 

a VLC system, light-emitting diodes (LEDs) are 

used as transmitters, and photodetectors (PDs) are 

used as receivers. Air acts as a medium between 

source and destination. With the advancements in 

solid-state lighting technology over the years, it is 

now possible to modulate light at such high 

frequencies that human eyes cannot detect. Solid-

state sources e.g. LEDs will substitute traditional 

illumination sources as they offer a greater 

lifetime, lower cost, and lower energy 

consumption. These properties, along with many 

others, make VLC an ideal, economic, and 

suitable choice for communication [3]. 

Employing white light LEDs as transmitters, VLC 

has been a rapidly-growing OWC technology and 

gained much consideration in recent years. In 

most cases, communication is a secondary 

function shadowed by illumination. This is what 

makes VLC different from other wireless 

communication standards having only the sole 

purpose of communication.  

The modulation capability of commercially 

available LEDs is very limited. As a result of this 

limitation, the transmission bandwidth of the 

VLC systems is restricted to several MHz as 

compared to the available optical bandwidth of 

400THz. As high data rates are required for high-

speed communication, this restraint in bandwidth 

presents a challenge for researchers to design an 

effective VLC system [4].  

Different approaches have been adopted by 

researchers to overcome the bandwidth 

limitations of VLC systems and design high-

speed VLC systems. The performance of the VLC 

systems can be improved by employing high-

order constellations orthogonal frequency 

division multiplexing (OFDM) [5].  In [6], OFDM 

has been shown as a suitable scheme for VLC for 

achieving high data rates because of combating 

inter-symbol interference and utilizing the 

spectrum more efficiently. Due to the physical 

nature of LEDs and PDs, intensity modulation 

direct detection (IM/DD) must be used in VLC 

systems [7]. The traditional OFDM results in 

polar signals. As IM/DD is employed in a VLC 

system, therefore, the transmitted signal must be 

real and positive all the time as negative signals 

cannot be modulated. Due to this limitation, in 

[8], different OFDM  techniques are specifically 

designed for IM/DD based VLC systems are 

compared and analyzed.  

With the use of multiple parallel LEDs for 

illumination and communication in an indoor 

environment, spectral efficiency can be improved 

by employing multiple-input multiple-output 

KHAN et al.

Performance Analysis of MIMO Techniques for a Pyramid Receiver in an Indoor MIMO-VLC System

Sakarya University Journal of Science 25(5), 942-955, 2022 943



(MIMO) techniques. MIMO can enhance the data 

rate without any additional bandwidth expansion. 

It was shown that optical MIMO has great 

potential in improving spectral efficiency for 

short-range high-speed data transmission [9]. A 

link adaptation method for the OFDM-based 

MIMO-VLC system is investigated in [10].  The 

proposed method supports repetition coding (RC) 

and spatial multiplexing (SMP) as MIMO modes. 

The switching of the spatial mode depends on the 

channel conditions.  The proposed MIMO mode 

selection along with the bit loading scheme results 

in a more spectral efficient (SE) system while 

satisfying the target bit-error rate (BER). 

In a line-of-sight (LoS) based indoor MIMO-VLC 

system, the entries of the channel matrix can be 

highly correlated. This correlation of channel 

matrix entries can yield a rank deficient channel 

matrix resulting in poor performance [11]. It is, 

therefore, important to have an uncorrelated 

channel matrix. The rank of the indoor MIMO-

VLC system highly depends on the geometries of 

LEDs and PDs. In [12], authors have explored the 

impact of PDs placement on the performance of 

the MIMO-VLC system. It is shown that certain 

PD alignments result in a rank-deficient channel 

matrix. An irregular PD configuration has been 

proposed to overcome the issue of the rank 

deficient channel matrix.  

Different methods have been adopted by the 

researchers to overcome the challenge of channel 

correlation in an indoor MIMO-VLC system. An 

aperture-based angular diversity receiver for the 

MIMO-VLC system is investigated in [13]. It is 

shown that a well-designed receiver can receive 

signals from different directions with low multi-

stream interference. This results in a well-

conditioned channel matrix. In order to obtain 

uncorrelated channels, an angle diversity receiver 

(ADR) has been proposed in [14]. A highly 

uncorrelated channel matrix is obtained by 

placing PDs on ADR in such a way that normal 

vectors of PDs point in different directions from 

one another. The performance of an ADR-based 

indoor MIMO-VLC can be reduced greatly as a 

result of inter-cell interference (ICI). In [5], a new 

angle diversity multi-element receiver is 

proposed. It is shown that this type of receiver 

cannot only overcome ICI but also results in 

robustness against the receiver’s random 

rotations. Similarly, an interference management 

scheme to overcome the co-channel interference 

has been proposed in [15]. The authors have 

employed a constrained field-of-view (FOV) 

ADR along with least square channel estimation 

with maximum-likelihood (ML) detector. It is 

shown that the proposed system in [15] results in 

superior BER performance. Moreover, the 

proposed system outperforms the time division 

multiple access (TDMA) techniques at all 

positions and orientations of ADR.  In [16], a 

comprehensive lighting configuration for an 

efficient VLC is presented. An efficient VLC 

system with mobility and link switching is 

considered along with illumination, signal-to-

noise ratio (SNR), and received power 

constraints.  

The use of pre-equalization methods to increase 

the bandwidth of white LEDs for VLC systems is 

discussed in [17]. The impact of different factors 

e.g., LED’s array, FOV angle of the receiver, and 

the LED’s transmission angle, influencing the 

performance of the MIMO-VLC systems are also 

elaborated and analyzed in [17].  Different 

diversity techniques such as select best 

combining, equal gain combining, and maximum 

ratio combining for LoS links are analyzed and 

compared in [7].  The performance of the ADR 

receiver is also compared with the traditional 

single PD receiver in terms of signal to 

interference plus noise ratio (SINR) and area 

spectral efficiency. It is shown that the ADR 

performs better as compared to the traditional 

receiver. Moreover, the SINR suffers from great 

fluctuations due to ICI in a multi-cell indoor 

MIMO-VLC system. To improve the 

performance of such a MIMO-VLC system, a 

generalized ADR is adopted by researchers in  

[18].  

In [19], the authors have investigated the impact 

of MIMO modulation schemes on the 

performance of the indoor MIMO-VLC system. 

The authors have considered generalized spatial 

modulation (GSM) and SMP for the LOS and 

diffused channel links for vertical and angular 

detectors. It is shown that angular detectors result 
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in a better BER performance compared to vertical 

detectors. Moreover, GSM outperforms SMP in 

terms of BER performance. Similarly, different 

transmission mechanisms such as spatial 

modulation (SC), RC, and SMP are compared and 

analyzed in [9]. The overall spectral efficiency is 

improved by the application of adaptive 

modulation and per antenna rate coding.  

Similarly, in [20], a pyramid receiver (PR) based 

on the principle of ADR is proposed in which the 

elevation angle (EA) of PDs was varied to 

generate uncorrelated channel matrix entries. The 

EA was kept constant for all the PDs for a 

constant receiver’s position. A similar approach 

was implemented in [21] in which EAs of PDs 

were varied independently of one another 

resulting in optimum variable EAs for PDs. As a 

result of variable EAs, the throughput of the 

MIMO-VLC improves as compared to the fixed 

EA MIMO-VLC system.  

In this paper, we compare the BER performance 

of a PR-based fixed and variable EA MIMO-VLC 

system. The authors in  [21] have only addressed 

the channel throughput and provided a 

comparison in terms of throughput between fixed 

and variable EA MIMO-VLC systems. To the 

best of our knowledge, it is the first time where 

the BER performance of variable EA MIMO-

VLC system for RC and SMP schemes is 

provided. Moreover, the comparison between 

fixed and variable EA MIMO-VLC systems has 

also been done for the first time. For both the 

fixed and variable EA MIMO-VLC systems, the 

optimum EA values given in [20, 21] are 

considered.   

The rest of the paper is organized as follows. 

Section 2 presents the system model for both fixed 

and variable EA MIMO-VLC systems. Section 3 

presents the simulation parameters and simulation 

results of BER for fixed and variable EA MIMO 

VLC systems. The paper is concluded and 

summarized in Section 4.    

Throughout the introduction, we have used 

several abbreviations. To summarize, we have 

listed them in Table 1. 

2. SYSTEM MODEL   

In this paper, we have considered an M x N indoor 

MIMO-VLC system where M indicates the 

number of LEDs and N is the number of PDs. For 

optical modulation and demodulation, we have 

employed IM/DD schemes, respectively. We 

have only considered shot and thermal noises and 

they are modeled as additive white gaussian noise 

(AWGN) and added in the electrical domain at the 

receiver. We have assumed only LoS components 

in our scenario. The different stages of a VLC 

system are shown in Figure 1. 

At first, the signal to transmit is modulated using 

unipolar K-PAM for its output being real and 

positive. The qth modulated signal is represented 

as sq Ɛ [0, . . . . , (K–  1)] where K is the 

modulation size of the constellation alphabet. 

This modulated signal is grouped into a vector of 

length M which is denoted by s 

=[s0, s1, s2, …… , sM−1]
T. The sq signal is sent to   
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Figure 1 Block diagram of the VLC system adopted from [22]  

 

Table 1 Abbreviations of systems under 

consideration 
Abbr.   

ADR Angle diversity receiver 

EA Elevation angle 

FOV Field-of-view 

GSM Generalized spatial modulation  

IM/DD Intensity modulation direct detection 

LED Light-emitting diode 

ML Maximum likelihood 

PAM Pulse amplitude modulation 

PDs Photodetectors 

PR Pyramid receiver 

RC Repetition coding 

SC Spatial modulation 

SMP Spatial multiplexing 

 

the digital-to-analog converter (DAC) to form sq 

(t) and is sent to the optical transmitter. In the 

optical transmitter, optical modulation i.e., IM is 

performed and data is sent to the optical receiver 

via the optical channel. The current generated at 

PD as a result of incident photons is sent to an 

amplifier. The amplified signal is sent to the 

analog-to-digital converter (ADC) to generate yp 

to form a receive vector of length N as yp 

= [y0, y1, y2, …… , yN−1]
T. The transmitted data is 

recovered by performing electrical demodulation 

on the received digital signal y.  The description 

of the overall system is given in Equation 1:  

Y = HS+W,         (1) 

where S is the (Mx1) transmitted signal vector, Y 

is the (Nx1) received signal vector whereas W is 

the (Nx1) noise signal vector. In Equation 1, H is 

the (NxM) channel matrix which can be 

represented as:  

H=  [

𝒉𝟏𝟏 … 𝒉𝟏𝑴

. ⋮ .

. ⋮ .
𝒉𝑵𝟏 … 𝒉𝑵𝑴

]      (2)  

In Equation 2, hmn represents the channel between 

the nth LED and mth PD. It can be mathematically 

expressed as [14]:  

hmn =  
(𝒑+𝟏) 𝑨𝑷𝑫 𝐜𝐨𝐬𝒑(𝜶𝒎𝒏) 𝐜𝐨𝐬𝐤(𝜷𝒎𝒏) 

𝟐𝝅𝒅𝒎𝒏
𝟐 ,       (3) 

where αmn and βmn should be in the range [−
𝜋

2
,
𝜋

2
]. 

The value of hmn is considered to be 0 if it is 

outside the given range of αmn and βmn. In 

Equation 3, APD represents the PD’s active area, 

dmn is the distance between LED n and PD m, k is 

the FOV coefficient, αmn represents the irradiance 

angle at LED n with respect to PD m, and βmn is the 

angle of incidence at PD m with respect to LED n. The 

Lambertian emission order is represented by p in 

Equation 3 and can be mathematically given as [14]:   
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p = 
𝐥𝐧 𝟐

𝐥𝐧(𝐜𝐨𝐬∅𝟏/𝟐)
 ,       (4)   

where ∅1/2 is the LED’s semi-angle that is 

calculated at half-power [11].  

For a particular link between LED n and PD m, 

we have three vectors of interest. These vectors 

determine the values of αmn and βmn, which in turn 

determine the values of channel matrix entries as 

given in Equations 4 and 5 of [20]. As shown in 

Figure 2, these vectors include:   

1. An
⃗⃗ ⃗⃗   is the normal vector in the direction 

irradiance from LED n,  

2. Bm
⃗⃗ ⃗⃗  ⃗ is the vector in the direction incidence 

from PD m, 

3. Omn
⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  is the vector from LED n to PD m.  

  

Figure 2 The geometry of LED-PD pair  

In our system model, we have assumed channel 

state information is readily available at the 

receiver. Similarly, we have assumed that power 

is allocated uniformly among the M number of 

LEDs.  In our system model, we have assumed 

different transmission techniques such as RC and 

SMP.  All the considered MIMO-VLC systems 

employ an ML detector for the detection of the 

estimated received signal �̂� at the receiver. The 

process of ML detection process can be 

mathematically expressed as [23]:  

�̂� = 𝑎𝑟𝑔max
S

𝜌𝑦 (𝒚|𝐬,𝐇)=𝑎𝑟𝑔𝑚𝑖𝑛
𝑆

‖𝒚 − 𝐇𝐬‖𝐹
2 , (5)  

where 𝜌𝑦(𝒚|𝐬, 𝐇) represents the conditional 

probability density function whereas ‖. ‖𝐹 is the 

Frobenius norm.                                 

2.1. Transmission Schemes 

In our paper, we have employed RC and SMP 

schemes for the transmission of information from 

source to destination. RC is the simpler of the two. 

In RC, the same information is transmitted from 

all the transmitters such that s1  = s2 = ⋯ =
sM−1 = sM. The intensities from different LEDs 

add up constructively at the receiver enhancing 

the received optical power. As a result, RC 

achieves a good performance in free space OWCs.  

In this paper, a unipolar K-PAM together with RC 

is considered which results in spectral efficiency 

of log2 K bit/s/Hz. The upper bound BER 

expression along with BER expression for RC 

employed MIMO-VLC system is given in 

Equations 7 and 8 of [23].  

Another important transmission mechanism that 

is commonly adopted for the MIMO-VLC system 

is SMP. RC results in an increase in reliability. 

However, that comes at a cost of spectral 

efficiency as the same information is sent from all 

the transmitters. SMP results in a more spectral 

efficient system as independent data streams can 

be used from all the transmitters simultaneously 

for the transference of information. SMP 

employed MIMO-VLC system results in spectral 

efficiency of M log2 K bit/s/Hz where M is the 

number of transmitters i.e., LEDs.  The BER 

expression for an SMP-employed MIMO-VLC 

system is given in Equation 10 of [23]. 

In both the transmission mechanisms, the 

available optical power is divided equally among 

all the LEDs. Similarly, the mean transmission 

power and modulation scheme are also 

considered the same for both RC and SMP. The 

intensity levels for K-PAM is given as [23]:  

𝐼𝑖
𝐾−𝑃𝐴𝑀  = 

2𝐼

𝐾−1
𝑖 where i =  0, 1, … , K − 1 , (6)  

where I indicate the mean optical power emitted.  
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2.2. Coordinate System 

In our system model, the respective positions of 

LEDs and PDs are displayed with the help of 

normal vectors in the [𝑥, 𝑦, 𝑧, 𝜃, 𝜙] format. The (x, 
y, z) represents the originating position of the 

respective normal vector. 𝜃 represents the EA 

from the positive z-axis whereas 𝜙 represents the 

azimuth angle from the positive x-axis. The range 

of 𝜃 and 𝜙 should be [0, 1800 ) and [ 0, 3600 ), 

respectively.  

The normal vector 𝐵𝑚
⃗⃗ ⃗⃗  ⃗ of the mth PD located at 

(xPD
m  , yPD

m  , zPD
m ) can be represented as 

[xPD
m  , yPD

m  , zPD
m  , θPD

m  , ϕPD
m  ] for 1 ≤ m ≤ N as 

shown in Figure 3.  In a similar fashion, the nth 

LED’s normal vector An
⃗⃗ ⃗⃗   located at 

(xLED
n  , yLED

n  , zLED
n ) can be represented as 

[xLED
n  , yLED

n  , zLED
n  , θLED

n  , ϕLED
n  ] for 1 ≤ n ≤ M.  

 

Figure 3 The coordinate system representation 

2.3. Placement of PDs in PR 

In our system model, we have assumed a circular 

arrangement of PDs in a circle of radius (r) for 

1 ≤ 𝑚 ≤ 𝑁.  The respective coordinates of PDs 

can be represented as [20]:  

(𝑥𝑃𝐷
𝑚  , 𝑦𝑃𝐷

𝑚  , 𝑧𝑃𝐷
𝑚 ) = (𝑥𝑃𝐷 +

𝑟 𝑐𝑜𝑠 2(𝑚−1)𝜋

𝑁
 , 𝑦𝑃𝐷 +

𝑟 𝑐𝑜𝑠 2(𝑚−1)𝜋

𝑁
, ℎ𝑃𝐷)    (7)  

In Equation 7, (xPD, yPD) represents the (x, y) 

coordinates of the mth PD whereas hPD is the 

height of the receiver from the surface of the 

ground. As EAs of the PD m can be the same or 

different from one another depending upon the 

fixed and variable EA MIMO-VLC systems, the 

orientation can be defined as:  

1. The EA can be different or the same for all the 

PDs, 

2. The azimuth angle should be arranged as: 

ϕPD= 
2(m−1)π

N
 such that all the angles are 

symmetrically aligned.  

The PR’s horizontal orientation can be varied by 

ϕH resulting in a total azimuth angle of ϕPD+ϕH. 

The horizontal rotation can be introduced to 

improve the performance of the MIMO-VLC 

system as shown in Figure 4.  

 

Figure 4 PD placement in PR  

Similarly, the variation in the horizontal position 

of PR may also arise from the random orientation 

of the PR.  Although the PDs are placed very close 

to one another in a PR, the orientation of PDs can 

be very different from one another as shown in 

Figure 5. Finally, the overall indoor setup is 

shown in Figure 6. 
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Figure 5 Normal vectors orientation in PR  

3. SIMULATION PARAMETERS AND 

RESULTS DISCUSSION 

In order to compare the BER performance of the 

4x4 MIMO-VLC system, we have considered 

similar parameters as given in [20, 21]. A 

4mx4mx2.7m dimension room is considered. 

The LEDs are placed in the ceiling at a height of 

2.7m and are arranged in a square manner such 

that the center of the room and the center of the 

square coincide with one another. For all the 

LEDs, a similar normal downward angle is 

considered e.g. θLED = [0, 1800 ]. The separation 

distance between LEDs i.e.,dtx is considered the 

same for all LED separations. 

 

Figure 6 Indoor MIMO-VLC system  

Similarly, we have also considered 7 receiver 

positions as given in Figure 7 according to [20].  

Figure 7 LEDs’ placement and considered 

receiver positions adopted from [22] 

The PDs are arranged in a circular manner 

according to Equation 7 with an r value of 0.5cm. 

The rest of the simulation parameters are given in 

Table 2.   

Table 2 Parameters for MIMO-VLC system 
Parameter Value    

Dimension of room 4m x 4m x 2.7m   

Radius for PD placement 0.5cm   

Separation between LEDs (dtx) 2m   

Number of LEDs (M) 4   

Number of PDs (N) 4   

Active area of PD (APD) 1.5mm2   

FOV coefficient (k) 1.4738   

Semi-angle at half 

power(∅𝟏/𝟐) 

600   

Height of LEDs (hLED) 2.7m   

Height of PDs (hPD) 0.8m   

As our goal is to compare the BER performance 

of RC and SMP employed MIMO-VLC systems, 

we evaluated the BER performance at all the 

considered receiver positions. The BER 

performance for fixed and variable EA MIMO-

VLC systems is evaluated and compared with 

respect to optimum EA for both systems. 

In Figure 8, we have considered the same 

optimum fixed EA values for respective receiver 

positions as given in [20]. It has been observed 

that position 1 performs the best, whereas, 

position 6 results in the worst performance. The 

performance gap between different receiver 

positions is very small i.e., a performance gap of 

around 2dB is observed for position 1 and position 

6 for RC employed fixed EA MIMO-VLC 

system. Similarly, the BER performance of RC 

KHAN et al.

Performance Analysis of MIMO Techniques for a Pyramid Receiver in an Indoor MIMO-VLC System

Sakarya University Journal of Science 25(5), 942-955, 2022 949



employed variable EA MIMO-VLC system is 

given in Figure 9. The variable EA values for 

considered receiver positions are adopted from 

[21]. For the variable EA MIMO-VLC system, 

every PD has its own independent EA angle. As 

can be seen from Figure 9, position 2 and 3 

performs the best whereas position 0 results in the 

worst performance.   

      

 

                                 

  

Figure 8 BER performance of RC employed fixed EA MIMO-VLC system

 

 

 

Figure 9 BER performance of RC employed variable EA MIMO-VLC system
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Figure 10 BER performance of SMP employed fixed EA MIMO-VLC system  

Similarly, the BER performance of SMP 

employed fixed EA MIMO-VLC system is given 

in Figure 10.  Position 6 performs the best as it is 

located at the center of the room. Position 0, 

which is located at the corner of the room, 

performs the worst. An SNR gap of 11dB is 

observed between positions 6 and 0. A similar 

trend is observed for the SMP employed variable 

EA MIMO-VLC system as given in Figure 11. As 

can be seen in Figure 11, an SNR gap of 11dB is 

observed between positions 6 and 0, where 

position 6 results in the best performance whereas 

position 0 results in the worst BER performance.   

We have considered three positions i.e., position 

1 (1.0, 1.0, 2.7), position 4 (1.5, 1.5, 2.7), and 

position 6 (2.0, 2.0, 2.7) for the BER performance 

comparison of RC and SMP employed MIMO-

VLC systems. These positions are considered 

such that a fair comparison can be established 

between the RC and SMP employed MIMO-VLC 

systems. As it can be seen from Figure 12, the 

SMP employed MIMO-VLC system outperforms 

Figure 11 BER performance of SMP employed variable EA MIMO-VLC system 
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the RC employed the MIMO-VLC system. The 

performance of both systems depends on the 

difference between the channel factors. 

Depending upon the respective position of the 

receiver and the corresponding channel matrix 

entries, the performance of RC and SMP 

employed MIMO-VLC systems varies. The 

spatial multiplexing gain in an SMP-employed 

MIMO-VLC system increases linearly with the 

number of involved transmitters. However, there 

is no spatial multiplexing gain associated with an 

RC-employed MIMO-VLC system. 

Similarly, to have the same spectral efficiency, we 

require a larger constellation size for RC as 

compared to SMP. That’s why we have used 16-

PAM for RC employed MIMO-VLC system 

whereas 2-PAM is used for SMP employed 

MIMO-VLC system. The RC-employed MIMO-

VLC system requires an additional SNR of 

12.5dB to attain the same performance as SMP 

employed MIMO-VLC system. For all the 

considered receiver positions, the performance of 

the SMP employed MIMO-VLC system is better 

as compared to the RC employed MIMO-VLC 

system. A similar trend is observed for RC and 

SMP employed variable EA MIMO-VLC 

systems. 

Figure 12 BER performance comparison of RC and SMP 

4. CONCLUSION AND SUMMARY 

In this paper, we have studied the BER 

performance of fixed and variable EA MIMO-

VLC systems when different transmission 

schemes are employed for PR in an indoor 

environment. A 4x4 MIMO-VLC system with a 

static transmitter array is considered. Several 

receiver positions are considered across the room 

to evaluate the BER performance of the RC and 

SMP employed MIMO-VLC systems. We have 

shown that for a PR, the channel matrix entries 

depend on the EA of the PDs. The channel matrix 

correlation can be reduced by adopting a variable 

EA MIMO-VLC system. It has been exhibited 

that SMP results in an increase in the spectral 

efficiency of an IM/DD-employed MIMO-VLC 

system. However, a sufficiently low channel 

correlation is required to take full advantage of the 

spectrum efficiency presented by SMP. A PR-

based MIMO-VLC system results in the low 

channel correlation required by an indoor SMP 

employed MIMO-VLC system. It has also been 

shown that the reliability of the MIMO-VLC 

system can be increased by adopting RC. The 

variable EA MIMO-VLC system results in better 

throughput as compared to the fixed EA MIMO-

VLC system. However, the BER performance of 

fixed and variable EA MIMO-VLC systems is 

almost identical. It has been shown that SMP 

employed MIMO-VLC system outperforms RC 
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employed MIMO-VLC systems for both fixed 

and variable EA employed systems. RC requires 

a larger signal constellation size to achieve the 

same spectral efficiency as SMP, which results in 

degrading the performance of an RC-employed 

MIMO-VLC system. An additional SNR of 

12.5dB is required for an RC employed MIMO-

VLC system as compared to SMP employed 

MIMO-VLC system to achieve a similar BER of 

10−4 for position 6 of the receiver.  
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Characterization of a New Thermostable Carboxylesterase from Aneurinibacillus sp. 

PDF24 

Meral BELDUZ KOLCU1, Fulya AY SAL2, Ali BELDÜZ*2, Sabriye ÇANAKÇI2 

 

Abstract 

In this study, esterase of Aneurinibacillus sp. PDF24 strain, a thermophilic bacteria, was 

purified to homogenity (5.25 fold purification) by column chromotography, and characterized. 

The molecular weight of Aneurinibacillus sp. PDF24 esterase was determined about 40 kDa. 

The maximum activity of the purified esterase was analyzed at 55°C, pH 8.5. The esterase was 

found to be stable at 40ºC, 50ºC and 60ºC for 1 hour. Km and Vmax values for p-nitrophenyl 

butyrate were determined as 0.120 mM and 3164.8 U/mg, respectively. Considering Km values 

in the literature, Aneurinibacillus sp. PDF24 esterase was found to have a good Km value 

compared to other esterases. In the presence of 1 mM and 5 mM metal salts of Mg2+, Li+, Ca2+, 

K+, no significant change occured in enzyme activity. The activity of Aneurinibacillus sp 

PDF24 esterase was found to be stable also in the presence of ethanol, DMSO, EDTA, DTT 

and ß-mercaptoethanol. The data obtained suggest that the enzyme is a serine esterase, not a 

metalloprotein, and that disulfide bonds are not required to maintain enzyme conformation, and 

therefore, depending on its features, this esterase may be a suitable candidate for industrial 

applications. 
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1. INTRODUCTION 

Lipolytic enzymes are the most significant group 

of biocatalysts for biotechnological 

implementations. Hydrolases are a class of 

enzymes that displays a wide range of substrate 

specificity. Lipases (EC 3.1.1.3, triacylglycerol 

hydrolases) and esterases (EC 3.1.1.1, 
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carboxyester hydrolases) which are two main 

groups of hydrolases are important biocatalysts 

with high industrial applications [1].  They 

catalyze the hydrolysis of ester bonds and are 

divided into some subclasses depending on the 

ester bonds they hydrolyze [2]. The three-

dimensional structure of both groups of enzymes 

are characterized by the folding of the 
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characteristic α/β-hydrolase [3]. They are 

common in animals, plants and microorganisms. 

[4]. Esterases and lipases are found everywhere in 

nature and are produced by various plants, 

animals and microorganisms. Bacterial and 

fungal enzymes help in the classification of 

enzymes in organic chemistry and 

biotechnological applications [5]. Importance of 

scientific and biotechnological enzyme studies 

and the importance of microorganisms in 

obtaining enzymes are increasing day by day due 

to the increase in usage areas of enzymatic 

products in the industrial area and the importance 

of economic value. Esterases are used in 

processing the skin and post and in the removal of 

industrial wastewater by benefiting from the 

ability of esterases to cleave lipids  [6]. The most 

important commercial area for hydrolytic 

esterases is detergents used in domestic and 

industrial washing machines and domestic 

dishwashers. The detergency of such detergents is 

at the highest level, all detergents contain similar 

ingredients and are based on similar detergent 

mechanisms. [7]. In particular, recent studies on 

fats have made biological processes more 

important than chemical processes. The most 

important reason for this is the formation of by-

products in chemical processes and these by-

products are high in number and also high 

temperature, pressure, pH etc. It requires 

exceptional circumstances. Furthermore, 

biotechnological methods are more economical 

than chemical methods. In recent years, esterases 

derived from thermophilic microorganisms have 

come to the forefront in industry. Thermophilic 

bacteria are organisms that are adapted to live in 

extreme temperature conditions, and the 

thermophilic enzymes are recently used in 

biotechnological and industrial fields. The 

stability of thermophilic enzymes against pH 

changes and high temperatures is the reason why 

these enzymes are preferred in industrial areas. 
Thermophilic enzymes are stable and active even 

at a temperature higher than the optimum growth 

temperature of microorganisms. These high 

temperatures significantly reduces the risk of 

contamination can occur during the reaction. 

Because most of the contaminating bacteria in the 

biological cycles are mesophilic. In the light of 

this information, in this study, a novel esterase 

was identified and purified from Aneurinibacillus 

sp. PDF24 strain and characterized to determine 

its suitability and potency for industrial processes 

or other applications in the field. 

2. MATERIALS AND METHODS 

2.1.  Substrats and chemicals  

p-nitrophenyl butyrate, p-nitrophenyl myristate, 

p-nitrophenyl deconoate, p-nitrophenyl laurate, p-

nitrophenyl octanoate, p-nitrophenyl palmitate 

were purchased from Sigma (St. Louis, MO, 

USA). Protein ladder was purchased from NEB 

(Ipswich, MA) and all other chemicals were 

purchased from Merck AG (Darmstadt, 

Germany) and Sigma (St. Louis, MO, USA).  

2.2. Bacterial strains and growth conditions 

Aneurinibacillus sp. PDF 24 was isolated from 

Dikili Nebiler Hotspring in Turkey and identified 

as Aneurinibacillus sp. according to its 

morphological, physiologial, and biochemical 

properties and 16S rDNA sequences previously 

[8]. Escherichia coli JM101 was used as negative 

control of carboxylesterase activity because it 

does not have carboxylesterase. Aneurinibacillus 

sp. PDF 24 strain was grown at 50°C at pH 7.5 in 

Degryse medium and allowed to grow overnight. 

2.3. Determination of carboxylesterase activity 

Aneurinibacillus sp. PDF 24 and Escherichia coli 

JM101 were grown on Tributyrin agar plate. 

Plates were prepared by adding 1% tributyrin in 

Leura Bertani (LB) Broth. After inoculation, 

plates were incubated at 50°C for three days. 

Clear zone formation around the colonies 

indicated esterase activity. 

2.4. Enzyme production 

Overnight culture of Aneurinibacillus sp. PDF24 

were inoculated into Degryse medium with an 

optical density (OD600) of 0.1 and incubated at 

50°C for 24 h with a shaking rate of 150 rpm. The 

cells were harvested by centrifugation at 10,000 

rpm for 5 min at 4C and pellet was resuspended 
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in 50 mM Tris-HCl (pH 8.0) buffer, sonicated 

with Sartorius Labsonic M at 70% amplitude for 

0.6 min at 5 min. To remove cell debris, the cell-

free extract was centrifuged at 14,800 rpm for 15 

min at 4C and assayed for carboxylestrase 

activity. 

2.5. Purification of carboxylesterase 

A crude extract of Aneurinibacillus sp. PDF24 

esterase was heated at 55°C for 15 min and 

precipitated proteins were removed by 

centrifugation at 14,800 rpm for 15 min at 4°C. 

After heat shock, ammonium sulfate precipitation 

was carried out between 20-80% (NH4)2SO4 

saturation. Resulting precipitates were dissolved 

in 50 mM Tris-HCl (pH 8.0) buffer and dialyzed 

overnight against the same buffer. The samples 

that have esterase activity were collected and 

loaded onto a Q sepharose Fast Flow column (50 

x 1.5 cm) equilibrated with 20 mM Tris-HCl (pH 

8.0). Elution was carried out with 500 mL 

gradient of NaCl (0.02–0.5 M) in the same buffer 

at a 1 mL/min flow rate. The fractions that have 

carboxylesterase activity were collected. The 

combined fractions was concentrated by 

centrifugation at 3,500 g for 15 min at 4°C using 

concentrator. The enzyme was then passed 

through a hydrophobic interaction column 

chromatography, Phenyl Sepharose 6 Fast Flow 

(20 x 0.75 cm). The column was equilibrated with 

100 mL of 20 mM Tris-HCl (pH 8.0.) buffer 

including 1.3 M ammonium sulfate. Proteins were 

eluted with the gradient of ammonium sulfate 

from 1.3 M to 0 M and then 50 mL of 10% 

ethylene glycol was passed through the column 

with a flow rate of 0.5 mL/min. The amount of 

proteins in each fractions were determined by 

measurements at 280 nm wavelength in each 

purification step. In all eluted samples, the 

carboxylesterase activity was determined 

spectrophotometrically and fractions with the 

highest activity were selected. Protein 

concentration was determined by the Bradford 

method [9]. The purity and molecular mass were 

confirmed on SDS-PAGE (12% separating and 

4.0% stacking) according to the method of 

Maniatis et al. [10]. 

2.6. Spectrophotometric carboxylesterase 

activity assay 

The substrate (pNPB) solution for the 

determination of activity was prepared by mixing 

ethanol and 50 mM Tris–HCl (pH 8.0) to a final 

composition of 1:4:95 (v/v/v) of substrates 

dissolved in acetonitrile-isopropanol (1:1) 

/ethanol/buffer (50 mM Tris-HCl, pH 8,5), 

respectively. 

Substrate solution (0.9 mL) and 50 mM Tris-HCl 

(pH 8.5) buffer (0.27 mL) were added to the 

enzyme (0.03 mL) and incubated at 55°C for 20 

min [11]. After incubation, the enzyme activity 

was measured by monitoring the absorbance at 

410 nm. One enzymatic unit was defined as 1 

µmol p-nitrophenol formed in 1 minute from p-

nitrophenyl butyrate (pNPB) at pH 8.5 and 55ºC. 

The molar absorption coefficient of p-nitrophenol 

at 410 nm was calculated as 1.457x105cm2mol-1. 

All conditions that the reactions were carried out 

(reaction temperature, reaction pH, amount of 

enzyme) were rearranged as the enzymes 

optimum working conditions are determined. 

2.7. Characterization of enzyme 

2.7.1. Effects of temperature on activity and 

stability 

Reactions, for determining the effects of 

temperatures on carboxylesterase activities were 

carried out at different temperatures ranging from 

25ºC to 90ºC at pH 8.5 using pNPB as the 

substrate. Results were expressed as relative 

activity (%). For the stability of carboxylesterase, 

enzyme was incubated in 50 mM Tris-HCl (pH 

8.5) buffer, at 40ºC, 50ºC, 60ºC, 65ºC, 70ºC and 

75ºC for 20, 40 and 60 minutes. The residual 

activity (%) after incubation was calculated by 

comparison with untreated enzyme. 

2.7.2. Effects of pH on activity and stability 

Optimum pH of enzyme was determined by 

incubating enzyme in the range of pH from 5.0 to 

10.0 at 55°C. pNPB was used as the substrate. The 

following buffers (50 mM) were used; sodium 

acetate (pH 5.0-5.5), potasium phosphate (pH 
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6.0), Tris-HCl (pH 7.0-8.0-8.5-9.0) and CAPS 

(pH 10.0). Results were expressed as relative 

activity (%). 

To determine the stability of the enzyme at pH 

values of 5.0-10.0, a pre-incubation was 

performed at room temperature and 55°C for 60 

min at each pH value. The residual enzyme 

activity was determined under the standard assay 

conditions. 

2.7.3. Substrate specifity 

To determine the substrate specificity of the 

esterase, p-nitrophenyl butyrate (4C), p-

nitrophenyl caprylate (8C), p-nitrophenyl caprate 

(10C), p-nitrophenyl laurate (12C) p-nitrophenyl 

myristate (14C) and p-nitrophenyl palmitate 

(16C) were used. The relative activity (%) was 

determined under the standard assay conditions. 

2.7.4. Effect of metal ions 

Mg2+, Li+, Ca2+, K+, Zn2+, and Co2+ were 

performed with chloride salts of metal ions. The 

enzyme was incubated with 1 mM metal ions for 

15 minutes and 5 mM metal ions for 60 minutes 

at 55°C. To examine the effect of metal ions on 

the activity of carboxylesterase, incubated 

samples were assayed at 55ºC and pH 8.5 with 

pNPB as the substrate. The carboxylesterase 

activity of the enzyme without metal ions was 

defined as the 100% level. The residiul activity 

(%) was assayed spectrophotometrically. 

2.7.5. Effect of detergents, potential inhibitors 

or organic solvents on the enzyme activity 

To determine the effects of detergents, potential 

inhibitors or organic solvents such as 1% (v/v) of 

dimethyl sulfoxide (DMSO), β-Mercaptoethanol, 

ethanol and isopropanol, 0.1% of (v/v) Triton X-

100, sodium dodecyl sulfate (SDS) and Tween 20, 

and 5 mM of EDTA, dithiothreitol (DTT), 

phenylmenthane sulfonyl fluoride (PMSF) were 

used. Carboxylesterase activity were assayed by 

the same procedure for 1 hour in 50 mM Tris-HCl 

(pH 8.5) buffer using pNPB as the substrate. The 

carboxylesterase activity of the enzyme without 

organic solvents, detergents and potantial 

inhibitors were defined as the 100% level. The 

residual activity (%) was assayed 

spectrophotometrically.  

2.7.6. Kinetic parameters 

The carboxylesterase activity was measured using 

various concentrations (25-1000 µM) of pNPB as 

substrate. The values of Michaelis-Menten kinetic 

parameters, Vmax and Km of the enzyme were 

calculated using a Lineweaver–Burk plot. 

3. RESULTS AND DISCUSSION 

3.1. Determination of carboxylesterase activity 

Aneurinibacillus sp. PDF24 strain was shown to 

have esterase activity. E.coli JM101 strain that 

have no esterase activity and Staphylococcus 

aureus that have esterase activity were used as a 

positive and negative controls, respectively.  

After 3 days of incubation, the formation of clear 

zones around bacteria indicated the 

carboxylesterase activity (Figure 1). 

 

Figure 1 The esterase activity of the PDF24 

bacterium on the Degryse-Tributrin agar.  

1-E.coli JM101 esterase negative, 2- 

Aneurinibacillus sp. PDF24 esterase positive, 3-

Staphylococcus aureus positive 

3.2. Purification of the carboxylesterase 

Aneurinibacillus sp. PDF24 carboxylesterase was 

expressed and purified by heat-shock, ammonium 

sulphate precipitation, ion exchange and 

hydrophobic interaction column chromatography. 

Protein concentrations and specific activities were 

determined after each purification steps. Enzyme 

purities were checked by SDS-PAGE analysis 

(Figure 2). Purifcation yields of enzymes after 

purifcation steps were shown in Table 1. 
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Table 1 Summary of purification steps 

 

 

Figure 2 SDS-PAGE analysis of purified 

Aneurinibacillus sp. PDF24 esterase. Lane 1: 

Crude extract Lane 2: Moleculer weight marker 

Lane 3: Purified PDF24 esterase 

3.3. Characterization of the carboxylesterase 

3.3.1. Optimum pH and temperature 

The optimum temperature for carboxylesterase 

was observed to be 55ºC and reactions were 

carried out at this temperature in subsequent 

experiments (Figure 3a) 

 

 

 

Figure 3 Effect of (a) temperature and (b) pH on 

activity of the purified PDF24 

In literature, the optimum temperature of 

Geobacillus thermodenitrificans EstGtA2 and 

Geobacillus sp. DF20 esterases are reported to 

have 50°C [12, 13], Geobacillus sp. Est1, Est2 

and Est3 esterases are reported to have 65°C [14] 

temperature optima. The optimum temperature of 

Geobacillus thermoleovorans YN EstA is 

reported as 60-65ºC [15]. When most of the 

esterases in the literature are reviewed, the 

optimum temperatures of the enzymes vary 

between 50-65ºC. The optimum temperature of 

Aneurinibacillus sp. PDF24 esterase is also in 

these ranges. However, there are also enzymes 

that operate at higher temperatures than these. For 

example, the optimum temperatures of 

Thermoanaerobacterium thermosaccharolyticum 

ThLip1 and ThLip2 are reported as 80ºC and 75ºC 

respectively [16].  

The effect of pH on esterase activity was 

examined by a series reaction performed in 
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buffers at pH 5.0-10.0. As shown in Figure 3b, 

optimum pH of Aneurinibacillus sp. PDF24 

esterase was observed to be pH 8.5. Most of the 

previously studied esterases have been reported to 

operate at an optimum pH between 7.5 and 9.5 

with a few exceptions, for example, 

Thermoanaerobacterium thermosaccharolyticum 

ThLip1 and ThLip2 have optimum pHs of 6.5 

[16]. Geobacillus thermodenitrificans EstGtA2 

esterase is reported to have a 8.0 optimum pH 

[12]. Optimum pH of Geobacillus 

stearothermophilus Est55 is in the range of 8.0-

9.0. The optimum pH of Geobacillus sp. Est1 and 

Est3 is 9.5 [14] and the optimum pH of Thermus 

sp. NCCB 100425T is 7.5 [17]. Carboxylesterases 

in the literature generally have high optimum pHs. 

Aneurinibacillus sp. PDF24 esterase works better 

in alkaline environment than acidic environment 

and is compatible with other esterases in the 

literature. 

3.3.2. pH and Temperature Stability 

The enzyme was incubated at 40ºC, 50ºC, 60ºC, 

65ºC, 70ºC and 75ºC for 1 hour to determine the 

effect of temperature on the stability of 

Aneurinibacillus sp PDF 24 esterase. At the end 

of incubation, there was no decrease in 

carboxylesterase activity at 40ºC, 50ºC and 60ºC. 

It was found that after 1 hour incubation at 65ºC, 

it retained 59% of its activity, 5% at 70ºC and 2% 

at 75ºC. (Figure 4a) 

Comparing Aneurinibacillus sp PDF24 esterase to 

other similar esterases, Geobacillus sp Est1, Est2 

and Est3 esterases retain 90% of their activities at 

55-65°C for 1 hour [14], while Geobacillus 

thermodenitrificans EstGtA2 esterase retains 

90% of the relevant activity at 55-60°C, however, 

only 15% at 75°C, and 83% at 65°C [12].  

To determine the pH stability of the 

Aneurinibacillus sp PDF24 esterase, the pure 

enzyme was incubated at different pHs. There was 

no significant change in enzyme activity after 1.5 

hours incubation at room temperature (data not 

shown). But, activity decreased to 90% at pH 5.0 

and 97% at pH 6.0-10.0 after incubation at 55ºC 

for 1.5 hours. (Figure 4b) 

 

 

Figure 4 (a) Thermal stability of the purified 

PDF24 (b) pH stability of the purified PDF24 at 

55 °C 

The pH stability of Geobacillus 

thermodenitrificans EstGtA2 esterase at 50ºC was 

found to be 62%, and 36% at pH 6.0, and 11.0, 

respectively [12]. As a result, Aneurinibacillus sp. 

PDF24 esterase was found to have better pH 

stability than other esterases. 

3.3.3. Substrate Specifity 

The rates of hydrolysis of p-nitrophenyl acylates 

with chain length of C4, C8, C10, C12, C14, and 

C16 were determined for Aneurinibacillus sp. 

PDF24 esterase. The results demonstrated that 

Aneurinibacillus sp. PDF24 esterase has the 

maximal activity toward C4, while decreasing 

activities for C8, C10, C12, C14, and C16. 

Aneurinibacillus sp. PDF24 esterase prefers 

substrates with short-chain fatty acids instead of 

long-chain fatty acids (Table 2). The substrate 

specificity of esterases can vary, as the side chains 

of residues in the substrate binding pocket form 

steric hindrance. Esters with acyl chain lengths 

longer than C4 bind more difficult to the substrate 
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binding site because of this steric hindrance [18]. 

Similarly, Thermus sp. NCCB 100425T, 

Geobacillus sp. DF20 and Bacillus sp. 4 [17, 13, 

19] also showed a strong preference for the 

Hydrolysis of pNPB. 

Table 2 Substrate specificity of the purified 

PDF24 
Substrates Relative activity (%) 

p-NPB (C4) 100 

p-NPO (C8) 74.5 

p-NPD (C10) 54.2 

p-NPL (C12) 28.9 

p-NPM (C14) 6.0 

p-NPP (C16) 1.8 

3.3.4. Effect of Metal ions 

For determining the effects of metal ions on 

esterase activity; chloride salts of Mg2+, Li+, Ca2+, 

K+, Zn2+, and Co2+ were used. It was observed that 

in the presence of 1 mM metal salts of Mg2+, Li+, 

Ca2+, K+, no significant change occurs in activity, 

however Zn2+ decreased activity to 50% and Co2+ 

to 95%. In 1 hour incubation of enzyme with these 

salts (5 mM) Mg2+, Li+, Ca2+, K+ showed still no 

significant change in activity, but Zn2+ decreased 

activity to 32% and Co2+ metal salt to 90%. 

(Figure 5) 

 

 

Figure 5 Effect of metal ions on PDF 24 activity 

Metal ions have important roles in ensuring 

enzyme activity and structure by linking amino 

acids with negative charge in specific areas. 

Geobacillus thermoleovorans YN EstA esterase 

activity decreased to 17% with 1 mM Zn2+ but 

activity increased to 170% and 152% after 

incubations with Mg2+ and Ca+, respectively [15]. 

The inhibition of esterase activity in the presence 

of Zn+2 has been reported in this study is in 

accordance with Aneurinibacillus sp. PDF24 

esterase inhibition with Zn+2. 1 mM Ca2+, Zn2+, 

K+ increased activity of Geobacillus sp Est1 

esterase to 110%, 111%, 101% and 1 mM Cu2+, 

Mg2+, Li+ salts decreased activity to 88%, 92%, 

89%, respectively [12]. 1 mM salts of Ca2+, Zn2+, 

K+, Cu2+, Mg2+, Li+ increased Geobacillus sp Est2 

esterase activity to 121%, 104%, and decreased 

activity to 98%, 81%, 95%, respectively [14]. 

Effect of metal ions on Geobacillus sp. Est3 

esterase activity was determined and it was found 

that, Ca2+ and Zn2+ salts increase the activity of 

the enzyme to 103%, 115%, respectively. K+, 

Cu2+, Mg2+, Li+ salts decrease the activity to 99%, 

83%, 97% and 93%, respectively [14]. 

Considering all these datas, Ca2+ improves 

esterase activities in all these studies. Some 

esterases have a Ca2+ binding motif that increases 

enzyme activity and thermostability [20]. When 

the effect of Ca2+ on the activity of 

Aneurinibacillus sp. PDF24 esterase was 

examined, it was seen that the enzyme did not 

show Ca2+ dependent activation, which indicates 

that the enzyme does not have a Ca2+ binding site. 

Also the other metal ions that are used in this 

study (e.g Mg2+, Zn2+, K+), don`t improve the 

activity of PDF24 esterase as they improve the 

activities of other enzymes as mentioned above. 

3.3.5. Effect of detergents, organic solvents and 

potential inhibitors on the enzyme activity 

The effects of detergent and organic solvents on 

the activity of Aneurinibacillus sp PDF4 esterase 

were investigated (Table 3). After treating the 

enzyme with these chemicals, the remaining 

activities at the end of 15, 30 and 60 minute 

incubations were calculated. The greatest 

inhibition was observed in the presence of SDS 

(an ionic detergent), which reduced 

Aneurinibacillus sp. PDF24 esterase activity to 
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7% after 1 hour incubation. Similarly, it was 

observed that SDS also inhibited Est1, Est2 and 

Est3 esterases of Geobacillus sp. [14]. Non-ionic 

detergents such as Triton X-100 and Tween 20 

were found to reduce Aneurinibacillus sp. PDF24 

esterase activity to 70% and 75%, respectively. 

Similarly, Triton X-100 and Tween 20 were also 

found to decrease the activity of Geobacillus sp. 

Est1, Est2 and Est3 esterases [14]. Most of the 

esterases and lipases contain a serine amino acid 

at their central active site [21]. The effect of 

PMSF, a serine inhibitor to Aneurinibacillus sp. 

PDF24 esterase, was found to reduce the activity 

of the enzyme to 10% after 1 hour incubation as 

expected for esterases with a serine in their active 

site. This data demonstrates that the enzyme is a 

serine esterase. Geobacillus stearothermophilus 

Est55 and Est30 esterase activity was reduced to 

0% [22] and Geobacillus sp. Est1, Est2 and Est3 

esterase activity were reduced to 45%, 58% and 

55% respectively with PMSF as expected for 

esterases with a serine in their active site [14].  

Organic solvents, which disrupt the hydrophobic 

interactions between the nonpolar side chains of 

amino acids, alter the natural structure of proteins. 

But activity of Aneurinibacillus sp. PDF24 

esterase was found to be stable in the presence of 

organic solvents such as ethanol, DMSO and 

isopropanol, reducing agents that reduce disulfide 

bonds such as DTT and ß-Mercaptoethanol and in 

the presence of EDTA (a metal chelating agent). 

Studies on DTT and ß-mercaptoethanol, which 

are known as inhibitors of thiol groups, show that 

sulfhydryl groups do not have an important role 

in the active site of Aneurinibacillus sp. PDF24 

esterase and suggesting that disulfide bonds are 

not obligatory to maintain the enzyme 

conformation [23]. As EDTA did not inhibit the 

enzyme, it can be suggested that this enzyme is 

not a metalloprotein [20]. In the literature, 

DMSO, EDTA and DTT were found to increase 

the activity of Geobacillus sp. Est1, Est2 and Est3 

esterases [14]. Organic solvent such as 

isopropanol was found to reduce activity to 88% 

[14]. 

 

 

 

Table 3 Effect of inhibitors on PDF 24 activity 

 

                                                                Residual Activity (%) 

Inhibitors Concentration  0  

min 

15 

min 

30 

min 

60 

min 

Control 0 100 100 100 100 

DMSO % 1 (v/v) 102 97 95 93 

Ethanol % 1 (v/v) 102 92 92 92 

Isopropanol % 1 (v/v) 101 92 92 88 

β-Mercaptoethanol  % 1 (v/v) 104 102 101 100 

EDTA 5 mM 98 95 94 92 

PMSF 5 mM 50 5 11 10 

DTT 5 mM 97 97 96 98 

Triton X-100 %0,1 (v/v) 82 67 65 70 

Tween 20 %0,1 (v/v) 83 75 70 75 

SDS %0,1 (v/v) 6 4 8 7 

3.3.6. Kinetic Parameters 

In determination of the kinetic parameters of 

Aneurinibacillus sp. PDF4 esterase, the substrate-

activity graph was plotted in the presence of 

pNPB as the substrate and the enzyme was found 

to fit the simple Michaelis-Menten kinetics. The 

values of Km and Vmax were 0.120 mM and 3164.8 

U/mg, respectively. Km of esterases in the 

industrial applications was reported to be between 

0.01 mM and 100 mM [24]. In the literature, Km 

of Geobacillus sp. Est1 was found to be 0.095 

mM [14], Km of Thermoanaerobacterium 

thermosaccharolyticum esterase was 3.337 mM 

[16], Km of Thermus sp. NCCB 100425T esterase 
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was 18.32 mM [17], Km of Geobacillus sp. DF20 

esterase was 0.12 mM [13], Km of Geobacillus sp. 

Est2 was 0.24 mM [14], Km of Geobacillus sp. 

Est3 esterase was 0.17 mM [15], Km of Bacillus 

circulans esterase was found to be 0.24 mM [25] 

Considering Km values in the literature, 

Aneurinibacillus sp. PDF24 esterase was found to 

have a compatable Km value compared to other 

esterases in the literature. 

As a conclusion, in this study, a thermophilic 

esterase from the strain of Aneurinibacillus sp. 

PDF24 was purified and characterized. According 

to the results of SDS-PAGE, molecular weight of 

Aneurinibacillus sp. PDF24 esterase was 

determined to be 40 kDa. Aneurinibacillus sp. 

PDF24 esterase has an optimum pH of 8.5 and an 

optimum temperature of 55°C. Kinetic 

parameters of pNPB as the substrate of the 

enzyme were examined and Km value was 

determined as 0.120 mM and Vmax value was 

3164.8 U/mg for this substrate. After incubation 

of enzyme for 1.5 hours at 55°C, the activity of 

the enzyme was decreased to 90% at pH 5.0, 97% 

at pH 6.0 and pH 10.0. In the presence of 1 mM 

MgCl2, LiCl, CaCl2, KCl, enzyme activity did not 

change significantly after 15 minutes incubation. 

It was observed that ZnCl2 metal salt reduced 

activity to 50% and CoCl2 metal salt reduced to 

95%. The effects of detergents, organic solvents 

and other inhibitors on the activity of 

Aneurinibacillus sp. PDF24 esterase were 

investigated. The activity of Aneurinibacillus sp. 

PDF24 esterase was reduced down to 10% by 

PMSF (a serine inhibitor), down to 70% by Triton 

X-100, and down to 75% of Tween 20. SDS 

significantly reduced the activity. It was 

determined that activity remained stable in the 

presence of ß-Mercaptoethanol, DMSO, ethanol 

and EDTA, and activity decreased to 88% in 

isopropanol. Considering the obtained data, the 

biochemical features of the enzyme suggest the 

possible importance of the enzyme for industrial 

applications. 
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Abstract 

 

Two alternative values, +3.21±0.22 𝜇𝑵 and-0.52±0.22 𝜇𝑵, for the magnetic dipole (M1) moment 

of the excited [532] 5/2- state at 97.43 keV in 153Eu were reported in the Mossbauer-effect study. 

The Quasiparticle Phonon Nuclear Model (QPNM) has been used to determine the correct value 

of the magnetic moment of this state. According to the QPNM calculations, the experimental 97.43 

keV level is the [532] 5/2- Nilsson state occurring at 79 keV. The QPNM predicted the magnetic 

moment of this state to be +3.2162 𝜇𝑵, which agrees well with one of the experimental values, i.e., 

+3.21±0.22 𝜇𝑵. Therefore, the correct value for the magnetic moment of the 97.43 keV level of 
153Eu is most probably +3.21±0.22 𝜇𝑵. The measured value (+3.4717±0.006 𝜇𝑵) of the magnetic 

moment of 5/2- ground-state, which is probably a [532] Nilsson state according to our QPNM 

calculations, supports our prediction. 

 

Keywords: Odd-mass nuclei, 153Eu, magnetic dipole, M1, qpnm  

 

 

 

 

1. INTRODUCTION 

 

The deformed nuclei in the rare-earth mass 

region of the periodic table exhibit a rich variety 

of nuclear structure phenomena, such as 

multipole excitations, shape changes and shape 

coexistence [1]. Determining the magnetic 

dipole moments of odd-mass nuclei in this 
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region allows us to obtain directly or indirectly 

information on the underlying structure of these 

nuclear phenomena due to the direct 

relationship between the magnetic moments 

and the single particle configurations [2]. 

Therefore, magnetic moments are crucial to 

clarify whether the single particle or the 

collective motion is responsible for the 

observed nuclear features [3]. 
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Considerable experimental data are available 

on the magnetic moment of the ground- and 

some low-lying excited-states of the rare-earth 

odd-mass nuclei [4]. Extensive theoretical 

investigations have also been carried out on the 

ground-state magnetic moments of these nuclei 

[5-10]. However, a limited number of 

theoretical studies are available for the 

magnetic moments of the excited-states in odd-

mass deformed nuclei [11].  

 

The problem of correctly describing the 

observed magnetic moments of the odd-mass 

nuclei is required proper interpretation of the 

core-polarization which is directly affect the 

magnetic moments [1]. The core polarization in 

the odd-mass nuclei arises as a result of 

interaction between the valance nucleon and the 

M1 excitations of the core [1, 12, 13]. The core 

polarization effect has been subject of several 

theoretical works in which the importance of 

the requirement of considering core-

polarization in the calculation of magnetic 

moments has been pointed out [11-17]. 

Recently, a microscopic method [14-17] within 

the framework of the Quasiparticle Phonon 

Nuclear Model (QPNM) [18] has been 

introduced for the magnetic moment 

calculation of odd-mass deformed nuclei. It has 

been demonstrated with numerical results that 

this method not only reproduce the 

experimental magnetic moments and intrinsic 

factors but also gives a theoretical explanation 

for the effective spin gyromagnetic factors, 

which are assumed to be 0.6-0.7 in several 

calculations [14-17].  

 

Undoubtedly, investigation of the magnetic 

moment of an excited-state would be an 

important challenge for this model to test 

whether it retains its success in calculating the 

ground-state magnetic properties for excited 

states. In light of the above-mentioned fact, in 

the present paper, the magnetic dipole (M1) 

moment of the excited [532] 5/2- state at 97.43 

keV in 153Eu nucleus is studied in detail using 

the method based on the QPNM [14-18]. It is 

an intriguing nucleus to study since there are 

two alternative experimental values, 

+3.21±0.22 𝜇𝑁 and -0.52±0.22 𝜇𝑁, for the 

97.43 keV state [19]. Therefore, it constitutes 

an invaluable ground to test the possibility of 

describing the magnetic properties of the 

excited-states in odd-mass deformed nuclei 

within the framework of the QPNM. Naturally, 

determining the correct value of the M1 

moment of this state is another purpose of the 

current work. 

 

In Sec. II, the way of treating the magnetic 

properties within the QPNM is described, and 

related analytical expressions are presented. In 

Sec. III, the results of the calculation are given 

and discussed. Sec. IV is a summary of the 

obtained results. 

 

2. THEORY 

 

In order to investigate the magnetic properties 

of an odd-mass nucleus, a model nuclear 

Hamiltonian taking into account the pairing and 

residual spin-spin interactions is constructed as 

follows [14-17]:  

 

. int.sqp collH H H H + +
           (1) 

 

where the sqp
H

 and .coll
H  described the single-

quasiparticle and collective motion in axially-

symmetric mean-field, respectively, and int .
H  

represents the interaction between single 

quasiparticles and phonons of collective 

motion. The ecliptic expressions of sqp
H

, .coll
H  

and int .
H , and the detail of the notations used in 

this study can be found in refs [14-17]. 

 

For the states with K>1/2, the wave function of 

odd-mass deformed nuclei includes the one-
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quasiparticle term as well as the single-

quasiparticles⊗phonon mixing term: 
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 = + 

 


     (2) 

 

Here the index j defines the number of the states 

for a given Kπ. 
j

K
N  and 

K

ij
G



 are the one-

quasiparticle and the quasiparticle⊗phonon 

amplitudes of the wave function, respectively 

[14-17].  

 

Within the framework of the well-known 

variational method, the analytical expression of 

the secular equation can be found as follows: 
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here, 
i  is the energies of the collective 1+ 

states of the even-even core. The roots (
K ) of 

Eq.(3) are the ground- and excited-states 

energies of the non-rotational states of the odd-

mass nucleus under investigation. The 

analytical expressions for Kv

ij
G  and j

K
N  can be 

easily obtained by using the secular Eq. (3) and 

the normalization condition of the wave 

function. The explicit form of the Kv

ij
G  and j

K
N  

can be found in refs [14-17]. 

 

For a K>1/2 state of an odd-mass nucleus, the 

intrinsic magnetic moment i.e. 
K K

g K =  is the 

expectation value of μz [14-17]: 
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Omitting the details and considering the K =  

for 0 =  following analytical expression for 
eff

sg  can be easily found from the comparison of 

Eq. (5) and the well-known Nilsson formula 

[14-17]. 
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    (6) 

 

As can be seen from Eq. (6), the mixing of one-

quasiparticle and phonon terms caused the 

quenching of the spin gyromagnetic factor in 

odd-Z nuclei. According to the Unified Model 

[1], the magnetic moment of an odd-mass 

nucleus for a K>1/2 state includes contribution 

both from the rotational and intrinsic motion of 

the nucleus [14- 17]: 

 

( )
1

K R

K
g K g

I
 = +

+              (7) 

 

In order to take into account the rotational 

contribution in our calculations, the rotational 

gyromagnetic factors (gR) calculated within the 

Inglis-Belyaev cranking model [20] is used. 

 

3. RESULT AND DISCUSSIONS 

 

The calculations were performed with the 

single particle scheme of levels for an axially 

symmetric Woods-Saxon potential [21]. The 

quadrupole deformation parameter β2=0.3064 

taken from the work of Raman [22]. The 

neutron and proton pairing constants are 

Δn=0.986 MeV and Δp=1.053 MeV, 

respectively from the odd-even mass 
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differences [23]. The chemical potentials for 

neutrons and protons were calculated to be λn=-

7.159 and λp=-7.993 following the same 

procedure of Ref [18]. 

 

The calculations show that the interaction 

between the odd-particle and the M1 excitations 

of the core causes shifting of the energy of the 

single quasiparticle state. However, this shift is 

small and usually does not exceed 0.006 MeV. 

 

Figure 1(a) compares the theoretical and 

experimental structure of the ground- and 97.43 

keV excited-state. As shown in Figure 1(a), the 

calculated and experimental energies and the 

Nilsson quantum numbers are in good 

agreement. It is important to state that the 

QPNM results for the structure of these two 

states are consistent with the results reported by 

Soloviev et al. [24]. The 5/2- ground- and 5/2+ 

excited-state in 153Eu can be assumed to have 

one-quasiparticle character since the single-

quasiparticle contributions to the wave function 

of these two states exceed 99%. On the other 

hand, the structure of these states calculated 

within QPNM contains quasiparticle⊗phonon 

admixtures. Although the 

quasiparticle⊗phonon terms in the wave 

functions do not exceeds the 0.05%, the 

coherent contribution of these small admixtures 

leads to a quenching of spin gyromagnetic 

factors. The effective gyromagnetic ratio for the 

excited-state at 97.43 keV is found to be 

0.798eff free

s sg g= . 

 

As seen from Figure 1(b) when the spin-spin 

interaction strength equals to =20, the gK value 

for the excited-state at 97.43 keV is in excellent 

agreement with the semi-empirical gK value 

calculated using μ=+3.21±0.22 𝜇𝑁 

experimental magnetic moment. On the other 

hand, the semi-empirical value of gK calculated 

using the other experimental value, i.e. μ=-

0.522±0.22 𝜇𝑁 is considerably smaller than the 

theoretical results. Therefore, the actual value 

of the experimental magnetic moment of the 

states at 97.43 keV in 153Eu is most probably 

μ=+3.21 ±0.22 𝜇𝑁. 
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Figure 1 (a) Comparison of the theoretical and 

experimental structure of the ground- and 

97.43 keV excited-state in 153Eu. (b) Intrinsic 

magnetic moment (gK) of the excited-state at 

97.43 keV as a function of q and  where q=1 

and q=-1 correspond to the isovector and 

isoscalar part, respectively 

 

Figure 1(b) shows the intrinsic magnetic 

moment (gK) of the excited-state at 97.43 keV 

as a function of q and κ.  

 

Using the gR=0.42 determined from the 

cranking model and taking into account the gK 

factor calculated within QPNM, the magnetic 
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moment of this excited state is predicted to be 

μ=+3.2162 𝜇𝑁.which agrees well with one of 

the experimental values, μ=+3.21±0.22 𝜇𝑁. 

According to the single particle model 

calculations, μ=+3.493 𝜇𝑁  which is also 

consistent with our result. Besides, the 

measured value (μ=+3.4717 ± 0.006 𝜇𝑁) of the 

magnetic moment of 5/2- ground-state, which is 

probably a [532] 5/2 Nilsson state according to 

our QPNM calculations, support our prediction.  

 

4. CONCLUSION 

The magnetic moment of the state at 97.43 keV 

in 153Eu has been theoretically investigated 

using the QPNM. There are two different 

experimental magnetic moments values 

(+3.21±0.22 𝜇𝑁 and -0.52±0.22 𝜇𝑁) fo  these 

state. According to QPNM calculations the true 

value of the magnetic moment of this excited 

states is likely +3.21±0.22 𝜇𝑁. This prediction 

is supported by the result of the single particle 

model calculation and the magnetic moment 

values of the ground-state of 151Eu which has 

the same Nilsson quantum numbers as the state 

at 97.43 keV in 153Eu. 

In the light of the above mentioned results it is 

possible to state that the method based on the 

QPNM is succesful not only in the 

determination of the magnetic properties of 

ground-states, but also in description of the 

magnetic properties of low-lying states in odd-

mass nuclei.  
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Mold Design and Analysis for Multi-Component Plastic Injection Parts with Contrasting 

Functional Features: Case Study 

 

 

Akın Oğuz KAPTI*1, Erdi ERTEKİN1, Uğur ACUN1 

 

 

 

Abstract 

 

The classical plastic injection method is based on the principle of injecting a single color of a 

single polymeric material into the mold cavity under high pressure. In cases where the products 

are expected to have contrasted functional features and different colors, the classic injection 

process and the conventional injection molds are not sufficient. This paper proposes a new 

design approach for multi-component injection molds required by products containing different 

polymeric materials or different colors of the same polymeric material at the same time. It also 

presents a case study including the design of the hot runner, electromechanical rotary-cross, 

cooling, and ejection systems of a two-component, eight-cavity toothbrush mold. The 

polymeric materials are polypropylene for the first component, and styrene based thermoplastic 

elastomer for the second component, which exhibit good bonding properties with each other. 

In addition, an analysis study covering the filling parameters and production defect generations 

is also provided. The adopted design approach provides a production rate of 1600 parts per 

hour, corresponding to 18 s cycle time and 200 cycles per hour, and makes it sufficient to rotate 

only the 80 kg core plate instead of 1120 kg entire core side. Compared to existing methods, 

the results show that the proposed multi-component injection mold design method eliminates 

the need for particular injection machines and robotic systems, shortens the cycle time, and 

reduces energy consumption. 

 

Keywords: Multi-component mold, plastic injection, mold design, rotary-cross method, 

toothbrush mold 

 

 

 

1. INTRODUCTION 

Plastic injection molding is one of the most used 

plastic part production approaches. It provides 

many advantages such as the suitability for mass 

production of identical parts, automation 

compatibility, the desired dimensional accuracy, 
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flexibility in product geometry, unnecessity for 

additional processing, ease of metal attachments 

adding to the mold before injection, and ease of 

recycling [1, 2]. It offers a suitable option for 

giving the permanent shape of thermoplastic 

shape memory polyurethane [3]. Despite its 

superior features, this method is insufficient when 
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the final product requires the contrasted 

functional properties [4, 5]. Plastic parts often 

require a combination of rigid and flexible 

structures together. For example, a screwdriver 

handle should be both rigid enough not to deform 

under applied tightening torque and flexible 

enough not to hurt or slip out of the user’s hand 

simultaneously. Such situations, where different 

properties are expected from the same product, 

require multi-component molds (MCMs). 

 

In MCMs, different types of plastic materials or 

different colors of the same plastic material are 

injected into the same mold. It is applied in many 

areas including car front/rear lights, pediatric 

products, mobile phone covers, stationery 

products, hand tools, buttons, etc. Such molds 

offer extra significant advantages such as better 

mechanical properties, esthetic appearance, low 

light, and sound insulation. MCMs reduce costs 

and are environmentally friendly since they allow 

recycling plastics material to be used inside of the 

product. On the other hand, they are difficult and 

costly to manufacture and require special and 

expensive injection molding machines [6, 7]. 

 

There are six current approaches applied in 

MCMs. These methods are the inter-machines 

transfer, core-back, sandwich molding, in-mold 

automated transfer, rotary-table, and vertical-turn 

methods [8-10]. In the inter-machines transfer 

method, a separate mold and a separate injection 

machine are required for each component. The 

part injected in a mold working on an injection 

machine is manually transferred to the other mold 

working on another injection machine. Although 

a multi-component product can be produced with 

this method, it cannot be considered a multi-

component mold application since it requires as 

many molds and injection machines as the 

number of components.  

 

In the core-back method, the jig drawn back on 

the core plate generates a space in the cavity for 

the second component to be injected in the second 

stage. The number of extruders of the injection 

machine should be two in this method.  

 

In the sandwich molding method (or co-

injection), at first, the plastic material to form the 

surface portion of the product is injected, and 

then, the plastic material to form the inner part of 

the product is injected. The material of the inner 

portion pushes the surface portion just injected, 

thereby allowing the mold's walls to be wrapped 

by the first injected material. The number of 

extruders of the injection machine should also be 

two in this method. However, both materials are 

injected from the same pathway.  

 

In the in-mold automated transfer method, the 

parts injected in the first cavity group are 

transferred to the second cavity group of the same 

mold by a robotic manipulator. This method 

requires complicated robotic manipulators that 

increase the investment cost and the cycle time.  

 

In the rotary-table method, the core side of the 

mold is rotated 180° for two-component molds (or 

120° for three-component molds) as a feature of 

the injection machine. The core side designs are 

the same for both components, while the cavity 

side designs vary according to the geometric 

profile of the product. The number of extruders of 

the machine should also be two in this method. 

Each component is injected into the mold cavity 

from separate pathways.  

 

In the vertical turn method, it is necessary to 

design a middle plate with the cavity groups 

looking in both directions. The blank portions that 

remained in the first injection are filled in the 

second injection after the central plate is rotated 

180° around the vertical axis. 

 

All these methods mentioned above have some 

disadvantages. In the inter-machines transfer 

method, the product cost is very high, and the 

processing time is quite long since it requires as 

many molds and machines as the number of 

components. The core-back method can only be 

applied to the parts with simple geometry due to 

the limitations it has in terms of part geometry and 

component number. In the sandwich molding 

method, it cannot be seen from the outside that it 

is a multi-component part since the components 

are in the form of a shell and a core. In the in-mold 

automated transfer method, the robotic 

manipulator required for the transfer process 

increases both mold cost and cycle time. In the 
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rotary-table method, the half or one-third rotation 

of the core side in each cycle is considered a 

feature provided by the injection machine. 

Therefore, this method cannot be applied to a 

conventional injection machine. Similarly, the 

vertical turn method also requires a particular 

injection machine. The middle plate, which needs 

to rotate half turn around the vertical axis, extends 

the mold opening distance and thus the cycle time. 

 

This study proposes a new method, called the 

rotary-cross method, eliminating the 

disadvantages of the other six methods mentioned 

above [11]. The rotary-cross method can be 

compared to the rotary-table method among the 

methods mentioned above. The new idea of the 

rotary-cross method is that only a part of the core 

plate is rotated by a mechanism placed in the mold 

instead of the entire core side of the mold being 

rotated by the injection machine. Thus, the need 

for a particular and expensive injection machine 

is eliminated. In addition, the mass that must be 

rotated by half or one-third turn in each cycle is 

significantly reduced. This study presents a case 

study investigating the design process of a MCM 

equipped with the rotary-cross system. The 

selected sample product is a two-component, 

eight-cavity toothbrush (180°–2C–2x8). The 

design study covers the cavity and core portions 

of the mold and the calculations of the hot runner, 

rotary-cross, cooling, and ejecting systems. In 

addition, an analysis study, including the filling 

time, filling easiness, post-filling temperature, 

post-cooling temperature, sink mark generation, 

trapped air, and weld line investigations is also 

provided. 

 

2. MATERIALS and METHOD 

2.1. General Design Considerations 

 

The number of cavities is 2x8. The total cycle 

time is 18 s, including 2 s injection time, 11 s 

holding and cooling time, and 5 s manipulating 

(opening, pushing forward, rotating, pulling 

backward, ejecting, closing) time. The design 

principles specified in the mold design handbooks 

[12-16], articles [17, 18], and thesis studies [19, 

20] related to this research area are considered in 

the design of this two-component toothbrush 

mold.  

 

 
Figure 1 The solid model and parting line of the 

molded two-component toothbrush 

 

 
Figure 2 Stages of the cycle: a) The mold is 

closed and locked, b) PP and TPE polymers are 

injected, c) Waiting for holding and cooling, d) 

The mold is opened, e) The core plate is pushed 

forward, rotated, and pulled backward by the 

rotary-cross system, f) The entirely 

manufactured products are ejected 
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A mold design study starts with the part design. 

The solid model and parting line of the molded 

two-component toothbrush are shown in Figure 1. 

The molded toothbrush components' volumes, 

masses, and projection areas are obtained from the 

computer model as 8.1 cm3, 7.3 g, and 10.4 cm2 

for the first component, 5.2 cm3, 5.7 g, and 8.3 

cm2 for the second component, respectively. 

 

In MCMs, the selection of polymeric materials is 

quite essential because the materials must bond 

with each other. We selected Polypropylene (PP) 

as the first component and styrene-based 

thermoplastic elastomer (TPE) as the second 

component. PP is the hard plastic material 

forming the toothbrush body, and TPE is the soft 

plastic material providing an aesthetic appearance 

and ease of holding to the toothbrush. Among the 

major categories, TPEs are the most widely used 

due to that they can combine well with many other 

materials, including fillers, extenders, modifiers, 

and other resins. The material properties of these 

polymers are given in Table 1. 

 
 

Table 1 Material properties of the selected polymers [21, 22] 

 First component 

Polypropylene (PP) 

Second component 

Thermoplastic elastomer (TPE) 

Density (g/cm3) 0.9 1.1 

Molding temperature (°C) 240 220 

Specific heat (kJ/kg·K) 1.9 1.3 

Thermal conductivity (W/m·K) 0.18 0.21 

Thermal expansion coefficient (1/°C) 1.46·10–4 2.35·10–4 

Young module (MPa) 1300 3 

Yield strength (MPa) 33 - 

Tensile strength (MPa) 41 15 

Elongation at rupture (%) 100 500 

Poisson ratio 0.4 - 

Hardness (Shore) 66D 40A 

Viscosity (Pa·s) 60 55 

Shrinkage (%) 2 2 

 

2.2. Structure of the Mold 

 

A classical plastic injection mold consists of two 

main groups. One of them is the cavity group, 

which is the fixed side of the mold, and the other 

is the core group, which is the moving side of the 

mold. The process sequence in a classical mold is 

as follows: closing, clamping, injection, holding, 

cooling, opening, and ejecting. The MCM 

designed in this study has these classical 

sequential features, too. In addition to these, it 

also has some additional features. The stages of 

the cycle are shown in Figure 2. The process starts 

with the closing and clamping of the mold (Figure 

2a). The polymers for the first and second 

components (PP and TPE) are injected into the 

mold (Figure 2b). After the holding and cooling 

process (Figure 2c), the mold is opened (Figure 

2d). The core plate is pushed forward, is rotated 

180°, and is pulled backward by the rotary-cross 

system, including two servomotors (Figure 2e). 

The eight entirely manufactured toothbrushes are 

ejected from the mold by the ejector system 

(Figure 2f). The mold is closed and locked again 

in the next cycle. 

 

2.3. Hot Runner System 

 

While the hot runner system is optional in 

conventional molds, it is strictly necessary for the 

MCM designed in this study. A hot runner system 

is a melt polymer feeding system that allows 

injection directly into the mold cavities without 

heat losses. It consists of manifolds, nozzles, 

heating resistances, thermocouples, and a control 

unit. There are many advantages provided by the 

hot runner system compared to conventional 

runner molds. It provides savings in energy, time, 

material, space, and labor. It makes it possible to 

produce better quality products [23- 26]. 
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Figure 3 a) Front view of the core plate, b) Front 

and back views of the cavity plate and hot runner 

manifolds 

 

The core and cavity plates and the hot runner 

manifolds at the backside of the cavity plate are 

shown in Figure 3. Two nozzle sets, each 

consisting of eight nozzles with diameters of 1.8 

mm, and a gate length of 2 mm, are selected for 

both components. The pressure losses occurring 

in the gates are calculated by Equation (1) for the 

first and second components as follows: 

 

∆𝑝 =
8∙𝜇∙𝑙𝑔∙𝑉𝑝

 𝜋∙𝑟𝑔
4∙𝑡𝑖𝑛𝑗

      (1) 

 

Where p, , lg, Vp, rg, and tinj are the pressure 

loss, melt viscosity, gate length, part volume, gate 

radius, and injection time, respectively.  

 

By considering the average in-cavity cross-

sections (Ac), which are 0.14 and 0.11 cm2 for the 

components, the flow lengths are calculated by 

Equation (2) as follows: 

 

𝐿𝑓 =
𝑡𝑝

2∙𝑝𝑖𝑛𝑗∙𝑡𝑖𝑛𝑗∙𝐴𝑐

 50∙𝑉𝑝∙𝜇
    (2) 

 

Where Lf, tp, and pinj are the in-cavity flow length, 

part thickness, and injection pressure, 

respectively. Calculated in-cavity flow lengths 

and pressure losses are within reasonable limits. 

 

Two 16 kg mass-I type manifolds are selected for 

PP and TPE materials. The total heating power 

required to activate the manifolds of the hot 

runner system in 7 minutes with 65% efficiency 

in the first run are calculated by Equation (3) as 

follows: 

 

𝑃 =
𝑚𝑚∙𝑐𝑠∙∆𝑇

 𝑡∙𝜂
      (3) 

 

Where P, mm, cs, T, t, and  are the heating 

power, the manifold mass, the specific heat of the 

manifold material, temperature difference, warm-

up time, and heating efficiency, respectively. The 

appropriate flexible and cartridge resistances for 

manifold and spiral resistances for nozzles are 

selected to provide the calculated heating power. 

 

2.4. Mold Set 

 

The standard mold set is selected considering the 

part sizes and the cavity number. Accordingly, the 

main dimensions of the mold cross-section are 

590x780 mm, the thickness of the cavity and core 

plates is 90 mm, and the distance between the 

parallel side blocks is 390 mm (see Figure 4). 

According to the projection areas of the 

components and 25 MPa injection pressure, the 

force to open the mold during injection is 

calculated by Equation (4), and the deflection 

occurring on the cavity plate during injection is 

calculated by Equation (5) as follows: 

 

𝐹𝑟 = ∑
𝐴𝑝𝑟𝑗∙𝑛𝑐∙(𝑝𝑖𝑛𝑗−∆𝑝)

 103
2
𝑖=1     (4) 

 

𝑙𝑑𝑒𝑓 =
5∙𝐿𝑑𝑒𝑓

4 ∙𝑄𝑑𝑠𝑡

 384∙𝐸𝑠∙𝐼𝑏
     (5) 

 

where Fr, Aprj, pinj, nc, ldef, Ldef, Qdst, Es, and Ib are 

the force to open the mold during injection, 

projection area, injection pressure, cavity number, 

deflection occurring on the cavity plate during 

injection, deflection length (i.e., the distance 

between the parallel side blocks), distributed load 

on the cavity plate, elasticity module of the mold 

steel, and bending moment of inertia of the cavity 

plate, respectively. The calculated deflection 
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value is safe because it is lower than the flash gap 

of the polymeric materials. 

 
Figure 4 Dimensions of the selected mold set 

 

2.5. Rotary-Cross System 

 

The working principle of the rotary-cross system 

designed in this study is shown in Figure 5. 

 
Figure 5 a) Schematic of the rotary-cross system, 

b) Pushing forward and pulling back, c) Rotating 

 

The main feature of this system is that a portion 

of the core plate is pushed forward when the mold 

is opened, then it is rotated 180°, consecutively in 

reverse each time, and then it is pulled back to the 

neutral position. Total manipulating time is 

considered 5 s (including 1 s for opening, 0.5 s for 

pushing forward, 1 s for rotating, 0.5 s for pulling 

backward, 1 s for ejecting, and 1 s for closing). 

There are two stepper motors in the system for 

translational and rotational movements. The first 

stepper motor torque output required to activate 

the translational motion is calculated by Equation 

(6) as follows: 

 

𝑀𝑚1 =
𝑚∙𝑅𝑝∙(𝑔∙𝜇+𝑎)∙𝑠

𝜂
     (6) 

 

where Mm, m, Rp, g, , a, s, and  are the stepper 

motor torque output, totally shifted mass, the 

radius of the pinion gear, gravitational 

acceleration, sliding frictional coefficient, 
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translational acceleration, safety coefficient, and 

mechanical efficiency, respectively.  

 

The second stepper motor torque output required 

to activate the rotational movement of the rotary-

cross system is calculated by Equation (7) as 

follows: 

 

𝑀𝑚2 =
(𝑚∙𝑓∙𝑔∙𝑅𝑓+𝐽∙𝛼)∙𝑠

𝑖𝑟∙𝜂
    (7) 

 

Where f, Rf, w, h, , and ir are the rolling frictional 

coefficient, frictional radius, width and height 

dimensions of the rotating core plate, angular 

acceleration, and gear reduction ratio, 

respectively.  

 

2.6. Cooling System 

 

An effective cooling system is essential to keep 

the cycle time within an appropriate range. It is 

also strictly necessary to maintain the process 

correctly, to prevent the occurrence of product 

defects, and to keep the mold temperature 

constant at a specific value by transferring the 

heat load of the injected polymeric material [27, 

28]. Water circulation in circular cross-section 

channels processed in the cavity and core plates is 

adopted in cooling system design. Considering 

the melt temperatures of the first and second 

components (240 and 220 °C) and the exit 

temperature of the molded part (50 °C), the total 

heat load to be transferred from the mold is 

calculated by Equation (8) as follows: 

 

𝑄ℎ = [(𝑚 ∙ 𝑐 ∙ ∆𝑇)𝑝𝑝 + (𝑚 ∙ 𝑐 ∙ ∆𝑇)𝑡𝑝𝑒] ∙ 𝑛𝑐 ∙ 𝑛𝑐𝑐  (8) 

 

Where Qh is the heat load that needs to be 

transferred from the mold; m, c, and T are the 

mass, specific heat, and temperature difference of 

each component; nc and ncc are the number of the 

cavity and the number of the cycle per hour, 

respectively.  

 

Based on the heat load to be transferred from the 

mold, the diameter of the circular cross section-

cooling channels, needed cooling water flow rate, 

the length of the cooling channel network, and 

cooling time are calculated by Equations (9 – 12) 

[19], and the turbulent flow regime in the cooling 

network is checked by Equations (13) as follows: 

 
𝑄ℎ

3600
=

𝜋∙𝑑𝑐
2

4
∙ 𝜗𝑤 ∙ 𝑐𝑤 ∙ 𝑑𝑤 ∙ (𝑇𝑜𝑢𝑡 − 𝑇𝑖𝑛)  (9) 

 

𝑄𝑤 =
𝜋

4
∙ 𝑑𝑐

2 ∙ 𝜗𝑤     (10) 

 

𝐿𝑐 =
𝑄ℎ∙𝑑𝑐

3.53∙𝑄𝑤∙(1+0.015.𝑇𝑤)∙(𝑇𝑚−𝑇𝑤)
   (11) 

 

𝑡𝑐 =
𝑡𝑝

2∙𝑑∙𝑐

𝜋2∙𝑘
∙ 𝑙𝑛 (

4

𝜋
∙

𝑇𝑚𝑙𝑡−𝑇𝑚

𝑇𝑝𝑒−𝑇𝑚
)    (12) 

 

𝑅𝑒 =
𝑑𝑐∙𝜗𝑤

𝑣𝑤
      (13) 

 

Where w, cw, dw, Qw and w are the velocity, 

specific heat, density, flow rate, and kinematic 

viscosity of the cooling water; Tin, Tout, and Tw are 

the inlet, exit, and medium temperatures (15, 25 

and 20 °C) of the cooling water; dc and Lc are the 

diameter of the circular cross-sectional cooling 

channel, and the total length of the channel 

network; Tm, Tmlt and Tpe are the mold, melt, and 

product exit temperatures; tc, tp and k are the 

cooling time, product thickness, and thermal 

conductivity, respectively. The results show that 

the cooling channel network with 10.5 mm 

diameter and 2.19 m length is required. The 

cooling water flow rate is 2.6 lt/min at 15 °C inlet 

temperature. The cooling times are calculated as 

30.6 and 10.7 s for the first and second 

components. The design of the cooling system is 

completed by circulating the channel network in 

the appropriate zones. 

 

2.7. Ejecting system 

 

To eject the fully manufactured toothbrushes 

from the mold when the mold is opened, it is 

necessary to equip the mold with an ejector 

system. The usage of pin type ejector system is 

adopted. The lengths of the ejector pins are varied 

due to the geometry of the cavity. The ejector pins 

are subjected to compression stress and buckling 

under the influence of 25 MPa injection pressure. 

Five ejector pins with a diameter of 3 mm were 

used for each cavity. The general structure of the 

ejector system is shown in Figure 6. 
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Figure 6 Plates and the rock-pinyon mechanism 

of the ejector system 

 

2.8. Mold Assembly 

 

There are many standard elements such as 

centering columns, bushings, lifting lugs, cooling 

water connection fittings, pins, and bolts that 

should be used in formwork assembly. The 

assembly of the mold has been completed after 

selecting these standard complementary elements. 

The exploded view of the mold components and 

the assembled mold are shown in Figure 7. 

 

 
Figure 7 Exploded (a) and assembled (b) views 

of the mold 

3. RESULTS and DISCUSSION 

3.1. Design 

 

The MCM design parameters obtained in the 

design study are listed in Table 2. When these 

results are examined, it is seen that a production 

rate of 1600 parts per hour, corresponding to 18 s 

cycle time and 200 cycles per hour, is achieved. 

The total mass of the mold is 1840 kg, of which 

the core side is 1120 kg, and the cavity side is 720 

kg. The rotary-cross method proposed in this 

study provides improvements in product cost and 

cycle time when compared to the other five 

methods, except for the rotary-table method. The 

rotary-cross method also provides some 

advantages when compared to the rotary-table 

method, which is the closest alternative. First, it 

eliminates the need for a special injection 

machine. In addition, it makes that rotating only 

the 80 kg core plate is sufficient, instead of 1120 

kg core side entirely. These improvements 

provide the side benefits of the more 

straightforward design, smaller stepper motors, 

and reduction in energy consumption.  
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Table 2 Summary of the design parameters 

Design parameter First Component 

Polypropylene (PP) 

Second Component 

Thermoplastic elastomer (TPE) 

Cavity number 8 8 

Volume (cm3)   8.1 5.2 

Mass (g)  7.3 5.7 

Projection area (cm2) 10.4 8.3 

Average cross section (cm2) 0.14 0.11 

Average thickness (mm) 3.5 2.5 

Nozzle diameter (mm) 1.8 1.8 

Gate length (mm) 2 2 

Flow length (cm) 32.6 23 

Injection time (s) 2 2 

Injection pressure (MPa) 25 25 

Pressure loss (MPa) 1.9 1.1 

Manifold mass (kg) 16 16 

Manifold heating power (kW) 6.2 5.6 

Cooling time (s) 30.6 10.7 

Mold cross-section (mm) 590x780 

The thickness of the plates (mm) 90 

Distance between parallels (mm) 390 

Force to open the mold (kN) 351 

Distributed load (N/mm) 595 

Deflection of the core plate (m) 18 

Mass of the core plate (kg) 80.14 

Inertia of the core plate (kg·m2) 2.17 

Linear acceleration (m/s2) 2.75 

Angular acceleration (rad/s2) 19.6 

Mass of the mold (kg) 1840 

Cycle time (s) 18 

Stepper motor torques (N·m) 11.5; 32 

Heat load (kCal/h) 1490 

Cooling water velocity (m/s) 0.5 

Reynolds number 6105 

Inlet/exit temperatures (°C) 15/25 

Flow rate (m3/h) 0.156 

Cooling channel diameter (mm) 10.5 

Length of the cooling channel (m) 2.19 

 

Both values of in-cavity flow lengths are longer 

than the product length. This result shows that 

there is no difficulty in filling the cavities, and a 

single gate is sufficient for each cavity. The 10.7 

s cooling time of the second component is 

appropriate since it is already shorter than the 

applied cooling time (11 s). On the other hand, the 

30.6 s cooling time of the first component does 

not seem appropriate because it is far longer than 

the selected cooling time. At this point, it is 

necessary to remember an essential feature of 

MCMs. While the second component is ejected 

from the mold at the end of the cycle in which it 

is injected, the first component remains in the 

mold for two consecutive cycles. As a result, it 

can be said that both calculated cooling times are 
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provided within the appropriate limit. A turbulent 

flow regime desired in injection molds is also 

provided. In this case, study focusing on the 

MCM design, the ratio of the entire core side mass 

to the rotating portion of the core plate mass is 14. 

This ratio indicates a significant gain in energy 

requirement. 

 

3.2. Analysis 

 

Computer-aided analysis studies assist designers 

in all areas of engineering by showing problems 

before they arise. Therefore, it has a wide range 

of applications in mold making as well as in all 

other areas. It provides foresight about the 

parameters such as filling time, filling 

temperature, injection and holding pressures, 

temperature after cooling, and production defect 

generations such as the air bubbles, sink marks, 

and weld lines. This foresight makes it possible to 

optimize the mold design before starting mold 

manufacturing [29- 32].  

 

A number of production defects occur due to 

material properties, mold design, and machine 

process parameters. The most important of these 

defects are short shot, burrs, warpage caused by 

uneven shrinkage, jetting, hot ejected part caused 

by insufficient cooling, sink marks, sear caused 

by trapped air, and weld line. Accordingly, the 

analyses of the filling time, filling easiness, 

temperatures at the end of the filling and cooling, 

generations of the sink mark, trapped air, and 

weld line are performed. The results obtained in 

this analysis study run in SolidWorks software are 

given in Figures 8-14. 

 

The filling time analysis given in Figure 8 shows 

that no difficulties are encountered in filing the 

mold cavities. The color distribution is from blue 

to red in this analysis. The red zone represents the 

region where the polymer flow has last arrived. It 

is seen from the analysis study that the filling time 

of both components is realized as 2 s in the 

framework of the selected hot runner system 

elements and working parameters. 

  

 
Figure 8 Filling time analysis 

 

The short shot is the inability to fill the mold 

cavity completely; the burr is the polymeric 

material overflowing from the parting line due to 

the excessive injected material quantity or high 

injection pressure, and the jetting is the trace 

resulting from the entry of the material into the 

mold cavity by snaking with high injection speed. 

The green color in the filling easiness analysis 

given in Figure 9 indicates that no difficulties are 

encountered in filling the cavities in terms of the 

number and position of the gate, injection 

velocity, and the part geometry. No short shot, 

burr, or jetting were observed in this analysis. 
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Figure 9 Filling easiness analysis 

 

In the end-of-filling temperature analysis, as 

expected, the temperature appeared as 240 °C for 

PP, and 220 °C for TPE, in proximity to the gate 

and in fleshy regions (Figure 10). In the end-of-

cooling temperature analysis, it is seen that the 

temperature values are reduced to 50 °C, which is 

the expected temperature for the ejected part, but 

the cooling is not enough near the gate location. 

This result suggests that the cooling system 

should be revised or the cooling period should be 

extended (Figure 11) 

 

 
Figure 10 End-of-filling temperature analysis 

 
Figure 11 End-of-cooling temperature analysis 

 

A sink mark is a defect caused by excessive 

shrinkage in the areas of material condensation 

due to part design. Other reasons are inadequacy 

of holding pressure and time, injected material 

quantity, and gate cross-section. The sink mark 

values encountered in the analysis given in Figure 

12 are 0.031 mm for PP and 0.044 mm for TPE. 

These values are within reasonable limits.  

 

 
Figure 12 Sink marks analysis 
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Burn mark or sear is described as a blackening or 

yellowing of a part of the part. The most important 

reason for this is that the air cannot evacuate the 

mold cavity during the injection and is trapped in 

a region. When the air in the mold cavity is not 

fully evacuated from the mold to the outside 

during injection, due to the high injection speed 

and the inadequacy of the air channels, it causes a 

burn mark at the regions where the air is trapped. 

From the analysis, it is seen that air is trapped at 

the points specified on the Figure 13. It is 

necessary to open the air duct from these points 

for air release. The dimension of these air ducts 

should be smaller than the flash gap limit of the 

polymeric materials. 

 

 
Figure 13 Trapped air analysis 

 

Weld line is a flow trace formed where the 

polymeric material from the multi-gate or multi-

flow line joins and fuses. In addition to being a 

visually disturbing trace, it also causes the weak 

cross-section of the part that can easily break even 

at low loads. In the weld line analysis given in 

Figure 14, it is seen that there is a weld line in the 

region specified for the first component, and there 

is no weld line for the second component.  

 

The analysis results show that the approaches 

adopted in the multi-component mold design are 

appropriate and compatible with the literature. 

For the composite products produced by the 

multi-component injection method, it is necessary 

to provide the interface compatibility between the 

components regarding shrinkage and stiffness. In 

this respect, the selection of the component 

materials crucially influences the properties of the 

composites. In addition, the adjustment of the 

ratio between the component volumes must also 

be carefully adjusted. Moreover, the position of 

the sprue and the design of the molded parts are 

more important than the processing parameters. 

The uniformity of the layer thicknesses is 

primarily determined by the viscosity of the 

components. To prevent flow instabilities, the 

ratio of the viscosities of the core to the skin 

material should be around one. Otherwise, poor 

filling behavior, varying wall thickness 

distribution, and ruptures can be encountered. 

 

 
Figure 14 Weld line analysis 

4. CONCLUSION 

Although MCMs have many superior features 

compared to conventional injection molds, their 

applications are limited due to their more 

expensive and challenging design and production 

procedures. This study aims to contribute to 

facilitating the design of such molds. To achieve 

this goal, the rotary-cross method eliminating the 

disadvantages of the current methods is proposed. 

The idea of the proposed method is that only a part 

of the core plate is rotated by a mechanism placed 

in the mold instead of the entire core side of the 

mold being rotated by the injection machine. This 

idea eliminates the need for a particular and 

expensive plastic injection machine. A mold 

using this method can also be worked on a 

conventional injection molding machine. These 
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improvements provide the side benefits of the 

more straightforward design, smaller stepper 

motors, and reduction in energy consumption.  

 

It is also aimed to contribute to the awareness and 

widespread of such molds. For this aim to be 

fulfilled, this study presents a case study 

investigating the design process of a MCM 

equipped with the rotary-cross system. The 

selected sample product is a two-component, 8-

cavity toothbrush (180°–2C–2x8). The case study 

covers the design of the cavity and core portions 

of the mold and the calculations of the hot runner, 

rotary-cross, cooling, and ejecting systems. In 

addition, the analysis study including the filling 

time, filling easiness, post-filling temperature, 

post-cooling temperature, sink mark generation, 

trapped air, and weld line investigations is also 

provided.  

 

According to obtained results, the filling time was 

2 s for both components. No difficulties are 

encountered in filling the cavities in terms of the 

number and position of the gates. No short shot, 

burr, or jetting were observed. The end-of-filling 

and end-of-cooling temperatures were appeared 

as expected. The inadequacy of cooling near the 

gate location shows that more meticulous work 

should be done on the cooling system in MCMs. 

The sink marks were within reasonable limits. No 

weld lines and air traps were found at a level that 

could be considered a problem. These results 

show that the MCM design approach adopted in 

the study is appropriate. 

APPENDIX 

Symbols Subscripts 

A, a Area (m2), Linear acceleration (m/s2) b Bending 

c Specific heat (kJ/kg·K) c  Cycle, Cooling, Cavity, Core plate 

d Diameter (mm), Density (g/cm3) def Deflection 

E Modulus of elasticity (MPa) dst Distributed 

f Rolling frictional coefficient f Frictional, Flow 

g Gravitational acceleration (m/s2) g Gate 

h, w Dimensions of the rotating core plate (mm) h Heat 

I Moment of inertia (m4) inj injection 

i Gear reduction ratio m Mold, Manifold, Motor 

J Mass moment of inertia (kg·m2) mlt Melt 

k Thermal conductivity (W/m·oC) p Product, pinion gear 

L, l Length (m) pe Product exit 

M, m Torque (N·m), Mass (kg) prj Projection 

n Number pp  Polypropylene (1st component) 

P, p Power (kW), Pressure (Pa) tpe   Thermoplastic elastomer (2nd component) 

Q Heat load (kCal/h), Flow rate (m3/s) s Steel 

R, r Radius w Water 

t Time (s), Thickness (m)   

T Temperature (oC)   

V Volume (m3), Velocity (m/s)   

 Efficiency   

 Angular acceleration (1/s2)   

 Frictional coefficient, Viscosity (Pa·s)   
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Effect of Glutaraldehyde Crosslinking Parameters on Mechanical and Wetting Properties of 

PVA/NaAlg Electrospun Mat 

 

Ayben PAKOLPAKÇIL*1 

 

Abstract 

Electrospun alginate-based materials are used in a wide range of applications, including wound 

dressings, tissue engineering, batteries, water treatment, bioremediation, and food packaging. 

However, they have low resistance to water. Crosslinking is usually used to enhance the 

mechanical properties of water-soluble polymers. Process parameters also play a key role in the 

crosslinking process. In this study, materials from sodium alginate (NaAlg) and poly (vinyl 

alcohol) (PVA) were prepared using the electrospinning method. To investigate the effect of 

the process parameters on the mechanical properties of the materials, different concentrations 

(1.25, 2.5 and 5 v %) and different application times (10 min, 60 min and 24 h) of the 

crosslinking agent were used. The wettability and mechanical properties of the electrospun mats 

were evaluated using a water contact angle device and a tensile strength tester, respectively. 

The maximum tensile strength was measured at 7 MPa which is the sample treated at 5% 

glutaraldehyde (GA) concentration and 60 min of application time. The sample treated with 

2.5% GA concentration and 60 min of treatment time had the highest measured elongation of 

11.5%. The sample treated with 2.5% GA concentration and for 10 min had the lowest water 

contact angle, which was measured at 27.5°. The intended usage of the materials should be 

considered, as the concentration of the crosslinking process and duration might affect the water-

soluble polymers' mechanical and wetting properties. 

Keywords: Crosslinking, glutaraldehyde, mechanical property, wettability, contact angle 

 

1. INTRODUCTION 

Biopolymers are widely used in many 

applications, such as in biomedical, textile, food 

packaging, cosmetic, energy storage and 

environmental applications [1]. Specifically, 

sodium alginate (NaAlg) as a biopolymer, is a 

valuable natural polymer. It is derived from 
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brown algae. It is hydrophilic, biocompatible, and 

biodegradable. It has, therefore, been widely used 

in several applications, including paper, textiles, 

the food industry, pharmaceuticals and cosmetics 

[2, 3]. In 2020, the worldwide alginate market was 

valued at USD 728.4 million, with an expected 

increase to USD 759.8 million in 2021 [4].  
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The electrospinning technique is an easy way to 

produce nanomaterials based on alginates. It is a 

versatile, simple, and inexpensive technique 

capable of producing continuous micro-nano 

fibers. Electrospun structures have superior 

properties, such as a high surface area and 

adjustable porosity; therefore, intensive research 

has been conducted on the use of these materials 

in many fields, such as textiles, packaging, and 

filtration. This technique, with a 100-year history, 

is based on the concepts of electromagnetic 

forces. However, over the last two decades, 

nanotechnology has become more sensitive to the 

production of nanofiber from biopolymers [5-8].  

Electrospun alginate-based fibers have attracted a 

lot of attention due to their unique characteristics 

such as low toxicity, biocompatibility, their 

relatively low cost, and gelling properties under 

certain conditions. Many researchers have studied 

the development of alginate-based materials for a 

variety of applications, such as food packaging 

[9], bioremediation [10, 11] water treatment [12, 

13], batteries [14], wound dressings [15, 16] and 

scaffolding [17, 18]. However, due to the rigid 

and extended chain characteristics of the alginate, 

the electrospinning method cannot be achieved on 

its own. For this reason, poly (ethylene oxide) 

(PEO) and poly (vinyl alcohol) (PVA) polymers 

are accompanied by electrospinning to produce 

alginate nanofibers. PVA has many desirable 

properties, such as thermal properties, water 

solubility, strength, and gas permeability [19, 20]. 

It is used extensively in a variety of ways, 

including industrial, food, packaging and medical 

applications, textiles, paper, antimicrobial 

packaging, wound dressings, and contact lenses. 

PVA solubility in water is high due to the 

significant amount of hydroxyl groups it contains; 

hence its stability must be increased before it can 

be used in aqueous environments. Both PVA and 

NaAlg are water-soluble polymers. Physical and 

chemical crosslinking have been examined as 

strategies for PVA-based nanofibers in the 

literature. Chemical crosslinking forms stable 

covalent bonds between polymer chains, 

enhancing mechanical characteristics and 

resulting in a water-insoluble material [21-23]. 

There are many chemicals for crosslinking 

processes such as citric acid, dextran dialdehyde, 

genipin, carboxylic acids, etc [19]. The use of a 

glutaraldehyde (GA) crosslinking agent is a 

widely employed method for the preparation of 

biopolymers. GA has high reactivity and is both 

inexpensive and easily available. GA is also 

employed in pharmaceutical sciences enzyme 

technology, histochemistry, biomedical 

applications, and chemical sterilization. It is an 

organic chemical compound from the group of 

aldehydes. It is a colorless to pale straw-colored, 

pungent, oily liquid. It is used for crosslinking 

biopolymers. A variety of factors influence the 

crosslinking process and crystallinity, including 

chemical compositions, concentrations, 

temperatures, and reaction times [24, 25]. Kim et 

al. investigated the effects of the degree of GA 

crosslinking time on the properties of PVA 

pervaporation membranes. These effects included 

pervaporation characteristics, contact angles, 

swelling characteristics and critical surfaces [26]. 

Mansur et al. prepared the GA crosslinked PVA 

hydrogels with different degrees of hydrolysis 

and their chemical structure was investigated by 

using Synchroton small-angle X-ray scattering 

and Fourier transform infrared spectroscopy [27]. 

The effects of the concentration of GA and the 

temperature of the crosslinking process on the 

thermal and chemical changes in the PVA 

membrane have been investigated by Figueiredo 

et al [28]. Ahmad et al. examined the effects of 

the GA crosslinking time on the pore size 

distribution of PVA films [29]. Qin et al. 

investigated the mechanical characteristics, 

thermal stability, water stability, and changes in 

the degree of crystallinity of PVA nanofibrous 

mats using a variety of concentrations of GA 

solutions [30].  Matty et al. worked on the effect 

of GA as a crosslinking agent with different 

weight ratios on the swelling behavior of PVA 

hydrogels [31]. Shivakumara and Demapp 

examined sodium alginate /PVA hydrogels which 

had been crosslinked with different GA 

concentrations; the chemical functional groups, 

morphology, and swelling properties of the 

hydrogels were investigated at different pH 

values, and using indifferent salts at different 

temperatures, and indifferent acids and bases 

[32]. Gadhave et al. evaluated the changes in 

thermal and mechanical properties caused by 

crosslinking different concentrations of GA on 
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starch and PVA blended films [33]. Musa and 

Hameed worked on the effect of GA as a 

crosslinking agent with different weight ratios on 

the mechanical properties of PVA/starch and 

PVA/polyethylene glycol blend films [34]. 

Nagamadhu and Kivade investigated the 

mechanical and dynamic mechanical analysis of 

PVA-GA polymers [35]. Although the effect of 

concentrations on mechanical properties was 

investigated in some studies, reaction time was 

not emphasized. As far as the author is aware, no 

study has been carried out to evaluate the 

mechanical and wettability effects of crosslinking 

agent concentrations and duration parameters on 

the electrospun PVA/NaAlg materials. 

This work aims to present a systematic 

investigation of some of the physical features 

occurring after the crosslinking process of 

PVA/NaAlg electrospun mats in the presence of 

GA. PVA/NaAlg electrospun mats are used for 

various applications, such as filtration, packaging, 

and wound dressings, and for this purpose, it is 

important to control the physical features and to 

understand how process parameters like 

concentration and time influence mechanical 

ability and wettability. Given this, the effects of 

crosslinker concentration and time on the 

wettability and mechanical properties of 

PVA/NaAlg electrospun mats after the 

crosslinking process are investigated. In this way, 

it is hoped to gain a basic insight into the 

crosslinking processes that affect wettability and 

strength properties. 

2. EXPERIMENTAL STUDY 

2.1. Materials 

The PVA polymer (a molecular weight of 85,000-

124,000 g/mol with 87-89% hydrolyzed), and 

hydrochloric acid (HCl) (37%) came from Sigma 

Aldrich (Germany). NaAlg was acquired from 

Cargill (France). GA (50%) was supplied by 

Kimetsan (Turkey). Ethyl alcohol, acetone, 

sodium chloride, potassium chloride, sodium 

phosphate dibasic, and potassium phosphate 

monobasics were supplied from Merck 

(Germany). The experiments were carried out 

with distilled water, and all the chemicals were 

employed without being purified. 

2.2. Fabrication of NaAlg/PVA electrospun 

mats 

To prepare a PVA aqueous solution, 12 g PVA 

polymer was completely dissolved in 100 mL 

distilled water over 12 hours at 90°C with 

continuous stirring. To prepare a NaAlg aqueous 

solution, 1 g NaAlg powder was fully dissolved in 

100 mL distilled water over 4 hours at 50°C with 

constant stirring. Following that, the PVA and 

NaAlg were combined in a 70:30 (v:v) ratio and 

mixed for 6 hours to get a homogeneous solution. 

A 20 mL syringe was filled with NaAlg/PVA 

solution, and the electrospinning of the solutions 

was performed in a single-nozzle electrospinning 

setup (Figure 1). Before starting the 

electrospinning equipment, the spinning 

parameters were set as follows: rotational speed 

180 rpm/min, voltage 18 kV, spinning distance 12 

cm, and extrusion speed 0.7 mL/h. The 

electrospun mats were collected on aluminum 

foil. 

 

Figure 1 Illustration scheme of electrospinning 

setup 

2.3. Crosslinking  

The obtained electrospun PVA/NaAlg mats were 

soaked in a reaction solution consisting of three 

different (1.25, 2.5 and 5 v %) GA concentration. 

The recipes of the prepared solutions are given in 

Table 1 and a schematic diagram of the 

crosslinked PVA/NaAlg is shown in Figure 2. The 

samples were treated with the prepared solutions 

at room conditions (temperature = 25 ± 2 °C; 

relative humidity = 50 ± 5%) three separate times 

(10 min, 60 min, and 24 h) for chemical 
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crosslinking and then washed with ethyl alcohol. 

Subsequently, the electrospun PVA/NaAlg mats 

were carefully washed several times with a 

phosphate buffer solution to remove the 

remaining GA. 

Table 1 Recipes of crosslinking solution 

 Concentrations 

Chemicals 1.25 % 2.5 % 5 % 

Glutaraldehyde 

(mL) 

1.25 2.5 5 

Hydrochloric acid 

(mL) 

0.5 0.5 0.5 

Acetone  

(mL) 

98.25 97 94.5 

 

 

 

 

2.4. Mechanical strength  

The tensile properties of the crosslinked 

electrospun mats were measured using the 

universal materials testing machine (Shimazhu 

AG-X plus) at room conditions (temperature = 25 

± 2 °C; relative humidity = 50 ± 5%). ISO 9073-

3 Nonwovens — Test methods — Part 3: 

determination of tensile strength and elongation at 

break using the strip method was used for this 

study and modified according to the obtained 

electrospun mats. The tensile strength and 

elongation at break were determined using 

samples cut from the electrospun mats, which 

were 50 mm in length, 10 mm in width and at a 

crosshead speed of 10 mm/min. A digital 

micrometer was used to measure the thicknesses 

of the crosslinked electrospun mats (30-70 µm). 

The measurements were taken in triplicate, and 

the average values and standard deviations were 

determined. 

2.5. Wettability  

Contact angle measurements were performed 

using the sessile drop method with an Attension 

Theta (Biolin Scientific Inc.) system and distilled 

water. The crosslinked electrospun samples 

measuring 3 x 1 cm2 were employed for the 

contact angle analysis. Water droplets (5 μL) were 

softly deposited on the surface, and the angle 

formed between the drop and the surface was 

determined by image analysis via software. Three 

different times (0 s, 10 s, and 30 s) were 

monitored as the droplets of water were released 

onto the electrospun mats. Three measurements 

were taken, and the mean values and standard 

deviations were determined by taking both the 

left-side and right-side angles into account. 

3. RESULTS AND DISCUSSION 

3.1. Mechanical strength of the electrospun 

mats 

One of the most important and widely estimated 

properties of materials used in many applications 

is their ability to resist breaking under tensile 

stress [36]. This characterization was performed 

to study the effect of the condition of crosslinking 

duration and concentration on the tensile strength 

Figure 2 Schematic representation of the 

prepared  crosslinked PVA/NaAlg [25] 
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behavior of the electrospun mats. Figure 3 shows 

the mechanical properties of the electrospun mats 

using different concentrations (1.25, 2.5 and 5 v 

%) and application times (10 min, 60 min, and 24 

h) of GA. With the increasing exposure time of 

GA, the tensile strength and elongation at break 

of the electrospun mats increased steadily at first 

but then decreased gradually when the application 

time of GA was 24 h. The improved tensile 

strength and elongation properties were attributed 

to an increase in acetal bonds between the 

aldehyde groups of crosslinking agents and the 

interaction of the hydrogen bond between the 

hydrophilic PVA and NaAlg. However, when the 

application duration approached 24 h, free 

hydroxyl and crosslinking points tended to 

become saturated. Excess GA tangled with the 

NaAlg/PVA molecular chains, meanwhile 

reducing the strength of the electrospun mats. The 

efficiency of GA on the crosslinking of NaAlg 

and PVA is due to the strong reactivity of the 

aldehyde groups, which quickly form imine bonds 

(Schiff's base) with amino groups and acetal 

bonds with hydroxyl groups [37]. The formation 

of a crosslinked network of electrospun mats, 

which limited the mobility of the molecular 

chains, was related to the improvement in tensile 

strength and the decrease in elongation at break. 

The highest tensile strength was 7.0 MPa for 5 % 

GA at 60 min. The high strength is usually related 

to high crystallinity [23]. It is thought that the 

maximum possible crystallinity for the samples 

had been reached under these operating 

conditions. The highest elongation was 11.5 % for 

2.5 % GA at 60 min. This study showed us that 

although the increase in crosslinker 

concentrations initially gave an increase in 

elongation, at a certain point, higher crosslinking 

density protected the fiber from elongation and it 

became harder thus, elongation decreased. 

Because of the presence of two extremely reactive 

alpha protons the GA become more reactive and 

acidic in nature [33]. Due to the greater reactivity 

of GA, particularly at higher doses, the H-bond 

between the PVA chains is reduced. Mansur et al. 

showed that when PVA hydrogen was prepared 

with different GA concentrations in FTIR 

spectroscopy, the reaction of the PVA with the 

GA resulted in a significant reduction in the 

intensity of O-H peaks at higher GA 

concentrations [27]. 

In summary, the electrospun PVA/NaAlg mats 

may require different strength and flexibility 

properties depending on their use. Therefore, the 

process parameters should be optimized before 

crosslinking. 

3.2. Water contact angle measurements of the 

electrospun mats 

Wetting is a natural phenomenon with significant 

consequences for both nature and human 

existence. When a liquid interacts with a solid, it 

generates a liquid coating that spreads across the 

solid's surface. Materials have varying wetting 

qualities due to the different intermolecular 

interactions between the liquid and the solid. The 

contact angle is a numerical representation of the 

sample's wetting features. The contact angle of 

water has a considerable influence on the wetting 

of micro-sized droplets on solid surfaces [38]. 

Figure 4 shows the water contact angles of the 

Figure 3 a) Influence of GA toward tensile strength and b) Influence of GA toward elongation  
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electrospun mats at 0 s, 10 s and 30 s, with 

different concentrations and application times of 

GA. As shown in Figure 4, the electrospun mats 

demonstrated low water contact angles (27-64°). 

The water contact angle values were found to be 

consistent with those reported by Pakolpakçıl et 

al, where the GA crosslinked red cabbage extract 

loaded Alg/PVA contact angle value was ∼46° 

[13].  

The application time of GA was 10 min, it was 

observed that the electrospun mats exhibited the 

hydrophilic surfaces characteristics of more low 

contact angles (27-42°) when compared to the 

other application times. PVA and NaAlg's 

hydroxyl groups are hydrophilic, which means 

they can form hydrogen bonds with water and 

absorb a lot of it. This results in a decreased 

degree of water contact angle. 

The highest contact angle value of 64° was 

obtained at 5% GA concentration and 60 min 

treatment time.  The finding can be explained by 

increasing the crosslinking of the network; in 

other words the concentration of GA. The highest 

results were relatively consistent with the strength 

measurement at the same concentration and the 

time of application. It is thought that the water 

molecules are unable to find any spaces to enter, 

as the attraction force between the polymer 

molecules is high and the sample is too 

compressed [39]. This results in an increased 

degree of water contact angle. Pakolpakçıl and 

Draczynski showed that the water contact angle 

value of the EDC/NHS crosslinked PVA/alginate 

nanofiber mat increased as the EDC/NHS 

concentration increased [8].  

The results show that the crosslinking 

concentration and time influenced the water 

contact angle of the electrospun mats, which can 

be attributed to the chemical interaction of the 

polymers and the crosslinker. 

4. CONCLUSION 

The PVA and NaAlg structures both include 

hydroxyl groups, which makes the reaction with 

GA possible.  In this study, the PVA/NaAlg 

electrospun mats were fabricated successfully by 

Figure 4 Water contact angles values of PVA/NaAlg electrospun mats at 0 s, 10 s and 30 s 
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the electrospinning method. To investigate the 

effect of the concentration and application time of 

GA crosslinking agent on the electrospun 

PVA/NaAlg mats, different concentrations (1.25, 

2.5 and 5 v %) and duration times (10 min, 60 min 

and 24 h) of the GA were applied. According to 

the findings, the longest application time (24 h) 

has a negative effect on elongation. The highest 

strength values were obtained at all 

concentrations at 60 min of application time. In 

general, the highest contact angle values were 

observed at a concentration of 5%. The results of 

the investigation revealed that the crosslinking 

process parameter, the application time and the 

concentration influenced the development of the 

PVA/NaAlg electrospun mats’ mechanical and 

wetting properties. 

The end-use of the materials should be 

considered, where the choice of concentration and 

the duration of the crosslinking process have an 

impact on the mechanical and wetting ability of 

the water-soluble polymers. Mechanically strong 

fibers are generally preferred in many areas of 

use. However, since high water absorbance is 

required in applications such as wound dressings, 

wettability may be at the forefront.  
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Some Electrical and Photoelectrical Properties of Conducting Polymer Graphene Composite /n-

Silicon Heterojunction Diode 

 

Elif DAŞ*1 

 

Abstract 

In this study, polythiophene-graphene (PTh-G) composite thin film was prepared on the n-type 

silicon (n-Si) semiconductor wafer by the spin coating method. Subsequently, the current-

voltage (I-V) measurements were made on the fabricated Au/PTh-G/n-Si/Al device to ascertain 

the impact of the PTh-G interfacial layer on the device performance. The main device 

parameters such as ideality factor (n), barrier height (b), series resistance (Rs) were calculated 

by using the thermionic emission (TE) and Norde functions, and then, the obtained results were 

discussed in detail. Additionally, the capacitance-voltage (C-V) characteristic of the device was 

examined as a function of the frequency, and the device parameters such as diffusion potential 

(Vd), Fermi energy level (Ef), carrier concentration (Nd), b were detemined. Finally, the light 

intensity-dependent I-V measurements were taken to obtain information about the 

photoelectrical characteristics of the fabricated device. The obtained results have shown that 

the prepared composite material has a good potential to be used in optoelectronic applications 

such as photodiode, and photodetector. 

Keywords: Polythiophene, graphene, composite material, photoresponse, photosensitivity  

 

1. INTRODUCTION 

The metal-semiconductor (MS) Schottky barrier 

diode (SBD), formed by putting a metal in contact 

with a semiconductor, is the simplest known form 

of the electronic rectifier [1-3]. Despite its simple 

structure, it offers tremendous performance and is 

used in many different applications. In an SBD, 

the electrical properties of the device are mainly 

related to the interface and depletion region of the 

junction. So, if an interlayer material is positioned 
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between the semiconductor and the metal, the  

performance of the device will depend on the  

physical characteristics of the material [4-6]. 

Thus, it is possible to fabricate semiconductor 

devices with higher electrical performance. Many 

researchers have been researching on using 

conducting polymer-based materials as interface 

materials to alter the electrical characteristics of 

MS junctions in recent years [7, 8].  

Conducting polymers and/or their composites 

have the potential to dissolve in different solvents, 
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which allows them to be easily used in device 

fabrication via spin coating and drop-casting. Up 

to now, a wide range of conducting polymers and 

their derivatives have been developed, such as 

poly (1,4-phenylenevinylene) (PPV), poly(p-

phenylene) (PPP), polyfluorene (PF), and 

polythiophene (PTh) [8, 9]. Among these 

conducting polymers, polythiophene (PTh) has 

been much interested material due to its good 

chemical and thermal stability as well as excellent 

electronic and optical properties [10, 11]. 

Additionally, many composites of PTh have been 

reported for different applications [9, 12]. The 

obtained results have shown that composite 

materials possess properties that may not be 

achieved by either component separately. Also, 

these reports have shown that there are many 

factors affect the PTh composite properties, like 

synthesis methods, types of fillers, fillers 

morphology, polymer matrix, etc. 

In the last few years, the fantastic properties of 

carbon-based materials make them very 

promising and favorable as fillers for production 

of a new class of polymeric heterostructures. For 

example, Wang et al. [13] prepared ordered 

PTh/fullerene composite core-shell nanorod 

arrays by using melt-assisted wetting of porous 

alumina templates. Experimental results showed 

that the synthesized material has promising 

potential in solar cells. Also, Karim et al. [14] 

prepared PTh/single-wall carbon nanotube 

composites using a polymerization method. The 

obtained results showed that the composite 

material was better in terms of thermal and 

electrical conductivity compared to pure PTh. In 

another study, Bachhac and Patil [15] synthesized 

PTh-coated multiwalled carbon nanotube 

(MWCNT) composites by simple, cost-effective, 

in-situ oxidative polymerization method. They 

highlight that synergistic effects of the PTh-

coated MWCNTs improve the gas sensing 

properties. In a nutshell, combining conducting 

polymers with carbon-based materials allows 

engineers to create flexible composites with 

favorable electrical, optical, or mechanical 

properties. In the light of this information, within 

the scope of the presented study, the synthesis of 

PTh-graphene (PTh-G) composite material and its 

analysis in terms of electrical and photoelectrical 

properties at the metal-semiconductor interface 

are discussed. When the studies in the literature 

are analyzed, this study is the first research study 

conducted for the stated purpose. In this sense, I 

believe that the presented study will make 

significant contributions to the literature and 

optoelectronic technology. 

2. MATERIALS AND METHODS 

2.1. Materials 

Thiophene (Sigma-Aldrich), Graphene 

nanoplatelet (Nanografi, surface area: 320 m2g-1), 

choloform, anhydrous ferric chloride (FeCI3), 

acetone and methanol (Sigma-Aldrich) were used 

as obtained. Additionally, in the SBDs fabrication 

process, n-type Si wafer was preferred. A well-

known cleaning procedure was used to clean the 

Si wafers, as specified in ref [16]. 

2.2. Preparation of PTh-G Composite 

Materials 

Composite materials synthesis were carried out 

according to a literature method developed by 

Melo et al. [17] with some modification. In this 

method, in-situ chemical oxidative 

polymerization technique was used for the 

synthesis of composite materials. Briefly, 0.03 g 

of thiophene monomer was added to chloroform 

and thoroughly mixed. Then, 0.1 g of graphene 

was added to the prepared suspension and mixed 

for a while. On the other hand, 3 g of oxidizing 

agent FeCI3 was dispersed in a different beaker 

with a chloroform solution until it formed a 

homogeneous suspension. Subsequently, the 

FeCI3 suspension was added drop by drop to the 

thiophene-graphene suspension and stirred for 

one day at room temperature. After that the PTh-

G composite was filtered and attentively washed 

many times by methanol, water, and acetone, 

respectively. Finally, the resultant composite 

material was dried in a vacuum oven. 

2.3. Fabrication of Au/PTh-G/n-Si/Al SBD 

In this stage, firstly, the aluminum (Al) metal 

coating process was carried out to obtain ohmic 

contact onto the unpolished surface of the Si 

wafer under 10-6 torr pressure. Then, the n-Si/Al 
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structure was maintained at 450 ˚C for 5 minutes 

to enhance the ohmic contact’s quality. Next 

stage, the composite material was dispersed in 

ethanol, then spin-coated onto Si substrate at the 

rotation of 1000 rpm for one minute, and air-dried 

overnight at room temperature. Gold (Au) dots 

were made on the surface of the composite thin 

film by using thermal evaporation system through 

a shadow mask. As a result, the fabrication of the 

Au/PTh-G/n-Si/Al device was completed. The 

schematic representation of the obtained device 

structure is given in Figure 1. In addition, 

reference device (Au/n-Si/Al)  fabrication was 

also performed in order to observe the effect of 

the composite interfacial material on the junction 

parameters. 

2.4. I-V and C-V Measurements  

The I-V measurements of the device were carried 

out under darkness and illumination conditions 

using Keithley source-meter. Additionally, the 

impedance analyzer system ((HP 4192A LF 

Model) was used to determine the C-V behaviors 

at various frequencies. The measurements were 

performed at ambient conditions. More 

information on measurement systems can be 

found in previous studies [5,6]. 

3. RESULTS AND DISCUSSION 

3.1. I-V Results of the Fabricated Devices 

The forward and reverse biased log (I)-V 

characteristics of the PTh-G/n-Si and reference 

diode are shown at dark ambient in Figure 2. 

According to the literature reports, the non-linear 

current-voltage characteristics of the 

metal/polymer junction could be owing to the 

thermionic emission (TE), space charge limited 

conduction (SCLC), or Poole-Frenkel emission 

[18]. The current through a Schottky barrier diode 

under a forward bias voltage is formulated by the 

eq. (1) 

𝐼 =  𝐼0 [𝑒𝑥𝑝 (
𝑞𝑉

𝑛𝑘𝑇
) − 1]     (1) 

In eq. (1), electronic charge, voltage, ideality 

factor, Boltzmann constant, temperature, and 

saturation current are represented by the terms q, 

V, n, k, T and Io, respectively. Io, namely, the 

reverse sturation current can be calculated using 

the equation (2) [19]. 

𝐼0 = 𝐴𝐴∗𝑇2𝑒𝑥𝑝(−𝑞𝛷𝑏/𝑘𝑇)       (2) 

herein, the A is the diode area, A* is the effective 

Richardson constant, and b is Schottky barrier 

height. If we rearrange the eqs. (1) and (2), the 

value of n and b can be calculated from the 

following equations [20]. 

𝑛 =
𝑞

𝑘𝑇
(

𝑑𝑉

𝑑𝐼𝑛 𝐼
)        (3) 

and 

𝛷𝑏 =  
𝑘𝑇

𝑞
𝑙𝑛 (

𝐴𝐴∗𝑇2

𝐼0
)                     (4) 

In the heterojunction devices, the current 

transport mechanism is generally analyzed using 

the TE model. According to the TE model, the n 

and the b values of the prepared devices were 

calculated and the results were tabulated in Table 

1. It is clearly seen that the n value of the device 

obtained with the conductive polymer composite 

material is lower than the reference diode. The 

value of n generally expresses the dependence of 

the diode current on the applied potential and 

gives information about the quality of the 

fabricated device. For an ideal SBD, the value of 

n is equal to one, but, in application, n always 

exceed unity. In the present study, the value of n 

is small and closer to unity for the PTh-G/n-Si 

device. Additionally, the leakage current of the 

PTh-G/n-Si device is lower than the reference 

diode as seen in Figure 2. Therefore, it can be said 

that the electrical properties of the reference diode 

were improved after the insertion of the PTh-G 

composite layer between Au and n-Si wafer. On 

the other hand, b is a main parameter to specify 

the attitude of the depletion region in the SBD. 
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Figure 1 A schematic representation of Au/PTh-G/n-Si/Al SBD 

The b value of the PTh-G/n-Si diode was found 

as 0.78 eV, which is higher than that of the 

reference diode (0.74 eV). This situation can be 

attributed to the presence of the PTh-G composite 

interlayer. Since the composite thin film separates 

the metal from the semiconductor material, 

thereby, an increase in the b of MS junction is 

observed.  

 

Figure 2 The log (I)-V plots of the PTh-G/n-Si 

and reference diode at room temperature 

In order to get further insight into the electrical 

properties of the prepared device, determining the 

value of the series resistance (Rs) is also quite 

important. The value of Rs can be easily 

calculated by the Norde method which is 

described as [21]: 

𝐹(𝑉) =
𝑉

𝛾
−

𝑘𝑇

𝑞
 𝐼𝑛 (

𝐼(𝑉)

𝐴𝐴∗𝑇2)     (5) 

here, γ is the first integer greater than n. The value 

of Rs is determined using the following equation: 

𝑅𝑠 =
𝑘𝑇(−𝑛)

𝑞𝐼
        (6) 

here the n value obtained from the In(I)-V plot is 

used. Moreover, the value of the b can be 

computed using this method. The b is given as 

𝑏 = 𝐹(𝑉𝑚𝑖𝑛) +
𝑉𝑚𝑖𝑛

𝛾
−

𝑘𝑇

𝑞
      (7) 

The lowest level of F(V) is F(Vmin), and Vmin is 

the corresponding voltage value. Figure 3 shows 

Norde’s function against the potential for the 

PTh-G/n-Si heterojunction device. Based on 

equations (6) and (7), the b and Rs values of the 

devices were calculated and summarized in Table 

1. According to acquired the results, the values of 

b are in good agreement with those obtained 

from I-V characteristics. 

3.2. C-V Results of the PTh-G/n-Si SBD 

The C-V measurement provides important 

information about the interfacial properties of the 

diode. For this purpose, the C-V measurements of 

the PTh-G/n-Si heterojunction device were 

carried out at room temperature, with a frequency 

range of 100-1000 kHz. The obtained C-V 

characteristics for the PTh-G/n-Si device are 

shown in Figure 4, and the relationship for C-2-V 

characteristics are shown in Figure 5. In Figure 4, 

the capacitance increases with the applied voltage 

in the forward bias region upto a point where it 
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Table 1 Main device parameters of the fabricated devices 
 

Device 

(dark ambient) 

I-V Norde 

n Φb (eV) Φb (eV) Rs () 

Au/n-Si/Al 2.67 0.74 0.74 2762 

Au/PTh-G/n-Si/Al 1.84 0.78 0.77 3479 

reaches a maximum value. Also, the value of the 

capacitance at the peak tends to decrease with 

increasing frequency. The increase in peak value 

of the capacitance occurs because the interface 

states at lower frequencies can follow the 

alternative current (AC) signal and yield an 

excess capacitance which depends on the 

frequency [22]. However, in the high frequency 

limit, the contribution of the interface states which 

can follow the AC signal, to the total capacitance 

is negligibly small. Hence, the capacitance peak 

tends to decrease as frequency increases.   

 

Figure 3 The F(V)-V plots of the PTh-G/n-Si and 

reference device 
 

Additionally, in Figure 5, C-2-V plot of the PTh-

G/n-Si diode exhibits a linear behavior in the 

negative voltage range for all frequency values, 

and at this region, the equation for the connection 

between C-2 and Vd can be given as eq.(8) [22, 

23].  

 

𝐶−2 =
2(𝑉𝑑+𝑉)

𝑞𝜀𝑠𝑁𝑑𝐴2     (8) 

 

Figure 4 The C-V curves of the PTh-G/n-Si SBD 

for different frequencies 

 

Figure 5 The C-2-V curves of the PTh-G/n-Si 

SBD for different frequencies  

Elif DAŞ

Some Electrical and Photoelectrical Properties of Conducting Polymer Graphene Composite /n-Silicon He...

Sakarya University Journal of Science 25(5), 1000-1009, 2022 1004



Table 2 The device parameters obtained from C-2-V plot for characteristics of the Au/PTh-G/n-Si/Al SBD 

between 100 and 1000 kHz at the room temperature 

Frequency (kHz) Vd (V) Nd (cm-3) Ef (eV) Φb (eV) 

1000 0.651 9.68*1014 0.265 0.60 

500 0.628 1.02*1015 0.264 0.59 

200 0.605 1.11*1015 0.262 0.57 

100 0.590 1.18*1015 0.260 0.56 

herein, Vd is the diffusion potential at zero bias 

which is determined from the extrapolation of the 

linear C-2-V plot to V axis. Also, εs is the dielectric 

constant of semiconductor, A is the effective area 

of the diode and Nd is the concentration of ionized 

donors. 

In order to determine device parameters of the 

PTh-G/n-Si diode, the C-V curves were used, and 

the obtained results were given in Table 2. 

According to the results, it can be said that the 

paramaters show a weak frequency dependency in 

the applied frequency range. The similar results 

for these paramaters can be found in the literature 

reports [24, 25]. 

3.3. Photocurrent and Responsivity 

Measurements  

Figure 6 show the effect of illumination on the 

PTh-G/n-Si device. It is seen that the diode 

current does not change in the forward bias region 

under white light illumination, on the other hand, 

it increases with increasing light intensity in the 

reverse bias region. Such behavior implies that the 

device has a photodiode characteristic. 

Furthermore, at zero bias, the short circuit current 

(Isc) is sensitive to the intensity of the light. So, it 

can be said that self-powered light detection can 

be achieved with the PTh-G/n-Si SBD [26].  

In the literature, the photoresponsivity (R) and 

photosensitivity (S) behavior of the SBDs are 

usually investigated for photoconductivity 

measurements [26-29]. In this sense, we can say 

that the responsivity is a way to show the 

photoconductivity or the light-induced current of 

a material. The value of R is defined as the ratio 

of electrical output to its optical input in 

Amperes/Watt (AW-1), as shown in equation (9). 

𝑅 =
𝐽𝑝ℎ

𝑃𝑖𝑛
        (9)                                                                                            

where, Jph is the photocurrent dentisty, Pin is the 

incident light power. On the other hand, the 

photosensitivity is simply the ON/OFF ratio for 

current output in the light compared to that in the 

dark, as shown in equation (10). 

 

Figure 6 The I-V plots of the PTh-G/n-Si device 

under dark and different light illumunations 

𝑆 =
𝐼𝑝ℎ

𝐼𝑑𝑎𝑟𝑘
     (10)

  

In the light of this information, the R and S values 

of the PTh-G/n-Si device were calculated at 

different voltages for various light intensities and 

the obtained results were tabulated in Table 3. It 

is seen that the R and S values of the device vary 

depending on the incident light power. 

Additionally, open-circuit voltage (Voc) and (Isc) 
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Table 3 Photodiode parameters of the PTh-G/n-Si SBD at various light intensities 

Light Intensity 

(mWcm-2) 

Isc (A) Voc (V) Photosensivity (S) Photoresponsivity (R) (AW-1) 

(@-0.5 V) (@-1 V) (@-0.5 V) (@-1 V) 

30 13.2 0.37 676.4 517.1 6.5*10-2 6.6*10-2 

60 23.8 0.40 1159.4 875.6 5.6*10-2 5.6*10-2 

90 36.8 0.41 1936.1 1480.9 6.2*10-2 6.3*10-2 

 

Table 4 Photovoltaic parameters of the PTh-G/n-Si and reported polymer/Si based junctions 

Device 

configuration 

Light Intensity 

(mWcm-2) 

Isc (A) Voc (V) References 

PTh-G/n-Si  90 36.8 0.41 present work 

CU:rGO/n-Si 10 0.48 0.22 [30] 

 150 12.18 0.37  

bisTPAT/n-Si 100 15 0.40 [31] 

PVA(Co-doped)/n-Si 100 19.30 0.28 [32] 

PVA (Bi-doped)/n-Si 250 88.53 0.22 [33] 

PVA (Ni-doped)/n-Si 100 33.2 0.42 [34] 

Pentacene/n-Si 100 ~7 ~0.15 [35] 

Sunset Yellow/n-Si 40 25.45 ~0.15 [36] 

 100 91.84 ~0.18  

Eosin y/n-Si 100 10 0.02 [37] 

Eosin y/p-Si 100 9 0.10  

 

values of the PTh-G/n-Si device were also given 

in Table 3. The results demonstrated that when 

light intensity increased, the photovoltaic 

parameters improved. Furthermore, the 

photovoltaic parameters were compared with the 

relevant literature reports in the Table 4. The 

obtained values suggest that the PTh-G/n-Si 

device can be operated as a heterojunction 

photodiode. 

4. CONCLUSION 

In recent years, extensive research has been 

carried out on conductive polymer carbon-based 

composite materials for various applications due 

to their extraordinary properties. In the presented 

study, the performance of PTh-G composite 

material as an interface layer in the Au/PTh-G/n-

Si/Al SBD structure was evaluated for the first 

time in the literature. For this purpose, firstly, 

PTh-G composite material synthesis was made by 

using the in-situ chemical oxidative 

polymerization method, and then device 

fabrication was carried out. The I-V 

characteristics of the prepared device were 

measured under dark and illuminated conditions 

(30-90 mWcm-2) to provide information about 

important device parameters such as n, Φb, Rs, R, 

and S. The obtained results show that the device 

is highly sensitive to light and exhibits a self-

powering feature under illumination. 

Additionally, C-V measurements show that the 

fabricated device has capacitance feature and this 

capacity change as a function of the frequency. 

So, based on the obtained results, it can be said 

that the fabricated Au/PTh-G/n-Si/Al SBD can be 

used in optoelectronic applications. 
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Copper(II) Complexes of a New Hydrazones with Aliphatic Groups: Synthesis, Characterisation 

and Nuclease Activity 

 

 

Cansu TOPKAYA*1 

Abstract 

Two new copper(II) complexes of bidentate arylhydrazone ligands have prepared and studied. 

Elemental analysis, SEM-EDS, thermal gravimetric analysis (TGA), powder X-ray diffraction 

(XRD), and a number of spectroscopic techniques were used to determine the structures of the 

compounds (FTIR, UV-Vis, 1H and 13C-NMR). Using agarose gel electrophoresis, the DNA 

cleavage activities of the produced copper complexes were investigated in the absence and 

presence of hydrogen peroxide. It was also investigated the influence of compound dose on the 

DNA cleavage process. The results show that in the presence of an oxidant agent, all of the 

complexes break pBR322 DNA. At the concentration of 10 µM, [Cu(L1)2] converted the 

supercoil DNA into two forms, while [Cu(L1)2] formed only the nicked form. The mechanistic 

analyses show that the active oxidative species for DNA breakage is a species generated by 

hydrogen peroxide and the copper(II) metal. The compounds also cleaveged pBR322 DNA in 

the absence of H2O2, marginally. 

Keywords: Arylhydrazone, copper(II) complex, DNA-cleavage, ROS 

 

 

1. INTRODUCTION 

Hydrazone derivatives' bioinorganic chemistry is 

fascinating and vital since they have exceptional 

biological activity. As a result, arylhydrazones 

and their transition metal complexes have been 

investigated for their biological features such as 

antibacterial, antifungal, antioxidant, and 

anticancer activities [1-9]. Furthermore, 

hydrazone derivatives are flexible ligands that 

may be used in a variety of ways to coordinate 

with transition metal ions found in biological 

systems. Arylhydrazone complexes have been 

discovered to serve as enzyme inhibitors, and 
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their pharmacological uses make them valuable 

[10-13]. 

Since transition metal complexes play a critical 

role in anticancer treatment, the interaction 

between transition metal complexs and DNA has 

been widely explored in recent years. Cisplatin is 

a metal-based anticancer medicine that is 

extensively used in cancer treatment, although it 

has a number of drawbacks, including high 

toxicity, side effects, and a low administration 

dose. As a result, continuing efforts throughout 

the world are aimed at discovering new metal-

based compounds with lower toxicity and unique 

methods of action. Copper ions are recognized as 

Sakarya University Journal of Science 25(5), 1010-1021, 2022
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pharmacological agents and play a key function in 

biological systems. Also, copper is one of the 

essential components of biologically important 

metalloproteins. The use of a number of metal 

complexes to cleave DNA via hydrolytic or 

oxidative processes has been investigated [3, 14-

18]. In the presence of oxidizing or reducing co-

reactants, Cu(II) complexes frequently 

demonstrate DNA cleavage activity. A variety of 

copper complexes have been demonstrated to be 

active both in vitro and in vivo [19]. Copper(II) 

complexes have been reported to behave as 

possible anticancer and cancer suppressing 

agents. The synthesis and characterisation of 

novel Cu(II) complexes of arylhydrazones with 

long chain groups was detailed in this work, as 

well as the DNA cleavage activities of these 

complexes. 

2. METHODOLOGY 

2.1. Materials and Instrumentation 

Solvents and chemicals used in the laboratory 

were obtained commercially from Merck and 

Sigma. Solvents used in synthesis and 

measurements were freshly distilled and dried 

according to the appropriate procedure. pBR322 

DNA was obtained from Fermentas. On an LECO 

932 CHNS analyzer, analysis of elemenets (C, N, 

and H) was done and On a DV 2000 Perkin Elber 

ICP-AES, also, copper values were measured 

using atomic absorption spectroscopy. A 

Sherwood Scientific MK1 Model Gouy Magnetic 

Susceptibility Balance was used to assess 

magnetic susceptibility on powdered materials at 

room temperature. NMR spectra were recorded 

on a Bruker 400 MHz spectrometer in DMSO_d6 

with TMS as the internal standard. Thermo-

Scientific Nicolet iS10-ATR IR spectra were 

acquired using the ATR (attenuated total 

reflectance) method. A PG Instruments T80+ 

UV/Vis Spectrophotometer was used to record 

the electronic spectra of the ligands and 

complexes. The thermogravimetric analysis was 

performed at the Central Laboratory at METU 

with a Perkin Elmer Pyris 1 TGA thermal 

analyzer. The XRD and SEM-EDS experiments 

were carried out at Mugla Sıtkı Koçman 

University's Research Centre Laboratory. A 

JEOL SEM 7700F was used for scanning electron 

microscopy (SEM) and Energy-dispersive X-ray 

spectroscopy (EDS). Powder X-ray diffraction 

(XRD) patterns were acquired on a Rigaku-

SmartLab diffractometer. 

2.2. Synthesis 

4-Hydroxy-N'-[(1E)-1-(4-methylphenyl) 

ethylidene] benzohydrazide [III] and 4-butoxy-

N'-[(1E)-1-(4-methylphenyl)ethylidene] 

benzohydrazide (HL1) were synthesized as 

described previously [9, 20]. 

2.2.1. Synthesis of 4-hexyloxy-N'-[(1E)-1-(4-

methylphenyl)ethylidene]benzohydrazide 

(HL2) 

A mixture of compound III (1 mmol), 1-

bromohexane (1 mmol) and dry K2CO3 in 30 mL 

acetone (1 mmol) were stirred for 24 hours under 

reflux and ice water (150 mL) was added to the 

mixture. The white precipitate was filtered and 

washed with water several times and dried. The 

product crystallized in ethanol.  

Yield 69 %; Mp 147 °C; UV (EtOH, nm) 297; IR 

(KBr) (ν, cm−1) 3283 (NH), 2871-2956 (CH), 

1650 (C=O), 1610 (C=N), 1397 (C-N), 1263 (C-

O); 1H NMR (CDCl3, ppm) δ 0.92 (t, 3H J=7.03, 
fCH3), 1.33-153 (sex, 4H, eCH2

dCH2), 1.68 (p, 

2H, J= 7, cCH2), 1.84 (p, 2H, bCH2),  2.30 (s, 3H, 

H3C
h-Ar), 2.43 (s, 3H, N=C-gCH3), 3.02 (t, 2H, J= 

6,6, aCH2), 6.98 and 7.52  (dd, 4H, J=9.0, Ar-H), 

7.81-8.13  (m, 4H, Ar-H),8.94 (s, 1H, NH); 13C 

NMR (DMSO_d6, ppm) 162.0 (C8), 154.8 (C6), 

140.1 (C12), 133.8 (C5), 131.1 (C2), 129.3 (C9), 

129.1 (C4), 128.7 (C10), 125.2 (C3), 114.0, 

(C11), 66.3 (C13), 32.4 (C14), 21.2 (C7), 20.3 

(C1), 19.8 (C15), 18.2 (17), 19.4 (C18) and 14.1 

(C16). Analysis (%Calculated/found) for 

C22H28N2O2; C: 74.89/74.56, H: 7.94/8.10, N: 

7.94/8.30. 

2.2.2. Preparation of copper(II) hydrazone 

complexes 

After adding equivalent amounts of triethylamine 

to the solutions of HL1 and HL2 ligands (2 mmol) 

in ethanol (20 mL) separately, 

(CH3COO)2Cu.H2O (1 mmol) dissolved in 
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ethanol (10 mL) was added dropwise. two 

separate mixtures. The reaction was run under 

reflux for 3 hours. After standing overnight, the 

copper(II) complexes separated and were 

collected by filtering. Water was used to wash the 

complexes. 

For [Cu(L1)2]: Dark brown complex; yield: 78%; 

m.p.: 160 ºC. µeff = 1.86 B.M.; UV (DMF, nm) 

385, 299; FT-IR (KBr, cm-1): 2871-2957 (CH), 

1608 s (C=N−N=C), 1372 m (C-N), 1244 s and 

1169 m (C−O−C). Analysis (%Calculated/found) 

for C40H46CuN4O4; C: 67.63/67.84, H: 6.53/6.39, 

N: 7.89/8.05, Cu: 8.95/9.69. 

For [Cu(L2)2]: Brown complex; yield: 71%; 

m.p.: 137 ºC. µeff = 1.65 B.M.; UV (DMF, nm) 

382.5, 299.0; FT-IR (KBr, cm-1): 2857-2926 

(CH), 1608 s (C=N−N=C), 1373 s (C-N), 1246 s 

and 1169 m (C−O−C). Analysis 

(%Calculated/found) for C44H54CuN4O4; C: 

68.95/69.18, H: 7.10/6.99, N: 7.31/7.58, Cu: 

8.29/8.15. 
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Scheme 1 Synthesis of ligands and complexes 

2.3. DNA Cleavage 

DNA cleavage tests were monitored by agarose 

gel electrophoresis. DMF was used to dissolve 

different amounts of complexes (10-100 M) were 

combined with 5 µl pBR322 (50 ng/l). After 

adding 5 µl H2O2 (5 mM) to the reaction mixture, 

it was diluted with tris buffer (100 mM Tris, pH: 

8) to a total volume of 30 µl. After incubation at 

37 oC for two hours, samples (20 µl) were loaded 

onto a 1% agarose gel according to the procedure 

described above [8- 9]. The gel was operated at 

100 V for 3 hours and imaged under UV light. 

Reactive oxygen scavengers (ROS) (100 µM), 

such as DMSO, KI, NaN3, and EDTA, were added 

alternatively to the reaction mixture to test for the 

existence of reactive oxygen species formed 

during strand scission. The samples were 

processed in the same way as stated previously. 

3. RESULT AND DISCUSSION 

Compound III and HL1 were synthesized as 

described previously [9, 20] while the 

arylhydrazones derivative HL2 bearing hexyl 

chain group was reported for the first time. The 

reactions of III with 1-bromobutane and 1-

bromohexane stoichiometrically in the presence 

of dry K2CO3 in dry acetone gave HL1 and HL2. 

The reactions performed successfully, yielding 

excellent yields of the relevant arylhydrazones 

(Scheme 1). They are water insoluble but soluble 

in typical organic solvents. The structure of the 

hydrazine ligands were determined using a 

variety of spectroscopic approaches. The 

complexes were created by reacting 

Arylhydrazones with copper(II) acetate at a 2:1 

molar ratio. It was unable to extract crystals 

appropriate for single X-ray diffraction. As a 

result, analytical and spectroscopic findings for 

the hydrazone and copper(II) complexes 

correspond well with the chemical formula 

provided. 

In the solid state, arylhydrazones like the ones 

generated in this work can be found in keto or enol 

tautomeric forms (Figure. 1-a). In the infrared 

spectra of the HL2, the strong absorption band v(C 

= O) suggests that the ligand is in the solid state 

in the keto form, as in arylhydrazones [9, 21]. 

Furthermore, in solutions, these arylhydrazones, 

such as those produced in our study, may leave in 

an E or Z configuration (Figure. 1-b). The 1H and 
13C-NMR spectra of HL2 revealed just one signal 

for each hydrogen and carbon, indicating that 

arylhydrazones are in the E configuration [9, 22-

23]. 
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Figure 1 a) Keto-enol arylhydrazone tautomeric 

forms b) Structural configuration 

3.1. NMR spectroscopy 

The 1H NMR spectra of the HL2 was recorded at 

25 oC in DMSO_d6. The removal of the OH 

proton signal verified the development of the 

novel arylhydrazone (HL2), present in the starting 

material of III and observed at 10.18 ppm. The 

NH proton is ascribed to the D2O exchangeable 

singlet resonance that emerged at 8.94 ppm for the 

HL2 ligand. The 1H NMR spectra of the HL2 

exhibits two singlet peaks at 2.30 and 2.43 ppm 

due to CH3 protons. The first is made up of methyl 

protons (hCH3) attached to the aromatic ring, 

whereas the second is made up of gCH3 protons 

near the imine group. On the other hands, the 

resonance observed as triplet at 0.92 ppm in the 
1H NMR spectra of HL2 ligand is assigned to 

aliphatic methyl protons (fCH3). The spectrum 

also exhibits signals corresponding to protons of 

methylene groups in the ligand framework. These 

findings are consistent with earlier research on 

comparable substances [9, 21-27]. 

The structural characterisation of the hydrazone 

compounds is further supported by the 13C-NMR 

spectra. The amide carbonyl (C8) and azomethine 

(C6) groups of the HL2 arylhydrazones have 

unique chemical shifts of 162.5 ppm and 154.8 

ppm, respectively. The 13C NMR spectrum of the 

ligand exhibits signals between 140.1 and 114.0 

ppm due to the carbon atoms of the aromatic 

rings. The signals corresponding to the carbon 

atoms in aliphatic rings are viewed between 14.1 

and 68.1 ppm. These evaluated data show good 

agreement with previously published similar 

compounds. [9, 21-27]. The results obtained 

strongly indicate that the title arylhydrazone 

ligand is formed [28- 29]. 

3.2. IR spectroscopy 

The free ligands' IR spectra and their copper 

complexes' IR spectra, which are important for 

identifying the ligands' mode of coordination. The 

starting material III has a large OH stretching 

vibration at 3296 cm-1 that is gone in the IR 

spectra of the HL2, suggested that total 

condensation has occurred. The novel HL2 

arylhydrazones have an amide NH stretching 

band at 3283 cm-1. The amide I band emerges at 

1650 cm-1 for HL2, whereas the other distinctive 

band owing to the azomethine group appears at 

1610 cm-1. The experimental section lists the 

additional peaks seen in the IR spectra of the 

arylhydrazones ligand produced in this study [21, 

22, 24-27, 30-33]. 

C=O, C=N imine, and N-H bound bands were not 

detected in the IR spectra of both copper(II) 

complexes. Instead, around 1608 cm-1, a new 

band arises, perhaps due to the newly created 

moiety of C=N-N=C. This showed that the 

azomethine nitrogen and enolic oxygen were 

coordinated with copper [21, 22, 28-30, 33]. 

According to the results obtained from the FTIR 

spectrum, the arylhydrazones, which are the 

subject of the study, are in coordination with the 

nitrogen atom of azomethine through the 

dehydrogenation of the tautomeric enolic form, 

and they are classified as mono anionic bidentate 

ligands. 

3.3. X-ray diffraction analysis 

Powder X-ray diffraction recorded at 2θ = 0–70◦ 

was used to get more information about the 

structure of the copper(II) complexes. The 

copper(II) complexes exhibit well-defined 

crystalline structures, as demonstrated in Figure 

2's X-ray diffraction pattern. But very less number 

of peaks were observed in the case of [Cu(L1)2] 

complexes. The sharp peaks are indicative of 

complex [Cu(L2)2] having higher crystallinity 

than complex [Cu(L1)2]. 

Cansu TOPKAYA

Copper(II) Complexes of a New Hydrazones with Aliphatic Groups: Synthesis, Characterisation and Nucle...

Sakarya University Journal of Science 25(5), 1010-1021, 2022 1013



  

Figure 2 Copper(II) complexes X-ray diffraction 

patterns. 

3.4. Analyses of SEM and EDS  

SEM images taken to reveal the surface 

morphology of the ligand and its complex were 

obtained at 15 kV acceleration voltage and x500 

magnification (Figure 3). Figure 4 shows the SEM 

image of the HL2 ligand with a pyramidal 

structure and rod-shaped blocks vertically and 

horizontally, while the copper(II) complex shows 

non-uniformly sharp crystalline species (Figure 

3). The HL2 and its Cu(II) complex have average 

particle diameters of ~300 µm and 100 µm, 

respectively. The morphological structure of the 

hydrazone ligand following association with the 

copper ion, as observed in SEM pictures, has 

undergone a significant shift. 

 

Figure 3 Comparison of SEM images of complex 

and ligand (a) HL2; (b) [Cu(L2)2] 

The composition of the [Cu(L2)2] complex was 

defined by Energy dispersive spectroscopy (EDS) 

analysis (Figure 4). The EDS corroborates the 

presence of copper in the Arylhydrazones-copper 

derivative which confirms the formation of the 

copper complex. The C, N, O and Cu peaks were 

only observed in the Figure 4. indicating that the 

[Cu(L2)2] complex powder has high purity. 

 

Figure 4 Energy dispersive spectrometer of the 

[Cu(L2)2] 

3.5. Thermal analyses  

Figure 5 shows the copper complexes' thermal 

gravimetric analysis (TGA) curves. Thermal 

decomposition of copper complexes happened in 

one step, according to TGA curves, and they are 

stable below 280 °C. When the temperature 

increases to 280 °C, both complexes decompose. 

The deterioration observed in the curves of the 

complexes as the temperature rises to the range of 

280-530 °C corresponds to the detachment of 

arylhydrazone copper(II) complexes from the 

organic structure and the formation of a copper 

deposit as a residue. 

 

Figure 5 TGA curves of Cu(II) complexes. 
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3.6. Electronic absorption spectra 

Two absorbance peaks corresponding to n→π* 

electronic transitions were observed for HL1 and 

HL2 arylhydrazones at 298 nm and 297 nm, 

respectively. In DMF solution, the complexes' 

electronic absorption spectra were obtained. 

When the absorption spectrums of arylhydrazone 

ligands and their copper(II) complexes were 

compared, it was discovered the metal free 

ligands' maximum bands had a red shift, which 

might be due to the arylhydrazone ligands' enol 

form as well as coordination of the copper(II) ion. 

Moreover, there is a band in the visible range of 

the electronic spectrums of copper complexes, 

385 nm for [Cu(L1)2] and 383 nm for [Cu(L2)2], 

which can be ascribed to the LMCT transition. 

Interestingly, even in concentrated solution, the 

predicted weak d-d transition in the visible range 

for the one-electron paramagnetic (µeff = 1.86 and 

1.65 BM) complexes cannot be identified. It 

might be lost in the charge transfer transition's 

low-energy tail [21, 22, 34- 35]. 

3.7. Nuclease activity 

The DNA cleavage studies of the compounds 

were determined using agarose gel 

electrophoresis under physiological 

circumstances with/without H2O2 as an oxidant 

agent. The capacity of the complex to convert the 

supercoiled form (Form I) of DNA to its open 

circular form (Form II) and linear form (Form III) 

was used to assess its DNA cleavage activities 

[36-38]. 

The complex-mediated cleavage reactions were 

carried out at 37 oC with various concentrations of 

complex (10-100 µM). In the presence of 

hydrogen peroxide, the copper complexes of the 

HL1 and HL2 ligands showed efficient DNA 

cleavage activity, transforming the plasmid 

supercoiled DNA into its cleavage forms (Form II 

and III), as illustrated in Figure 6. ([Cu(L1)2] lane 

1-5 and [Cu(L1)2] lane 13-17.) It is apparent that 

when the concentration of all complexes rises, the 

quantity of supercoiled DNA (Form I) decreases. 

The cleavage reactions meditated by the 

complexes were performed under different 

concentration of complex (10-100 µM) at 37 ºC. 

Figure 6 represents the gel electrophoretic 

separations of pBR322 DNA with increasing 

concentrations of complexes (10-100 µM) at 37 

ºC in their optimum incubation times in the 

presence and absence of H2O2. The copper(II) 

complexes of the HL1 and HL2 ligands exhibit 

effective DNA cleavage activity converting the 

plasmid supercoiled DNA into its cleavage forms 

(Form II and III) in the presence of hydrogen 

peroxide as shown in Figure 6. (Lane 1-5 for 

[Cu(L1)2] and lane 13-17 for [Cu(L1)2]). It is 

apparent that when the concentration of all 

complexes rises, the quantity of supercoiled DNA 

(Form I) decreases. Interestingly, the complex 

[Cu(L2)2] can only formed of nickeded DNA, 

while the copper complex [Cu(L1)2] can 

simultaneously separate supercoiled DNA into 

Form (II) and Form (III). 

At a concentration of 10 µM, lane 1, the plasmid 

DNA was slightly cleaved by the complex 

[Cu(L1)2] and all three forms of DNA are 

observed. The percentage of the nicked DNA 

molecules is higher than those of form I and form 

III. On the other hand, when the concentration of 

the complex was greater than 10 µM, the 

supercoiled DNA is disappeared completely and 

form II and form III are present for complex 

[Cu(L1)2], lane 2-4, as a result of double-strand 

breaks over the plasmid molecule. Finally, at the 

concentration of 100 µM (lane 5), the supercoiled 

DNA degrades completely into small pieces as no 

bands is observed.     

In the presence of [Cu(L2)2] at 10 µM, it scarcely 

catalyzed the cleavage of plasmid DNA. 

However, when the concentration of the complex 

was increased to 25 µM, the cleavage of DNA 

was clearly observed. It was found that with the 

increase of the complex concentration, the density 

of supercoil DNA on the gel decreased, whereas 

the density of the nicked DNA increased 

significantly (lanes 14- 16), indicating that the 

DNA was fragmented by the complex by a single-

stranded cleavage. Finally when the complex 

concentration is at 100 µM, lane 17, the 

supercoiled DNA is completely cleaved to nicked 

form.  
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Both copper complexes exhibit mild nuclease 

activity as an oxidative agent even under 

hydrolytic conditions. However, it can be 

concluded from the data in Figure 6. that 

[Cu(L1)2] is much more effective artificial 

nuclease than that of [Cu(L2)2] in the absence of 

an oxidative agent. It was observed that the 

percentage of nicked DNA increased, with 

increasing concentration of [Cu (L1)2]. On the 

other hand, in the case of the DNA cleavage by 

[Cu(L2)2], a small amount of supercoiled DNA is 

converted to open circular DNA only when the 

concentration of the complex is up to 75 µM 

(Lane 21-22). 

In the absence of an oxidative material in the 

medium, DNA cleavage is predicted to occur 

hydrolytically. In addition, in DNA cleavage 

mediated by certain copper complexes, the 

shearing activity has been found to be oxidative, 

even without the use of a reducing agent. The 

oxidative DNA cleavage in this scenario might be 

ligand-based, presumably due to the presence of a 

non-diffusible organic radical mechanism that 

induces oxidative DNA cleavage. An alternative 

approach is to produce dihydrogen peroxide when 

hydrogen is removed from the deoxyribose sugar 

in the presence of dioxygen. In a Fenton-type 

reaction, dihydrogen peroxide reacts with Cu(II) 

to form reactive oxygen species, making DNA 

cleavage oxidative or catalytic. 

The reason why the [Cu(L1)2] complex shows 

higher DNA cleavage activity than the [Cu(L2)2] 

complex may be the inability of the radicals to 

take effect as a result of the steric effect of the 

long aliphatic chain of the ligand forming the 

[Cu(L2)2] complex [18, 39- 40]. 

 

Figure 6 pBR322 plasmid DNA electrophoresis 

on an agarose gel with various amounts of 

copper(II) complexes. L1: Cu(L1)2 (10 µM) + 

DNA + H2O2, L2: Cu(L1)2 (25 µM) + DNA + 

H2O2, L3: Cu(L1)2 (50 µM) + DNA + H2O2, L4: 

Cu(L1)2 (75 µM) + DNA + H2O2, L5: Cu(L1)2 

(100 µM) + DNA + H2O2, L6: Cu(L1)2 (10 µM) 

+ DNA, L7: Cu(L1)2 (25 µM) + DNA, L8: 

Cu(L1)2 (50 µM) + DNA, L9: Cu(L1)2 (75 µM) + 

DNA, L10: Cu(L1)2 (100 µM) + DNA, L11: 

DNA control, L12: 1 kb marker, L13: Cu(L2)2 

(10 µM) + DNA + H2O2, L14: Cu(L2)2 (25 µM) 

+ DNA + H2O2, L15: Cu(L2)2 (50 µM) + DNA + 

H2O2, L16: Cu(L2)2 (75 µM) + DNA + H2O2, 

L17: Cu(L2)2 (100 µM) + DNA + H2O2, L18: 

Cu(L2)2 (10 µM) + DNA, L19: Cu(L2)2 (25 µM) 

+ DNA, L20: Cu(L2)2 (50 µM) + DNA, L21: 

Cu(L2)2 (75 µM) + DNA, L22: Cu(L2)2 (100 µM) 

+ DNA.*Lane:L 

3.8. Mechanistic pathway of DNA cleavage  

Mechanistic pathway of pBR322 cleavage 

induced by the complex using different 

scavenging agents was investigated and revealed. 

To investigate the involvement of the metal center 

in cleavage, we utilized DMSO as a hydroxyl 

radical scavenger, NaN3 as a singlet oxygen 

quencher, KI as a superoxide scavenger, catalase 

as a hydrogen peroxide scavenger, and EDTA as 

a chelating agent [39- 41]. (Figure 7). The 

potential molecular mechanism of the cleavage of 

pBR322 plasmid DNA produced by complexes 

[Cu(L1)2] and [Cu(L2)2] has also been identified.  

There was no suppression of DNA cleavage for 

either complex when NaN3 was added (lanes 3 

and 7). This shows that the solitary oxygen radical 

is not the active oxidative species that causes the 

complexes to cleave DNA. In addition to presence 

of hydrogen peroxide scavenger and hydroxyl 

radical scavenger block the DNA strand breakage 

for the [Cu(L1)2] complex (lanes 5 and 6), 

suggesting that these species are involved in the 

DNA cleavage reactions while DMSO and KI are 

ineffective in the cleavage reaction for the 

[Cu(L2)2] complex (lanes 9 and 10). With the 

addition of EDTA, which has the ability to form 

stable complexes by showing a chelating effect 

with metals, a noticeable decrease was observed 

in the DNA cleavage activities of complex 

compounds. This reveals that Cu(II) ions in the 

structure of the complex contribute to the 

cleavage activity of the complex. 
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Figure 7 pBR322 plasmid DNA electrophoresis 

on an agarose gel after treatment with copper(II) 

complexes (100 µM) and possible inhibitors. L1: 

1 kb marker, L2: DNA control, L3: Cu(L1)2 + 

DNA + H2O2 + NaN3 , L4: Cu(L1)2 + DNA + 

H2O2 + EDTA, L5: Cu(L1)2 + DNA + H2O2+ KI, 

L6: Cu(L1)2 + DNA + H2O2 + DMSO, L7: 

Cu(L2)2 + DNA + H2O2 + NaN3,  L8: Cu(L2)2 + 

DNA + H2O2 + EDTA,  L9: Cu(L2)2 + DNA + 

H2O + KI, L10: Cu(L2)2 + DNA + H2O2 + 

DMSO. *Lane:L 

4. CONCLUSION 

Using distinct spectroscopic approaches, two 

novel copper(II) complexes containing 

arylhydrazones have been produced and studied. 

The arylhydrazones operate as monobasic 

bidentate ligands containing azomethine nitrogen 

and enolic oxygen, according to the elemental 

analyses, stoichiometric, and spectroscopic 

investigations detailed above. The copper(II) 

complexes' DNA cleavage capabilities in the 

presence of H2O2 indicated that the [Cu(L1)2] 

complex cleaves circular supercoiled DNA into 

nicked DNA and linear DNA under aerobic 

conditions, whereas the [Cu(L2)2] complex breaks 

circular supercoiled DNA into solely nicked 

DNA. In the absence of H2O2, however, they 

demonstrated decreased nuclease activity. In the 

absence of a reducing agent, both copper 

complexes have some nuclease activity. For both 

copper(II) complexes, increasing the 

concentration of the complexes resulted in more 

significant DNA scission. It was also shown that 

at concentrations of up to 100 µM, [Cu(L1)2] fully 

destroys circular supercoiled DNA. Because it 

displays substantial DNA cleavage activity even 

in the absence of hydrogen peroxide, [Cu(L1)2] 

has superior nuclease activity than [Cu(L2)2]. In 

the presence of reducing agents, both complexes 

are capable of performing effective oxidative 

cleavage of DNA, and copper(II) ion plays a 

crucial part in the cleavage process. 
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Ionization Detector (GC-FID) 
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Abstract 

 

The use of pesticides provides benefits such as growing food products necessary for life, 

sustainability of production efficiency and prevention of diseases caused by pests. However, 

these benefits can turn into negative effects for humans and other living organisms with the use 

of pesticides in inappropriate doses and application methods. In this study, it was aimed to 

determine resmethrin, which belongs to the insecticide class, by gas chromatography-flame 

ionization detector (GC-FID) method. Hence, a suitable temperature program was utilized to 

determine resmethrin at a certain retention time. Limit of detection (LOD) and limit of 

quantification (LOQ) values were recorded as 0.02 and 0.08 mg/L under the proposed conditions, 

respectively. After corn silk sample was extracted using acetonitrile, analytical measurements 

were carried out to investigate the presence of resmethrin. There was no analytical signal detected 

that belonged to resmethrin in the analyzed sample. Recovery experiments were performed using 

external calibration method with spiked samples at three different concentrations and good 

percent recovery results were obtained between 93 and 97%. 

 

Keywords: Resmethrin, insecticide, pesticide, GC-FID, corn silk 
 

 

 

1. INTRODUCTION1 

 

The use of pesticides is quite common in 

agriculture to preserve crop quality and yield, 

and in public health to prevent various 

diseases. Consumption of chemical pesticides 

helps to increase the yield at harvest time by 

protecting the crops, but it causes negative 

effects on species other than target organisms 

[1, 2]. The production rate of pesticides 

increased considerably in the 1940’s as 

dichlorodiphenyltrichloroethane (DDT) 
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showed good results against insects that cause 

diseases such as typhus and malaria [3]. Over 

time, after understanding the toxic effects of 

DDT on living organisms, synthetic 

pyrethroids compounds were developed by 

British and Japanese chemists in the 1970s to 

meet the demand for a pesticide with better 

environmental properties and safer than DDT 

[1, 4]. Pesticides can be grouped into different 

classes based on the chemical type, target 

organisms, mechanism of action and type of 

application. According to their chemical types, 

they are categorized into four main groups  
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known as organochlorine pesticides, 

carbamate pesticides, pyrethroid pesticides and 

organophosphate pesticides [5-7]. Among the 

pesticides used for a variety of purposes, such 

as the protection of crops, fields, and trees, and 

the control of mosquitoes and other pests, 

pyrethroids insecticides are synthetic analogs 

of pyrethrin. The use of pyrethroids has 

gradually increased over the years with their 

prominent features such as low toxicity, 

resistance to environmental conditions and 

high insecticide activity [8]. Resmethrin, one 

of the first members of the synthetic 

pyrethroids, was synthesized as a mixture of 

four stereoisomers [9]. Resmethrin, which 

belongs to the Type 1 pyrethroid insecticide 

group for the control of insects, is generally 

used against mosquitoes and certain 

arthropods and whiteflies in agricultural 

activities [9, 10]. In addition, resmethrin plays 

an active role as a preventative against insects, 

especially in products such as flour, wheat, 

corn and cornmeal [11]. Like all pyrethroids, 

resmethrin causes changes in the electrical 

properties of insect neurosecretory neurons. 

When the insect is exposed to a pyrethroid 

member, neurons are rapidly and continuously 

stimulated and trembling begins, then this 

event ends in paralysis [12, 13]. According to 

USEPA, resmethrin is currently registered for 

use in vector control and public health studies 

to control pests such as mosquitoes, houseflies, 

and midges [14]. Considering the health 

effects of Resmethrin, it has been reported that 

it can cause toxic effects by inhalation, 

ingestion, and dermal contact [9]. In terms of 

aquatic organisms, resmethrin and its 

metabolites may pose an acute risk, as well as 

adversely affecting the reproductive and 

developmental activities of living things. 

Although terrestrial animals have low 

exposure rate to resmethrin, the risk is 

increased for non-target species such as 

honeybees [14]. Therefore, the 

qualitative/quantitative determination of 

resmethrin and other pesticide residues in food 

and environmental samples has a critical 

importance in preventing their effects on 

humans and other living organisms. 

 

Chromatography is a frequently used 

technique for the separation and determination 

of pesticides and other pollutants and is 

classified into liquid chromatography (LC) 

[15] and gas chromatography (GC) [16] 

according to the physical properties of the 

mobile phase used [17]. GC which is used as 

an effective separation of volatile organic 

compounds, is combined with different 

detectors such as thermal conductivity detector 

(TCD) [18], mass spectrometry (MS) [19], 

electron capture detector (ECD) [20], flame 

photometric detector (PID) [21], nitrogen 

phosphorus detector (NPD) [22] and flame 

ionization detector (FID) [18] for the 

determination of compounds with high 

accuracy and precision. A hydrogen flow 

mixed with carrier gas is used in the FID 

system. After the mixture is ignited, ionization 

occurs by burning the analytes. The ions 

formed are converted into current by the 

voltage between the flame jet and collector 

electrodes, and the signal is amplified and 

detected [23]. 

 

In this study, it was aimed to determine 

resmethrin by GC-FID in cornsilk matrix with 

high accuracy and precision. 

 

2. MATERIALS AND METHODS 

 

2.1. Instrumentation 

 

Separation and qualitative/quantitative 

determination of resmethrin was performed 

using an Agilent 6890N model gas 

chromatography (GC) system and a flame 

ionizer detector (FID). A Domnick Hunter 

model 40H hydrogen generator was employed 

to produce hydrogen gas, which was delivered 

to the system at a flow rate of 35 mL/min. 

Before detection of resmethrin, it was eluted 

through an HP-5MS column with a length of 

30 m, a film thickness of 0.25 µm, and an 
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inner diameter of 250 µm. The total run time 

was 5.7 min and it was achieved by employing 

the following oven temperature ramp program: 

45 °C/min from 100 °C (initial temperature) to 

200 °C and 55 °C/min to 280 °C (2.0 min hold 

time). The temperature of inlet port was set at 

250 °C and 1.0 µL of solutions were injected 

in splitless mode. Nitrogen was used as carrier 

gas at a flow rate of 2.2 mL/min. The retention 

time of resmethrin was determined by 

injecting different concentrations of standards 

into the GC-FID system. An ultrasonic bath 

(Alex Machine) and a vortex (ISOLAB) were 

used to mix the corn silk sample with 

acetonitrile. A centrifuge (Hettich) was used 

for easy separation of the liquid phase. 

 

2.2. Reagents 

 

High purity standard of resmethrin (10453-86-

8) was supplied from Dr. Erhrenstorfer 

(Augsburg – Germany) and dissolved in 

acetonitrile (Merck – Germany) to prepare a 

1000 mg/L stock solution. Standard solutions 

of resmethrin at different concentrations were 

prepared by gravimetrically diluting the stock 

solution in a vial with acetonitrile. Before and 

after injection, analytical grade ethanol (Merck 

– Germany) was used to wash the 10 µL GC 

syringe. 

 

2.3. Samples 

 

Corn silk sample was purchased from an 

herbal market in İstanbul, Türkiye. Firstly, the 

corn silks were cut into very small pieces with 

a sterile cutter to increase surface area. Then, 

0.50 g of the cut sample was weighed on a 

precision scale into a sample tube and 

acetonitrile was added so that the final weight 

was 5.0 g. Effective mixing was achieved by 

successively applying vortex mixing and 

sonication for 60 seconds. Then, the liquid 

phase was easily removed from the corn silk 

by centrifugation and filtration through a 0.45 

µm syringe filter. Spiked samples were 

prepared from extracted corn silk matrix at 

8.1, 16.2 and 40.2 mg/L concentrations. 

 

3. RESULTS AND DISCUSSION 

 

All standard solutions and samples were 

measured for triplicate to determine the 

precision and repeatability of the method. The 

average of peak areas of each measurement 

was used to get calibration plot. Percent 

recoveries of resmethrin were calculated from 

spiked samples to determine accuracy of the 

method. 

 

3.1. Qualitative / quantitative determination 

of resmethrin  

 

The operating conditions and temperature 

ramp program mentioned in Section 2.1 were 

used, and a total run time of 5.7 minutes was 

obtained for the elution of resmethrin. 

Measurements were performed for the 

calibration standard solutions prepared in the 

linear dynamic range of 0.10 – 163 mg/L. 

After the resulting peaks were integrated, the 

peak area values were used to develop a 

calibration plot that produced a coefficient of 

determination value equal to 1.000. The 

ChemStation software was used for data 

acquisition and evaluation of the signals and 

retention time of the analyte. The retention 

time for resmethrin was 4.8 min. The lowest 

concentration of the calibration plot of 

resmethrin (0.10 mg/L) was measured seven 

times to obtain the standard deviation values 

used to calculate the limit of detection (LOD), 

limit of quantification (LOQ) and percent 

relative standard deviation (%RSD) using the 

following formulas below: 

 

LOD= 3 x Std Dev / Slope   (1) 

 

LOQ= 10 x Std Dev / Slope   (2) 

 

System analytical performance values 

calculated for resmethrin are presented in 
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Table 1. The calibration plot had linearity over 

a wide concentration range for the 

determination of resmethrin. The low %RSD 

values obtained in each measurement indicated 

that the repeatability was satisfactory. All 

chromatograms obtained for the measurements 

are shown in Figure 1. 

 

Table 1 System analytical performances of 

GC-FID 

Analyte Resmethrin 

LOD, mg/L 0.02 

LOQ, mg/L 0.08 

Linear Range, mg/L 0.10 - 163 

Regression 

Coefficient 

1.0000 

Intra-day, %RSD 1.8 

Inter-day, %RSD 7.7 

 

 

 
 

 

 

3.2. Recovery experiments 

 

The constant use of pesticides to control pests 

on farmlands and protect/increase the yield of 

farm products increases the risk of exposure to 

humans and other living organisms. After 

harvest, it is possible to encounter pesticide 

residues in products offered for human 

consumption. The aim of the recovery tests 

was to determine the amount of resmethrin 

that can be accurately and precisely quantified 

when present in corn silk samples. Since 

resmethrin showed high solubility in 

acetonitrile, the extraction process was 

performed as described in Section 2.3. Firstly, 

the blank extract of the sample was analyzed 

by the GC-FID system to determine the 

presence of resmethrin, but no analytical 

signal was observed at the retention time. 

Then, the corn silk sample was spiked at 0.31, 

0.61, 8.1, 16.2 and 40.2 mg/L final 

concentrations. The percent recoveries 

calculated with the external calibration method 

under the proposed conditions are summarized 

in Table 2. 

 

Table 2 Percent recoveries for corn silk sample 

spiked at different concentrations 

Analyte 

Spiked 

Concentration, 

mg/L 

External 

Calibration 

Recovery ± 

Standard 

Deviation, % 

Resmethrin 

0.31 94.6 ± 3.3 

0.61 92.1 ± 2.3 

8.1 96.3 ± 2.5 

16.2 93.6 ± 1.8 

40.2 96.9 ± 2.0 

 

4. CONCLUSION 

 

In this study, a GC-FID analysis method was 

presented for the direct determination of 

resmethrin in corn silk samples. A suitable 

temperature program was used to elute the 

target analyte through the column within a 

short run time of 5.7 min. Percent recovery 

results calculated for the samples spiked at 

three different concentrations were in the 

range of 93.6 – 96.9%, and the relative 

standard deviation values recorded below 

2.5% certified good repeatability for the 

method. Compared to the limit values of a 

study reported in the literature, the proposed 

Figure 1 Overlay chromatograms of 

resmethrin calibration standards 
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method may be a good alternative for the 

determination of resmethrin with high 

accuracy [24]. 
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An Innovative Application On Supermarket Selection Through Using Intuitionistic 

Fuzzy TOPSIS Method 

 

 

Feride TUĞRUL*1 

 

Abstract 

Multi-criteria decision making methods have recently attracted the attention of researchers and 

have had a large share in multidisciplinary fields. In this study, using the intuitionistic fuzzy 

TOPSIS method, supermarket chains were evaluated in the consumer context and the most 

preferred supermarket was determined. Consumers' opinions were expressed using linguistic 

term. The reason why the intuitionistic fuzzy TOPSIS method is preferred; it is the ability of 

consumers to express their opinions easily, to take into account the undecided situations with 

the help of intuitionistic fuzzy sets, and thus to create an objective decision making mechanism.  

Keywords: Intuitionistic fuzzy sets, TOPSIS, market selection.  

 

1.INTRODUCTION 

Many scientists have been doing research 

on fuzzy and intuitionistic fuzzy sets for a 

long time. Zadeh defined fuzzy sets [1]; 

After fuzzy logic was defined, many 

researchers have been used fuzzy logic in 

both theoretical and application areas. 

Fuzzy logic provides serious convenience 

in many areas. When concepts such as 

sensitivity, indecision and hesitation came 

into play, it became clear that researchers 

needed a new field. Atanassov firstly 

defined intuitionistic fuzzy (IF) sets in 

response to these needs [2]. Since it 

eliminates uncertainty in many application 

areas, its use gives favorable results. 

 
* Corresponding author: feridetugrul@gmail.com 
1 Kahramanmaraş Sütçü İmam University 

ORCID: https://orcid.org/0000-0001-7690-8080 

 

Multi-criteria decision-making (MCDM) 

processes are a challenging processes for 

decision-makers. Because many factors 

come into play while making the decision. 

Decision-makers want to make decisions by 

considering all factors at the same time. 

Therefore, MCDM methods make it easier 

for decision-makers in many ways. Many 

methods were described and used by 

decision-makers so far; TOPSIS, 

PROMETHEE, ELECTRE, AHP, etc. 

In this study, the evaluation of supermarket 

chains, which are an important part of 

people's lives, in the context of consumers 

has been made. Shopping has a wide range 

of products such as food and beverage, 

cleaning materials, care products. In today's 

conditions, it is very convenient for people 
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to act by choosing the market that suits their 

needs. To provide this convenience; in this 

study, a MCDM mechanism was 

established in order to evaluate the markets 

according to the perspective and needs of 

the consumers. 

IF sets have been used to evaluate the 

situations in which consumers were 

undecided while reflecting their views. 

Consumers expressed their opinions about 

the markets with linguistic expressions, the 

values that these linguistic expressions 

correspond to as IF numbers are given in the 

tables. 

The basic idea of this study is as follows: 

First of all, the 3 most preferred 

supermarkets in Turkey have been 

determined. Afterward, the criteria 

affecting the market preferences have been 

determined and classified. First of all, 

consumers' opinions about these criteria 

have been taken. Afterward, consumers 

have been asked to evaluate the markets 

according to the criteria. Linguistic 

expressions in the tables created according 

to the comments of the consumers are 

expressed by intuitionistic fuzzy numbers. 

These values have been evaluated within 

the decision-making mechanism with the IF 

TOPSIS method, which has a high rate of 

preference among MCDM methods. 

According to the evaluation of the 

intuitionistic fuzzy TOPSIS method, a 

ranking has been made among the markets 

and the most preferred market has been 

determined in the context of consumers. 

Market selection and evaluation has 

attracted the attention of many researchers. 

There are various researches in this field, 

some of them are as follows: Market 

segment evaluation, e-marketplace 

selection, competitiveness of supermarket 

chains, market selection in international 

expansion, consumer market for business, 

opinion of supermarket's executives, market 

segment evaluation with CODAS method, 

VIKOR method with research on fresh 

fruit-vegetable sector, market evaluation 

using by AHP and COPRAS-G method, etc. 

[3-10] 

Today, most researchers have applications 

related to MCDM, especially in 

multidisciplinary fields. IF sets, TOPSIS, 

fuzzy TOPSIS and IF TOPSIS methods 

have been used by researchers both 

theoretically and in many application areas: 

Supplier selection, facility location 

selection, mobile phone selection, distance 

measure, developing new methods, 

renewable energy technologies, selecting 

school, furniture industry, departments' 

performances, selection of wind power 

plants, determination of physical conditions 

of schools, product concept selection, etc. 

[11-34]. 

In addition to these, innovative studies can 

be carried out in many fields by using IF 

sets and MCDM methods together; 

education, physics, geometry, algebraic 

structures, recycling, technology, and 

computers, etc. 

The choices of alternatives and criteria, 

calculation methods, ordering method, 

distance measure used, equations used in 

the method, intuitionistic fuzzy expressions 

and all calculations are explained in detail. 

 

1.1.Preliminaries 

Definition 1: [2, 35] Let 𝑋 ≠ ∅.  An 

intuitionistic fuzzy set 𝐴 in 𝑋; 

𝐴 = {〈𝑥, 𝜇𝐴(𝑥), 𝜈𝐴(𝑥)〉| 𝑥 𝜖 𝑋},           (1.1)                                                       

𝜇𝐴(𝑥), 𝜈𝐴(𝑥), 𝜋𝐴(𝑥): 𝑋 → [0,1]           (1.2)                                                  

defined membership, nonmembership and 

hesitation degree of the element 𝑥 ∈ 𝑋 

respectively.  
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𝜇𝐴(𝑥) + 𝜈𝐴(𝑥) + 𝜋𝐴(𝑥) = 1            (1.3)                                                             

 

The IF TOPSIS algorithm which are 𝑚 

alternatives and 𝑛 criteria is as follows [29]: 

 

Step 1 Linguistic terms are used when 

determining the importance of each DM. 

 

Table 1 Linguistic Terms for the 

Importance of DMs 

Linguistic Terms  IFNs 

Very Important  (0.8,0.1) 

Important (0.5,0.2) 

Medium (0.5,0.5) 

Bad (0.3,0.5) 

Very Bad (0.2,0.7) 

 

𝐿 = 𝑙1, 𝑙2, … , 𝑙𝑛 is set of decision makers. 

𝐷𝑙 = [𝜇𝑙, 𝜈𝑙, 𝜋𝑙] is calculated as follows 

[36]: 

𝜆𝑙 =
[𝜇𝑙+𝜋𝑙(

𝜇𝑙

𝜇𝑙+𝜈𝑙
)]

∑ [𝜇𝑙+𝜋𝑙(
𝜇𝑙

𝜇𝑙+𝜈𝑙
)]𝑘

𝑙=1

                 (1.4)                                                     

 

𝜆1 ∈ [0,1] and ∑ 𝜆𝑙𝑘
𝑙=1 = 1.  

 

Step 2 The importance of the criteria (𝑊) is 

determined in linguistic terms depending on 

the views of the DMs:  

 

Table 2 Linguistic Terms for Rating the 

Criterion 

Linguistic Terms  IFNs 

Very Important  (0.9,0.1) 

Important (0.75,0.2) 

Medium (0.5,0.45) 

Unimportant (0.35,0.6) 

Very Unimportant (0.1,0.9) 

 

When calculating the weights of the criteria, 

The IFWA operator is used [37]. According 

to linguistic terms in Table 2, the weight of 

criteria is calculated as: 

 

 𝑤𝑗 = 𝐼𝐹𝑊𝐴𝑟𝜆(𝑤𝑗
(1)

, 𝑤𝑗
(2)

, … , 𝑤𝑗
(𝑙)

) 

= 𝜆1𝑤𝑗
(1)

⊕ 𝜆2𝑤𝑗
(2)

⊕, … ,⊕ 𝜆𝑘𝑤𝑗
(𝑘)

 

       = [1 − ∏ (1 −𝑘
𝑙=1

 𝜇𝑖𝑗
(𝑙)

)
𝜆𝑙

, (∏ (𝜈𝑖𝑗
(𝑙)

)
𝜆𝑙

𝑘
𝑙=1 ) , ∏ (1 −𝑘

𝑙=1

           𝜇𝑖𝑗
(𝑙)

)
𝜆𝑙

− ∏ (𝜈𝑖𝑗
(𝑙)

)
𝜆𝑙

𝑘
𝑙=1 ]           (1.5) 

 

Step 3 Determine IF Decision Matrix 

(IFDM). In Table 3, the IF corresponding 

values of linguistic terms are given. These 

values are used when calculating the 

weights of the alternatives:  

 

Table 3 Linguistic Terms for Rating the 

Alternatives 

Linguistic Terms  IFNs 

Very Good (VG) (1.00,0.00) 

Good (G) (0.85,0.05) 

MediumGood (MG) (0.70,0.20) 

Fair (F) (0.50,0.50) 

Medium Poor (MP) (0.40,0.50) 

Poor (P) (0.25,0.60) 

Very Poor (VP) (0.00,0.90) 

  

The Aggregated Intuitionistic Fuzzy 

Decision Matrix (AIFDM) is obtained [37]. 

𝑅𝑙 = (𝑟𝑖𝑗
(𝑙)

)𝑚∗𝑛 is the IFDM of each DM.  

𝜆 = 𝜆1, 𝜆2, … , 𝜆𝑘 is the weight of the DM.  

𝑅 = (𝑟𝑖𝑗)𝑚′×𝑛′ 

  𝑟𝑖𝑗 = 𝐼𝐹𝑊𝐴𝑟𝜆(𝑟𝑖𝑗
(1)

, 𝑟𝑖𝑗
(2)

, … , 𝑟𝑖𝑗
(𝑙)

) 

        = 𝜆1𝑟𝑖𝑗
(1)

⊕ 𝜆2𝑟𝑖𝑗
(2)

⊕, … ,⊕ 𝜆𝑘𝑟𝑖𝑗
(𝑘)

          

     = [1 − ∏ (1 −𝑘
𝑙=1

𝜇𝑖𝑗
(𝑙)

)
𝜆𝑙

, (∏ (𝜈𝑖𝑗
(𝑙)

)
𝜆𝑙

𝑘
𝑙=1 ) , ∏ (1 −𝑘

𝑙=1

𝜇𝑖𝑗
(𝑙)

)
𝜆𝑙

− ∏ (𝜈𝑖𝑗
(𝑙)

)
𝜆𝑙

𝑘
𝑙=1 ]             (1.6) 

 

Step 4 The 𝑆 matrix is created. 𝑊 with 

respect to IFDM (𝑅) are defined as follows:  

         𝑆 = 𝑅 × 𝑊 

𝑅⨂𝑊 = (𝜇𝑖𝑗
′ , 𝜈𝑖𝑗

′ ) 

              = {〈𝜇𝑖𝑗 × 𝜇𝑗, 𝜈𝑖𝑗 + 𝜈𝑗 − 𝜈𝑖𝑗 × 𝑣𝑗〉} 

(1.7)                    

 

Step 5  𝐽1 is the benefit criteria and   𝐽2  is 

the cost criteria. 𝐴+ is the IF positive ideal 

solution and 𝐴− is the IF negative ideal 
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solution. Then 𝐴+ and 𝐴− are obtained as 

follows:  

 

𝐴+ = (𝑟1
′∗, 𝑟2

′∗, … , 𝑟𝑛
′∗), 𝑟𝑗

′∗ = (𝜇𝑗
′∗, 𝜈𝑗

′∗, 𝜋𝑗
′∗),

𝑗 = 1,2, … , 𝑛                    (1.8) 

𝐴− = (𝑟1
′−, 𝑟2

′−, … , 𝑟𝑛
′−), 𝑟𝑗

′−

= (𝜇𝑗
′−, 𝜈𝑗

′−, 𝜋𝑗
′−) 

𝑗 = 1,2, … , 𝑛                    (1.9) 

Where  

𝜇𝑗
′∗ = {(max

𝑖
{𝜇𝑖𝑗

′ } 𝑗 ∈ 𝐽1) , (min
𝑖

{𝜇𝑖𝑗
′ } 𝑗

∈ 𝐽2)} 

𝜈𝑗
′∗ = {(min

𝑖
{𝜈𝑖𝑗

′ } 𝑗 ∈ 𝐽1) , (max
𝑖

{𝜈𝑖𝑗
′ } 𝑗

∈ 𝐽2)} 

 

𝜇𝑗
′− = {(min

𝑖
{𝜇𝑖𝑗

′ } 𝑗 ∈ 𝐽1) , (max
𝑖

{𝜇𝑖𝑗
′ } 𝑗

∈ 𝐽2)} 

 

𝜈𝑗
′− = {(max

𝑖
{𝜈𝑖𝑗

′ } 𝑗 ∈ 𝐽1) , (min
𝑖

{𝜈𝑖𝑗
′ } 𝑗

∈ 𝐽2)} 

 

Step 6 Many distance measures have been 

defined on IF sets [38, 39]. In this step of 

the study, unlike other methods, the 

normalized Hamming measure will be used. 

Studies have shown that the normalized 

Hamming measure is the most sensitive 

measure of distance compared to other 

distance measures. Therefore, in this study, 

the normalized Hamming distance measure 

was used. Through the positive and 

negative ideal solutions, 𝑆𝑖
+ and 𝑆𝑖

− 

respectively, the separation measures of the 

alternatives are determined. 

 

 𝑆𝑖
+ =

1

2𝑛
∑ [|𝜇𝑖𝑗

′ − 𝜇𝑖𝑗
′∗ | + |𝜈𝑖𝑗

′ − 𝜈𝑖𝑗
′∗ | +𝑛

𝑖=1

|𝜋𝑖𝑗
′ − 𝜋𝑖𝑗

′∗ |]                    (1.10) 

 

𝑆𝑖
− =

1

2𝑛
∑ [|𝜇𝑖𝑗

′ − 𝜇𝑖𝑗
′− | + |𝜈𝑖𝑗

′ − 𝜈𝑖𝑗
′− | +𝑛

𝑖=1

|𝜋𝑖𝑗
′ − 𝜋𝑖𝑗

′− |]                  (1.11) 

Step 7 The closeness coefficient between 

the positive ideal solution and the negative 

ideal solution is calculated by the formula: 

 

𝐶𝑖
∗ =

𝑆𝑖
−

𝑆𝑖
++𝑆𝑖

−,                 (1.12) 

                                                 

 and    0 ≤ 𝐶𝑖
∗ ≤ 1. The resulting value is 

ranked from largest to smallest. A larger 𝐶𝑖
∗ 

value indicates better alternative. 

 

2. SUPERMARKET SELECTION 

USING THE IF TOPSIS METHOD 

 

In this study, the 3 most preferred chain 

supermarkets in Turkey have been 

discussed. These supermarkets have been 

evaluated according to certain criteria by 

consumers. From many aspects, 

supermarkets have a very important role in 

people's lives. Chain supermarkets, on the 

other hand, are designed to serve the needs 

of people.  

 

Supermarkets have been evaluated 

according to the opinions of consumers. IF 

sets have been used in order to consider all 

the ideas of the consumers while 

determining the opinions of the consumers. 

It is aimed to reflect the ideas of consumers 

in the most objective way, taking into 

account the undecided situations as well as 

positive and negative ideas. By using the IF 

TOPSIS method together with the IF sets, 

the distances to both the positive ideal 

solution and the negative ideal solution 

have been calculated, and a ranking has 

been made between the alternatives thanks 

to the closeness coefficient. 

 

In this study; alternatives represent the 

markets and the criteria represent the issues 

that the markets pay attention to when 

choosing according to the consumers. 

Alternatives, criteria and explanations 

about them are as follows:  

𝑀 = {𝑀1, 𝑀2, 𝑀3} is the set of alternatives, 

namely, supermarkets. 𝐶 =
{𝐶1, 𝐶2, 𝐶3, 𝐶4, 𝐶5, 𝐶6} is the set of criteria.  

 

𝐶1: Product quality 

• Fresh produce 

• Not selling defective products 
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• Paying attention to the expiry date 

of the products 

 

𝐶2: Accessibility 

• Excess number of branches 

• Easy to reach the location 

• No traffic, no parking problems 

 

𝐶3: Product variety 

• Easy access to every product 

• Wide range of products 

• Brand diversity  

 

𝐶4: Economic 

 

𝐶5: Access to products in the Market 

• Number of employees 

• Slabs, signboards for product 

promotion 

 

𝐶6: The atmosphere of the market 

• Hygiene 

• Organized shelves 

• Fresh environment 

While determining the criteria for choosing 

supermarket chains, the concept of 

competition is remarkable for consumers. 

According to Levy and Weitz, they 

identified important factors affecting 

competition in the retail industry [40, 41]  

The steps of applying the IF TOPSIS 

method to the alternatives and criteria 

mentioned above and explained in detail are 

as follows: 

 

 

Step 1: There are 2 DMs in this study. 

Decision maker 1 (𝐷𝑀1): Consumer, 

Decision maker 2 (𝐷𝑀2): Consumer. After 

determining the importance of DMs with 

linguistic variables according to Table 1; 

the importance of the 𝐷𝑀1  is “very 

important” and the importance of the 𝐷𝑀2 

is “important”. It has been converted into 

numerical data with the help of equation 

1.4: 

 

Numerical values of 𝐷𝑀1’s importance 

weight:  0,55 

Numerical values of 𝐷𝑀2’s importance 

weight: 0,45 

 

Step 2: Linguistic values have been 

assigned to each criterion by the decision 

makers and the importance values of the 

criteria were determined as linguistic 

expressions. Many different methods could 

be used when calculating weights of the 

criteria. One of the effective methods 

among these methods is controlled sets 

[42]. In this study, it has been preferred to 

use linguistic expressions. Table 4 

represents the degree of importance of the 

criteria determined based on the opinions of 

the decision makers. Assigned numeric 

values to the linguistic expressions have 

been determined with the help of 

intuitionistic fuzzy numbers in Table 2.  

Using of Equation 1.5, weights of criteria 

are  obtained values are shown in Table 5.  

 

Table 4 Importance weights of criteria 

based on DMs opinion 

 𝐷𝑀1 𝐷𝑀2 

𝐶1 VI VI 

𝐶2 M U 

𝐶3 VI I 

𝐶4 I VI 

𝐶5 I M 

𝐶6 I I 

 

 

Table 5 Weights of criteria 

𝐶1 (0.90, 0.10) 

𝐶2 (0.44, 0.52) 

𝐶3 (0.85, 0.14) 

𝐶4 (0.83, 0.15) 

𝐶5 (0.66, 0.29) 

𝐶6 (0.75, 0.20) 

 

The importance of the alternatives for each 

criterion has been determined by the DMs 

according to the linguistic expressions in 

Table 3 and has shown in Table 6. 
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Step 3: AIFDM has been calculated using 

by Equation 1.6.  R matrix is obtained in 

Table 7. 

 

Step 4: S matrix is obtained with the help 

of Equation 1.7. S matrix is obtained in 

Table  8.

 

 
 

 

 

 

Table 7 R Matrix 

 𝐶1 𝐶2 𝐶3 𝐶4 𝐶5 𝐶6 

       

𝑀1 (0.850, 0.050) (0.602, 0.332) 

 

(1.000, 0.000) (0.850, 0.050) (0.400,0.500) (0.321, 0.553) 

 

𝑀2 (0.780, 0.108) 

 

(1.000, 0.000) (0.780, 0.108) (1.000, 0.000) (1.000, 0.000) (0.780, 0.108) 

𝑀3 (1.000,0.000) (0.500,0.500) (1.000,0.000) (0.400,0.500) (0.400,0.500) (1.000,0.000) 

 

Table 8 S Matrix 

 𝐶1 𝐶2 𝐶3 𝐶4 𝐶5 𝐶6 

       

𝑀1 (0.765, 0.145) (0.264, 0.674) 

 

(0.850,0.136) (0.709, 0.189) (0.264, 0.644) (0.241, 0.643) 

 

𝑀2 (0.702, 0.197) 

 

(0.438, 0.512) (0.662, 0.229) (0.834, 0.147) (0.659, 0.287) (0.585, 0.286) 

𝑀3 (0.900,0.100) (0.219, 0.756) (0.849, 0.136) (0.334, 0.573) (0.264, 0.644) (0.750, 0.200) 

 

 

Step 5:  The IF positive 𝐴+ and negative 

ideal solution 𝐴− are obtained using by 

Equation 1.8 and 1.9 in Table 9 and Table 

10 respectively:  

 

Table 9 The IF positive ideal solution 𝐴+ 

𝐴+  

𝐶1 (0.900, 0.100) 

𝐶2 (0.438, 0.512)  

𝐶3 (0.849, 0.136) 

𝐶4 (0.834, 0.147) 

𝐶5 (0.659, 0.287) 

𝐶6 (0.750, 0.200) 

 

 

 

 

Table 10 The IF negative ideal solution 𝐴− 

                         𝐴− 

𝐶1 (0.702, 0.197) 

𝐶2 (0.219, 0.756) 

𝐶3 (0.663, 0.229) 

𝐶4 (0.334, 0.574) 

𝐶5 (0.264, 0.644) 

𝐶6 (0.241, 0.643) 

 

Step 6-7: Separation measures, namely, 

positive ideal solution 𝑆+ and negative ideal 

solution 𝑆− are obtained using by 

normalized Hamming distance measure 

(with by Equation 1.10 and 1.11). Also, The 

closeness coefficient 𝐶İ
∗ between the 

positive ideal solution and the negative 

Table 6 Importance of alternatives 

according to DMs 

 𝐶1 𝐶2 𝐶3 𝐶4 𝐶5 𝐶6 

𝐷𝑀1       

𝑀1 G F VG G MP P 

𝑀2 MG G MG G G MG 

𝑀3 VG F VG MP MP VG 

𝐷𝑀2       

𝑀1 G MG VG G MP MP 

𝑀2 G VG G VG VG G 

𝑀3 G F VG MP MP G 
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ideal solution is calculated using by 

Equation 1.12 in Table 11 and shown in 

Figure 1.  

 

Table 11 Separation measures and 

closeness coefficient values 

 𝑆+ 𝑆− 𝐶İ
∗ 

𝑀1 0.22325 0.11937 0.34840 

𝑀2 0.09177 0.24942 0.73102 

𝑀3 0.19004 0.14911 0.43967 

 

 
Figure 1 The Closeness Coefficient Values 
 

When the values in Table 11 are examined, 

For the alternative to be good, the closeness 

coefficient is expected to be high. In other 

words, as the closeness coefficient value 

increases, the success of that alternative 

among all alternatives increases. 

Accordingly, the ranking among the 

alternatives is as follows: 𝑀2 − 𝑀3 − 𝑀1.  

 

According to this MCDM mechanism, 

which is prepared based on the opinions of 

consumers; the most preferred market is the 

𝑀2 market. In addition, according to 

consumers, the 𝑀3 market is more preferred 

than the 𝑀1 market. 

 

 

3.CONCLUSION AND SUGGESTION 

 

In this study, an application was made to the 

selection of supermarket chains in the 

context of consumers by using the 

intuitionistic fuzzy TOPSIS method. 

Purpose of the study; to evaluate the 

supermarket chains, which is a highly 

competitive market, according to the 

opinions of the consumers and to determine 

the most preferred market. For this purpose, 

consumers' ideas were evaluated as 

linguistic expressions and expressed with 

intuitionistic fuzzy numbers. According to 

this system, which is created by considering 

the needs, wishes and preferences of the 

consumers, the competition between the 

markets is reflected in the consumer. 

Supermarket chains should act in this 

direction by determining the factors that 

consumers pay special attention to in 

market selection. 

 

By using the IF TOPSIS method, the 

distance to both the positive and negative 

ideal solution was calculated. While 

calculating the separation measures 

between the positive and negative ideal 

solutions, the normalized Hamming 

measure was used. According to the 

calculated closeness coefficient, a ranking 

was obtained among the markets from the 

best to the worst, and the most preferred 

market was determined. 

 

If want to talk about another advantage of 

this method; it is very difficult for decision-

makers to always express their views with 

numerical values. Therefore, decision-

makers may both feel better and make more 

objective comments when expressing their 

ideas in linguistic terms. For these reasons, 

advantageous results were emerged by 

making use of the IF TOPSIS method, 

which gives decision-makers the chance to 

express their ideas in linguistic terms. 

 

This study is an exemplary study in the 

multidisciplinary field. The method used in 

the study; it may be used in all application 

areas. This method will guide researchers 

who want to use an algorithm based on the 

ideas of decision makers while selecting, 

evaluating and ranking by using a MCDM 
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mechanism. In the continuation of this 

study; a more comprehensive study may be 

obtained with different market chains. The 

IF TOPSIS method may be compared with 

other MCDM methods such as 

PROMETHEE, ELECTRE, AHP, etc. The 

criteria may be expanded by making a study 

on the factors of preference of supermarket 

chains. 
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Keyframe Extraction Using Linear Rotation Invariant Coordinates 
 

 

Hasan MUTLU*1, Ufuk ÇELİKCAN1 

 

 

Abstract 

 

Keyframe extraction is a widely applied remedy for issues faced with 3D motion capture -based 

computer animation. In this paper, we propose a novel keyframe extraction method, where the 

motion is represented in linear rotation invariant coordinates and the dimensions covering 95% of 

the data are automatically selected using principal component analysis. Then, by K-means 

classification, the summarized data is clustered and a keyframe is extracted from each cluster based 

on cosine similarity. To validate the method, an online user study was conducted. The results of 

the user study show that 45% of the participants preferred the keyframes extracted using the 

proposed method, outperforming the alternative by 6%. 

 

Keywords: Keyframe extraction, linear rotation invariant coordinates, motion data summarization 

 

 

 

1. INTRODUCTION 

 
In today's world, motion capture technology is 

used in many areas, especially in movies and 

video games. At the same time, editing and 

transmission of motion capture data are still 

difficult due to large data sizes. Hence, 

representing motion capture data compactly 

continues to be a vital consideration of 

research. 

  

Skeletal animation is the most effective and 

commonly used technique of exploiting motion 

capture data. Skeletal animation consists of two 

parts, a mesh and a hierarchical set of bones. 

The mesh part contains surface (skin) 

information of the character to be rendered, 
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1 Hacettepe University 

ORCID: https://orcid.org/0000-0001-8686-6988, https://orcid.org/0000-0001-6421-185X 

E-mail: ufuk.celikcan@gmail.com 

while animation is realized with the spatio-

temporal information by the latter. As skeletal 

animation is performed, the technique fills the 

gap between two keyframes with interpolation 

on the timeline. Although skeletal animation 

provides a solution to represent motions 

compactly, frame counts remain 

problematically large for processing, storing 

and editing. As a remedy, keyframe extraction 

has been a widely applied solution for issues 

faced in motion capture -based skeletal 

animation.  

  

A keyframe extraction method must be capable 

of sorting out significant keyframes from the 

others. Also, to improve the success rate of the 

solution, deriving the characteristics of vertices 
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concerning both the vertex itself and its 

neighbor vertices is important. For these 

reasons, we argue that representing vertices of 

joints in alternative coordinate systems and 

processing the motion data accordingly can 

provide a better solution. 

 

In this article, we propose a novel keyframe 

extraction approach. In our approach, we 

represent the joints in the frames with linear 

rotation invariant (LRI) coordinates [1], apply 

principal component analysis (PCA) [2] to 

reduce the data dimension and extract summary 

data of each keyframe. Then, we divide them 

into clusters with the K-means algorithm [3] 

and select keyframes according to cosine 

similarity concerning adjacent keyframes. 

Also, we examine the performance effect of 

LRI transformation on our method against 

using regular Cartesian coordinates without 

LRI. 

  

The structure of this paper is as follows: Section 

2 gives a review of prior work on the subject 

matter. After that, we detail our solution and 

provide experimental results collected with our 

online user study in Sections 3 and 4, 

respectively. Finally, Section 5 concludes the 

paper. 

 

2. RELATED WORK 

 
There have been a number of different 

approaches for keyframe extraction. These 

previous methods either convert the motion 

data into various spaces, use motion/frame data 

as trajectory/motion curves, apply clustering 

algorithms, handle a matrix factorization 

problem, or solve a kind of machine learning 

problem with a genetic algorithm. 

  

Representing skeletal animations in different 

spaces can provide the facility to determine the 

difference between frames. The method by 

Kapadia et al. [4] indexes the motion data in a 

trie-based structure according to structural, 

geometrically, and dynamic features. This trie-

based structure contains most salience 

keyframes of the animation. Jin et al.'s method 

[5] focuses on determining the saliency of the 

frames. The method computes the saliency of 

each frame and selects groups from these 

frames. After this step, the solution uses a non-

linear dimension reduction algorithm and 

extracts keyframes. The method proposed by 

Voulodimos et al. [6] creates physics-based 

temporal summaries and determines different 

keyframes, while Sapinski et al.'s method [7] 

defines a new representation using the spatial 

location and orientation of the keyframe joints 

and selects keyframes from this representation. 

Xia et al. [8] defines a joint kernel sparse 

representation, and the algorithm determines 

the sparseness of the frames and then decides 

keyframes according to the calculated 

sparseness value. Choensawat et al. [9] 

introduced an algorithm named GENLABAN 

by which they calculate a score for each frame 

by analyzing body motion, body postures, and 

weight of the body parts. With these scores, the 

algorithm extracts keyframes. 

  

Solutions based on trajectory or motion curves 

convert skeletal animation to a curve and then 

apply their algorithms to this curve. Miura et al. 

[10] combines curve-simplification and 

Bayesian information criterion to extract 

keyframes from given motion capture data. 

After the algorithm generates the motion curve, 

the method divides the curve into two segments 

at the point most distant from the straight line 

connecting the endpoints. For the calculated 

error between the curve and simplified line, the 

method uses the Bayesian information criterion 

to select keyframes. Bulut and Capin [11] 

defined a metric named curve saliency. The 

solution detects salient parts of the curve and 

uses Gaussian weighted average value 

distribution to select keyframes. In the method 

by Togawa and Okuda [12], after the joints in 

the animation are converted into curves, the 

algorithm calculates the cost value for all 

frames and conducts elimination of frames 
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accordingly. These steps repeat until the most 

important keyframes remain. The algorithm by 

Yang et al. [13] applies Butterworth filtering 

and PCA to the input data and then selects 

keyframes with zero-crossing points of 

velocity. Zhang et al.'s method [14] creates 

motion curves from the amplitudes of motion of 

joints, applies PCA, defines a distance 

characteristic curve, and eventually uses this 

curve to extract keyframes. The method 

proposed by Halit and Capin [15] defined a 

metric named 'motion saliency'. With this 

metric, their method analyzes the motion curve 

of the animation and extracts keyframes. 

  

In contrast, clustering-based approaches 

convert skeletal animation into a different 

dimension and handle the task as a type of 

shortest-path problem. One such method by 

Roberts et al. [16] simplifies the motion frames 

by around 10% while retaining most of its 

detail. The method considers each frame as a 

node in a weighted graph and calculates the 

weights of the graph with the perpendicular 

distance between joint positions in each node 

(frame). After these calculations, the algorithm 

selects the nearest N keyframes according to 

weights. Sun et al.'s method [17] defines the 

inter-frame similarity metric based on a group 

of motion joints and uses affine propagation 

clustering to extract keyframes. Qiang Zhang et 

al.'s method [18] uses an unsupervised 

clustering algorithm to divide frames into two 

classes by similarity distances and, in the last 

step, uses dynamic clustering ISODATA to 

centralize similar frames and eliminate them. 

  

Matrix factorization solutions represent given 

skeletal animation data as matrices. The 

algorithm by Huang et al. [19] provides a 

solution handled as a constrained matrix 

factorization problem with a least-squares 

optimization technique. This method represents 

the animation as matrices that contain key 

weights and non-keyframe weights. The 

algorithm uses these two matrices to extract 

keyframes according to user-specified error 

tolerance iteratively. 

  

Machine learning solutions often use genetic 

algorithms to determine keyframes from the 

animation data. For instance, the method by 

Zhang et al. [20] uses a multiple-population-

based genetic algorithm and defines a fitness 

method to meet minimizing the reconstruction 

error to select keyframes. Liu et al.'s method 

[21] uses genetic optimization algorithms and 

calculates the sparseness of the frames for 

determining keyframes. 

 

3. METHOD 

 
Although our method uses a clustering 

approach, unlike other solutions, it applies LRI 

and PCA methods before the clustering process. 

Applying LRI and PCA algorithms summarizes 

the characteristic information of each 

keyframe. Also, our solution makes use of the 

cosine similarity measure to estimate similarity 

between summarized keyframes.  

     

Our proposed method consists of two main 

steps. The first step comprises representing 

skeletal motion frames in LRI local frames and 

dimension reduction by applying PCA. At the 

end of the first step, we get summarized data for 

each frame in the motion data. For the second 

step, we divide obtained data from the first step 

into clusters with the K-means algorithm. Then 

we use cosine similarity to determine the 

selected keyframe for each cluster. 

  

In the following,𝐴 = (𝐹1,𝐹2,, 𝐹3,, … , 𝐹𝑘) defines 

a skeletal motion where k is the keyframe count 

of the motion and F defines a keyframe of a 

skeletal motion such that 𝐹𝑖 = (𝑗1, 𝑗2, 𝑗3 … , 𝑗𝑛), 

𝑗𝑛∈ 𝑅3 where n is the number of joints j in the 

skeleton model so that 𝐹𝑖 defines the set of joint 

positions for the ith keyframe of the given 

motion. 
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As mentioned above, our solution O(A) outputs 

(𝐶1
1, 𝐶2

1, 𝐶3
1, 𝐶𝑛

1, 𝐶1
2, 𝐶2

2, 𝐶3
2, … , 𝐶𝑛2

2 , … , 𝐶𝑛𝑚
𝑚 ) 

where O applies LRI, PCA, and K-means 

algorithms, respectively over A. C defines a 

cluster in the result that contains summarized 

data for each keyframe in the same order after 

applied LRI conversion and PCA algorithm. m 

is the total number of clusters. 𝑛𝑖 is the element 

count of the 𝑖𝑡ℎ cluster. Accordingly, 𝑛𝑚 is the 

element count of the related extracted cluster. 

  

After obtaining clusters from the first step, we 

use cosine similarity S as a measure of detecting 

similarity between two summarized keyframes 

for the clusters of summarized keyframes as 

follows. 

 

𝑆(𝑋, 𝑌)  =  
∑ 𝑋𝑛

3
𝑛=1  × 𝑌𝑛

√∑ 𝑋𝑛
23

𝑛=1 ×√∑ 𝑌𝑛
23

𝑛=1

                        (1)                                    

 

Our algorithm selects a keyframe from the 

obtained cluster iteratively. To accomplish that, 

we define two vectors for each iteration. The 

first vector is the difference between the 

candidate summarized frame data and the 

previous one. The second vector is the 

difference between the next one and the 

candidate summarized frame data. With these 

two vectors, our algorithm gathers information 

about the motion changes. If these vectors are 

similar, that means these frames are also 

similar. For this reason, initially, the algorithm 

determines the second summarized keyframe 

𝐶𝑚
2  as the first candidate keyframe where m is 

the iterating cluster in the algorithm and 

calculates two vectors using that. The first one 

of these is 𝑣1 = 𝐶𝑚
𝑖 − 𝐶𝑚

𝑖−1 where i is the 

iterating (candidate) summarized keyframe. 

The equation gives the difference between the 

candidate summarized keyframe and the 

previous one. The second one 𝑣2 = 𝐶𝑚
𝑖+1 − 𝐶𝑚

𝑖  

is the difference between next one and 

candidate summarized keyframe. With these 

two vectors, the first similarity value σ 

initialized by using the Equation 1 above as 

 

𝜎 = 𝑆(𝑣1, 𝑣2)                                                               (2) 

 

and the selected pose sp is initialized as 2. 

 

After this initialization, σ will be updated when 

the new similarity in the processed iteration is 

less than the current value. The algorithm tries 

to find the keyframe that has the least similarity 

with the rest iteratively, as follows. 

 
(𝑠𝑝, 𝜎) =

{
𝑠𝑝 = 𝑖, 𝜎 = 𝑆(𝑉𝑖−1

𝑐 , 𝑉𝑖+1
𝑐 ), 𝑖𝑓 𝑆(𝑉𝑖−1

𝑐 , 𝑉𝑖+1
𝑐 ) ≤ 𝜎

𝑟𝑒𝑠𝑢𝑚𝑒              , 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒
}             

                                                                      (3) 

 

In this equation, 𝑉𝑖−1
𝑐  defines the vector 

difference between the current summarized 

keyframe in the iteration and the previous one 

in the cluster c. Similarly, 𝑉𝑖+1
𝑐  defines the 

vector difference between the current 

summarized keyframe in the iteration and the 

next one in the related cluster c. 

 

3.1. Representing Motion as LRI Local 

Frames 

 

As a representation, LRI defines a separate 

local frame for each vertex, where the discrete 

forms encode the relationship and change 

between adjacent local frames. A local frame 

contains all characteristic properties of the 

vertex it belongs to and encodes properties 

relative to the neighboring vertices. 

  

LRI defines two discrete forms. The first 

discrete form is for the projections of the 

neighboring vertices into the tangent plane of 

the vertex. It also denotes lengths of the 

projected edges on the tangent plane and signed 

angles between every two adjacent projected 

edges. The first discrete form provides 

invariability for positions of vertices, but it 

lacks information in the normal direction of 

neighboring vertices. For this reason, LRI also 

provides a second discrete form. The second 

discrete form can be considered as a function 

that defines height distances from vertex to 
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tangent plane. LRI calculates unit vectors as the 

differences of these discrete forms of neighbor 

vertices. In the last step, LRI uses only the 

coefficients of this calculation to represent 

meshes. 

  

The critical feature of the LRI representation is 

that the vertices of a given mesh are represented 

in relative coordinates using these specified 

local frames. Because this relative definition 

contains no global information about the mesh's 

location or orientation, it also ensures 

invariance under rigid transformations. 

 

For the discrete equations, vertices are denoted 

by 𝑥𝑖, their corresponding positions in 𝑅3 are 

denoted by �̂�𝑖. The edge towards the 𝑘𝑡ℎ 

neighbor of i is 𝑥𝑘
𝑖 . Mesh edges in 𝑅3 are 

denoted by �̂�𝑘
𝑖 , and their projection onto the 

tangent plane by �̃�𝑘
𝑖 . Each vertex and their 

neighboring vertices are parameterized as 𝑈𝑖 

and triangles are denoted by △k
i  for defined set 

Ui consisting of vertices 𝑥𝑖, 𝑥𝑘
𝑖  and 𝑥𝑘+1

𝑖 . The 

first discrete form uses the standard inner 

product of triangles corresponding in the 

tangent plane 𝑇𝑖𝑀. Let μ = μ1𝑥𝑘
𝑖 + μ2𝑥𝑘+1

𝑖  be 

a vector in △𝑘
𝑖 . Here, μ1 and μ2 are the vector 

components of the defined triangle. According 

to this equation, μ becomes the diagonal vector 

of the triangle. 

 

 
Figure 1 Representing 1-ring neighborhood mesh 

and tangent plane 

 

The first discrete form equation is given as 

 

𝐼(. ): ⋃ △𝑘
𝑖

𝑑𝑖−1

𝑘1

→ 𝑅.                                                                   (4) 

 

where 

 

𝐼(μ) = ⟨μ, μ⟩𝑅𝟛 = ⟨μ1𝑥𝑘
�̃� + μ2𝑥𝑘+1

�̃� , μ1𝑥𝑘
�̃� +

μ2𝑥𝑘+1
�̃� ⟩

𝑅𝟛 = μ1
2𝑔𝑘,𝑘

�̃� + 2μ1μ2𝑔𝑘,𝑘+1
�̃� +

μ2
2𝑔𝑘+1,𝑘+1

𝑖̃                              

                                                                      (5)    

 

and the second discrete form equation is given 

as 

 

𝐼�̃�(. ): ⋃ △𝑘
𝑖

𝑑𝑖−1

𝑘1

→ 𝑅.                                                                    (6) 

 

where 

 

𝐼𝐼�̃�(μ) ≔ μ1⟨𝑥𝑘
�̂� , 𝑁𝑖⟩

𝑅𝟛 + μ2⟨𝑥𝑘+1
�̂� , 𝑁𝑖⟩

𝑅𝟛 =

μ1𝐿𝑘
�̃� + μ2𝐿𝑘+1

�̃�                                                    (7)                                                                            

 

in which the coefficients �̃� = ⟨𝑥𝑘
�̃� , 𝑁𝑖⟩

𝑅𝟛 and 𝑁𝑖 

is the normal of the vertex i in the tangent plane. 

LRI defines the local frame with a triplet 

𝑏1
𝑖 , 𝑏2

𝑖 , 𝑁𝑖 using these two discrete forms, where 

𝑏1
𝑖 ∈ 𝑇𝑖𝑀 is a unit vector parallel to 𝑥1

�̃� , 𝑏2
𝑖  is a 

unit vector orthogonal to 𝑥1
�̃�  and δ is the 

difference operator on the discrete frame 

vectors: 

 

δ𝑗(𝑏1
𝑖 ) = 𝑏1

𝑗
− 𝑏1

𝑖                                                (8) 

δ𝑗(𝑏2
𝑖 ) = 𝑏2

𝑗
− 𝑏2

𝑖                                                (9)              

δ𝑗(𝑁𝑖) = 𝑁𝑗 − 𝑁𝑖                                           (10) 

 

Finally, the discrete local frame equations 

 

δ𝑗(𝑏1
𝑖 ) = Γ𝑗,1

𝑖,1𝑏1
𝑖 + Γ𝑗,1

𝑖,2𝑏2
𝑖 + 𝐴𝑗,1

1 𝑁𝑖              (11) 

δ𝑗(𝑏2
𝑖 ) = Γ𝑗,2

𝑖,1𝑏1
𝑖 + Γ𝑗,2

𝑖,2𝑏2
𝑖 + 𝐴𝑗,2

1 𝑁𝑖               (12) 

δ𝑗(𝑁𝑖) = Γ𝑗,3
𝑖,1𝑏1

𝑖 + Γ𝑗,3
𝑖,2𝑏2

𝑖 + 𝐴𝑗,3
1 𝑁𝑖              (13) 

Hasan MUTLU, Ufuk ÇELİKCAN

Keyframe Extraction Using Linear Rotation Invariant Coordinates

Sakarya University Journal of Science 25(5), 1040-1051, 2022 1044



 

As previously stated, LRI representation 

defines local frames that filter out global 

positions and rotations from the mesh. We use 

these local frames in our solution.  Since the 

LRI method is defined for meshes, in the first 

step of our solution, we transform skeleton data 

for each frame into a 1-ring neighborhood 

mesh. We assume that each joint position of the 

skeleton data is a vertex of a 1-ring 

neighborhood mesh (see Figure 1). After that, 

we apply LRI to this assumed mesh to extract 

LRI local frames for each vertex. LRI local 

frames are a matrix that consists of 9 values and 

encode characteristic properties of the related 

vertex and relation between neighborhood 

vertices. We construct a matrix whose 

dimension is 9 times the total number of 

employed joints for each keyframe. Although 

the extracted local frames are enough to detect 

similarity between adjacent vertices, we apply 

dimension reduction by PCA to all keyframe 

matrices. This way, PCA provides to eliminate 

the sparse density of the matrices, improving 

the performance of selecting keyframes 

computing and obtaining more meaningful data 

(Figure 2) 

 

In the dimension reduction step, instead of 

representing LRI data in fixed number of 

dimensions, our algorithm uses representations 

of dynamically changing dimensions. This 

implies that the dimensionality adapts to the 

given motion. This is carried out according to 

principles of the PCA method with the 

condition that the sum of them explains the 

given LRI data with at least 95% accuracy. Our 

tests show that between 4 and 12 dimensions 

are sufficient to explain LRI data with at least 

95% accuracy, in general. After these steps, the 

processed data can be used for extraction and 

reduction operations. 

 

 
Figure 2 Skeleton data representation as a 1-ring 

neighborhood mesh 

 

3.2. Clustering and Reducing Keyframes 

 

Our approach uses the K-means classification 

algorithm for clustering and cosine similarity to 

measure similarity between keyframes. Firstly, 

we apply the K-means clustering algorithm to 

the dimensionally reduced the data (Figures 3 

and 4). Our method dynamically clusters up to 

the desired number of keyframes and calculates 

the cosine similarity between sequential 

candidate keyframe changes. Thus, our method 

selects a keyframe that has the minimum 

similarity value relative to the rest of the cluster 

values for each cluster. As a result, the most 

different keyframes are selected. 
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Figure 3 Motion data representation after LRI 

and PCA steps are applied. The graph shows 

the distribution of the frames in the motion in 

3D space 

 

 
Figure 4 Clustering result of the motion after 

K-Means applied. This graph contains the 

distribution of the motion as divided into 5 

clusters. Each color (yellow, blue, gold, green, 

and purple) in the graph represents a distinct 

cluster. Accordingly, one keyframe for each 

cluster will be extracted 

 

4. RESULTS 

 
In this study, we used the HDM05 dataset for 

testing and evaluation of our proposed method. 

HDM05 is a royalty-free motion capture dataset 

created by Müller et al. [22]. It features more 

than 70 motion classes in ten to fifty 

realizations performed by a variety of 

performers. The sampling rate of performances 

in the dataset is 120 Hz. For evaluation, we 

selected 10 relatively short motions (Table 1) 

from the dataset and used our method to extract 

five keyframes from each motion. Figure 5 

demonstrates sample sets of keyframes 

extracted from three of these motions using our 

proposed method. 

 

Furthermore, as our study results can be 

subjective, we prepared a website to survey 

subjective performance evaluations of the 

participants comparing the results obtained by 

our method using LRI representations to the 

ones without. The survey included the ten pre-

selected motions under consideration with two 

sets of five extracted keyframes for each 

motion, one set including the results of our 

method and the other including the results 

obtained using the standard Cartesian 

coordinate representation. Figures 6 and 7 

demonstrate sample results for cartwheel and 

punch motions in both representations. 

 

 
Figure 5 Sample sets of keyframes extracted 

using our method. Each row illustrates a set of 

5 keyframes extracted from jumping, squat 

and knee to elbows motions, respectively 
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With the survey, only the gender and age 

information were collected from the 

participants, remaining otherwise anonymous. 

All participants volunteered to take the online 

survey and none of them have been 

compensated in any way. 

 

 
Figure 6 Extracted keyframes from cartwheel 

motion 

 

 
Figure 7 Extracted keyframes from punch 

motion 

 

 

 

 

 

 

 

 

 

Table 1 The motions used in the experiment 

and their corresponding frame counts 

# Motion Frame 

Count 

1 Cartwheel 401 

2 Elbow to Knee 319 

3 Jump Down 272 

4 Jumping Jack 142 

5 Kick 295 

6 Lie Down 621 

7 Punch 115 

8 Squat 191 

9 Throw Basketball 452 

10 Throw Ball 427 

 

The survey procedure took place as follows. 

When a participant visited our online survey 

website, they were first briefly informed about 

the study and their gender and age information 

were collected at this step (Figure 8). Then, the 

participant started the evaluation of the results. 

For each motion queried, the participant 

initially watched the motion in a skeletal 

animation twice as given in Figure 9. Next, each 

set of extracted keyframes from the original 

motion were shown to the participant where the 

order of the two sets were randomized (Figure 

11). Afterwards, the participant watched the 

original motion with the sets of extracted 

keyframes shown flanking the original motion 

on each side as in Figure 12 so that the 

participant could further assess the differences 

between the two sets of results. On this page, 

the participant responded by choosing either of 

the sets as the best representation of the original 

motion or 'none' if no significant difference was 

observed. This is repeated until the participant 

registered their responses for all 10 motions. 
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Figure 8 Test step where a participant is 

informed about the study and reports their 

gender and age 

 

 
Figure 9 Sample preview of an original motion 

as shown to the participants with the online 

survey interface 

 

 
Figure 10 Distribution of participants' preferences per each motion queried. The order of the 

motions in the figure is the same as in Table 1 

 

 

 
Figure 11 Sample instance where the 

participant is shown one of the extracted 

keyframes with the online survey interface 

 

 

 

 
Figure 12 Sample preview of the online survey 

instance where an original motion is shown to 

the participant with extracted keyframes of the 

two alternatives shown consecutively on each 

side of it 

 

A total of 30 people, 12 female (40%) and 18 

male (60%), participated in this study. The 

average age of the participants was 28 ± 3.14. 

Evaluation results are provided in Figures 10 

and 13. Figure 10 gives participants' 

preferences for each motion, while Figure 13 
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gives the overall distribution of all participants' 

preferences.  

 

The survey outcomes per motion as shown in 

Figure 10 demonstrate that the participants 

preferred mostly the sets of keyframes 

extracted using the Cartesian coordinate system 

representation for the first four motions under 

consideration. However, the keyframes 

obtained using the LRI representation were 

preferred by more participants for the 

remaining six motions. Over the whole set of 10 

motion queries, the average preference ratio of 

the LRI results was 13.6% (±4%) while the 

average for the alternative was 11.6% 

(±3.64%).  

 

The aggregated preference results given in 

Figure 13 show that the participants preferred 

the keyframes extracted by our proposed 

approach more than the standard alternative by 

6% in general while 16% of the votes indicated 

no preference. 

 

 
Figure 8 Overall distribution of all participants' 

preferences collected with the online survey 

 

 

5. CONCLUSION 

 
We have presented a keyframe extraction 

method based on LRI coordinates 

representation and evaluated the method's 

performance against the ones based on 

Cartesian coordinates. Our study results 

underline the potential of LRI for keyframe 

extraction such that using our solution based on 

it outperforms the standard representation with 

a slightly better performance (6%). 

           

This work shows that representing animation 

keyframes using alternative representations, 

such as LRI, can provide better extraction 

performance for skeletal animations. For future 

work, it is possible to combine our LRI based 

approach with deep learning methods such as 

using transformer networks. Our method can 

use different similarity measures rather than the 

cosine similarity or it can be combined with 

other keyframe extraction methods such as 

curve simplification or matrix factorization 

approaches towards achieving better 

performance. Our proposed method can be used 

for keyframe reduction and compression 

purposes, as well. 
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A Remarkable Record of Little-Known Parasitoid Wasp Helorus striolatus 

(Hymenoptera: Heloridae) from Türkiye with A Global Checklist of the this Family  

 

 

İlyas CAN*1 

 

Abstract 

The Heloridae (Hymenoptera: Proctorupoidea) is a family of parasitoid wasps composed of a 

single genus, Helorus with eighteen extant species. For Türkiye, only two species have been 

reported: Helorus anomalipes (from Ankara, Central Anatolia) and H. striolatus (from 

Bingöl, Eastern Anatolia). In this study, a new distribution record is given for H. striolatus 

from Kocaeli province (Marmara region), which is the second record of this relatively little-

known species in this country. In addition, an updated checklist of the family Heloridae is 

presented. 

Keywords: Hymenoptera, heloridae, parasitoid, Helorus striolatus, second record, Türkiye 

1. INTRODUCTION1 

The Heloridae Foerster, 1856 is a small 

family belonging to superfamily 

Proctotrupoidea of order Hymenoptera. 

Members of this family are solitary 

endoparasites of green lacewings larvae 

(Neuroptera: Chrysopidae). Their larvae 

feed on the nutrition contents of the host 

and emerge as adults from the cocoon [1].  

This family contains only one genus: 

Helorus Latreille, 1802, and 18 valid 

species described nearly worldwide. So far, 

four species of the genus have been 

recorded in the western Palearctic and two 

of them are known from Türkiye: H. 

anomalipes (Panzer, 1798) and H. 

striolatus Cameron, 1906. These species 

were recorded from the country based on 

only one specimen of each species 

collected in 1977 and 1985 [2, 3].  As in 
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the rest of the world, information about 

this group is also very rare in Türkiye. On 

the other hand, the species list of Heloridae 

has been given in a few articles [2-4], so 

the updated data of the family in the world 

have not been compiled. 

In this study, it was aimed to provide the 

second record of H. striolatus from 

Türkiye over 35 years. In addition, data on 

the distribution and biology of all species 

of the family are provided.  

2. MATERIALS AND METHODS 

The adult wasp specimen was collected 

using an insect net in the Kocaeli province 

of Türkiye. Identification and nomenclature 

of Helorus striolatus, follows van 

Achterberg [3], and Izadizadeh et al. [4]. 

The collected material is deposited in the 

Entomological Research Laboratory, in  
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Gaziosmanpaşa University, Tokat, 

Türkiye. Based on the literature review, the 

species list and information about 

Heloridae are given in Table 1. The 

photographs of the specimen were taken 

using a Leica M205C stereomicroscope 

controlled by the Leica Application Suite 3 

software. 

3. RESULTS  

Order: Hymenoptera 

Superfamily: Proctotrupoidea 

Family: Heloridae Förster, 1856 

Genus: Helorus Latreille, 1802 

Members of the Heloridae have a general 

morphology, with the robust, usually black 

body (6-8 mm); long, sickle-shaped, and 

crossing over scissor-like mandibles; long 

and narrow labrum; ring-like article 

between pedicel and first flagellomere; 

pectinated tarsal claws; distinctly 

elongated first metasomal segment; fore 

wing with five closed cells; metasomal 

terga 2-4 fused into syntergite [1].  

Helorus anomalipes (Panzer, 1798) 

Global distribution: Austria, Belgium, 

Bulgaria, Canada, China, England, Estonia, 

France, Germany, Hungary, Ireland, 

Korea, Lebanon, Mongolia, Netherlands, 

Spain, Sweden, Türkiye, United States of 

America (Figure 1a). 

The previous record in Türkiye: Ankara 

(no specific locality) [2] (Figure 1b). 

Helorus striolatus Cameron, 1906 (Figure 

2) 

Global Distribution: Austria, Bulgaria, 

Czechia, Estonia, Finland, France, 

Germany, Greece, Hungary, Italy, 

Lithuania, Netherlands, Poland, Russia 

(south), Spain, Sweden, Switzerland, 

Türkiye, Ukraine (Figure 1a). 

The previous record in Türkiye (Figure 

1b):  Bingöl, 15 km S Genç, 1400 m, 

13.viii.1985 [3]. 

Material examined: Kocaeli, Gölcük, 

İhsaniye, 40°41'00'' N; 29°48'56'' E, 111 m, 

06.vi.2019, ♀. 

 

Figure 1 Distribution maps of Heloridae species found in Türkiye; a) Western Palearctic 

distribution of Helorus anomalipes (stars) and Helorus striolatus (circles); b) previous 

locality record of H. anomalipes (red) and H. striolatus (black), and new locality record of H. 

striolatus (blue) in Türkiye 
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Figure 2 Some taxonomic characters of Helorus striolatus Cameron, 1906, ♀; a) general 

habitus; b) frontal view of the head; c) dorsal view of mesosoma; d) mesopleuron; e) dorsal 

view of first metasomal tergite; f) forewing 

 

4. DISCUSSION 

The first specimen of H. striolatus was 

collected from the Bingöl province in the 

eastern Anatolian region of Türkiye in 

1985 by R. Hensen and deposited in the 

National Museum of Natural History, 

Leiden, Netherlands. Then this specimen 

was identified and recorded for the first 

time from Türkiye by van Achterbeg [3]. 

Almost thirty-five years after the first 

detection date, this species was recorded 

for the second time from the Marmara 

region of Türkiye, and its presence in the 

country was verified by this study (Figure 

1b). While the individual belonging to this 

species had been caught almost in the 

middle of August in the Eastern Anatolia 

region in the previous study, it was caught 

in the Marmara region at the beginning of 

June in this study. The material in this 

study based on a randomly collected 

specimen during field studies. Thus, more 

rigorous work is necessary for revealing 

Heloridae taxa currently found in Türkiye. 

If the habitats of their prey, Chrysopidae 

(Neuroptera), are followed in subsequent 

studies, more specimens will be able to be 

caught with Malaise traps.  

The updated checklist of family 

Heloridae 

Townes [2] carried out the most important 

research on the first revision of Heloridae 

and gave detailed information about all 

species. Subsequently, van Achterberg [3] 

provided the relevant details on European 

species of genus Helorus as well as 

describing additional new species based on 

Sulawesi specimens.   
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Table 1 Information about species of Heloridae family in the world 

Number Name of Species  Synonym 
Described 

sexes 
Host 

Recorded 

Country 

Reference

s 

1 Helorus alborzicus Izadizadeh, 

van Achterberg and Talebi, 2015 

H. xinjiangensis He and 

Xu, 2015 

♀, ♂ Unknown specific host Iran [4, 5] 

2 Helorus anomalipes (Panzer, 
1798) 

Sphex anomalipes Panzer, 
1798 

Helorus ater Latreille, 

1802 
Copelus paradoxus 

Provancher, 1881 

♀, ♂ Chrysopa majuscula 
Dichochrysa prasina 

Chrysoperla carnea 

Chrysopa rufilabris? 

Austria, Belgium, 
Bulgaria, Canada, 

China, England, 

Estonia, France, 
Germany, 

Hungary, Ireland, 

Korea, Lebanon, 
Mongolia, 

Netherlands, Spain, 

Sweden, Türkiye, 
USA 

[3, 4, 6] 

3 Helorus antefurcalis He and  

Xu,2015 

– ♀, ♂  Unknown specific host China [4] 

4 Helorus australiensis New, 1975 – ♀, ♂  Chrysopa ramburi 
Chrysopa near                

Chrysopa near dispar 

Chrysopa near signata 

Australia [2] 

5 Helorus brethesi Ogloblin,1928 – ♀, ♂  Unknown specific host Argentina, Brazil, 

Colombia, Costa 
Rica, Mexico, 

Panama 

[7] 

6 Helorus caii He and Xu, 2015 – ♂  Unknown specific host China [4] 

7 Helorus celebensis van 

Achterberg, 2006 

– ♀, ♂  Unknown specific host Indonesia [3] 

8 Helorus chinensis He, 1992 – ♀, ♂ Chrysopa 
septempunctata 

China [8, 9] 

9 Helorus elgoni Risbec, 1950 – ♀, ♂  Chrysoperla spp Kenya [2] 

10 Helorus heilongjiangensis He & 

Xu, 2015 

– ♀ Unknown specific host China [9] 

11 Helorus jilinensis He and Xu, 

2015 

– ♀ Unknown specific host China [9] 

12 Helorus nigripes Foerster, 1856 H. rugosus Thomson, 
1858 

♀, ♂  Chrysopa nigricostata 
Chrysopa 

septempunctata 
Chrysopa spp. 

Austria, Belgium, 
Bulgaria, Czechia, 

Denmark, England, 
Estonia, France, 

Germany, 

Hungary, Moldova, 
Netherlands, 

Sweden, 

Switzerland, 
Ukraine 

[2, 3, 6, 
10] 
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Table 1 Information about species of Heloridae family in the world (continue) 

Number Name of Species  Synonym 
Described 

sexes 
Host Recorded Country References 

13 Helorus niuginiae Naumann, 1983 – ♂ Unknown specific host New Guinea [11] 

14 Helorus reni He and Xu, 2015 – ♂ Unknown specific host China [9] 

15 Helorus ruficornis Foerster, 1956 H. coruscus Haliday, 1857 

H. flavipes Kieffer, 1907 

♀, ♂  Chrysopa prasina               

Chrysopa ventralis  

Chrysopa shansiensis 

Dichochrysa ventralis 
Pseudomallada prasinus 

Andorra, Austria, 

Bulgaria, Burundi, 

Czechia, England, 

Estonia, Finland, 
France, French 

Polynesia (Tahiti), 

Germany, Hawaiian 
Islands, Italy, Japan, 

Kenya, Korea, Nepal, 
Pakistan, Saouth 

Africa, Spain, 

Sweden, Switzerland, 
U. S. A 

[2-4, 6, 9, 

12-14] 

16 Helorus striolatus Cameron, 1906 H.  meridionalis Pschorn-

Walcher, 1955 

♀, ♂  Chrysopa flavifrons 

Chrysopa septempunctata 

Austria, Bulgaria, 

Czechia, Estonia, 
Finland, France, 

Germany, Greece, 

Hungary, Italy, 

Lithuania, 

Netherlands, Poland, 

Russia (south), Spain, 
Sweden, Switzerland, 

Türkiye, Ukraine 

[2, 3, 6] 

17 Helorus suwai Kusigemati, 1987 – ♀ Unknown specific host Japan [15] 

18 Helorus yezoensis Kusigemati, 1987 – ♂  Unknown specific host Japan [15] 
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More information on Heloridae was provided by 

Izadizadeh [5]  that a new species was described 

from Iran and new species records were given in 

that study. Zhang et al. [4], with the studies 

carried out on the Chinese fauna, created the 

identification key for all species except the 

Australian region and described unknown female 

of Helorus caii. In the same study, they reported 

that the Helorus xinjiangensis He and Xu, 2015 

is a junior synonym of H. alborzicus Izadizadeh, 

van Achterberg and Talebi, 2015. In this study, 

some important data belonging to the family so 

far have been compiled and brought together in 

Table 1 
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Characterization of Cobalt Oxalate Dihydrate Obtained from Spent Co-Mo/Al2O3 

Hydrodesulfurization Catalyst 

 

 

Ahmet Orkun KALPAKLI*1 

 
 

Abstract 
 

In this study, roasted spent Co-Mo/Al2O3 hydrodesulfurization (HDS) catalyst was dissolved in oxalic acid 

(H2C2O4) solution and optimum conditions were determined for obtaining cobalt oxalate dihydrate 

(CoC2O4∙2H2O). The thermal decomposition behavior of the obtained CoC2O4∙2H2O was investigated by 

TG/DTG-DTA analysis. The characterization of CoC2O4∙2H2O was carried out by XRD, FT-IR and SEM-EDS 

analytical techniques. Optimum conditions for the production of CoC2O4∙2H2O were determined as 25 oC 

temperature, 0.25 M H2C2O4 concentration, 1/20 g mL-1 solid/liquid ratio and 300 rpm stirring speed. 

CoC2O4∙2H2O was obtained with a reaction yield of 90.9 %. TG/DTG-DTA analysis carried out in dry air 

atmosphere showed that CoC2O4∙2H2O decomposed in two steps. In the first step that occurs between 118-196 
oC temperatures, CoC2O4∙2H2O is dehydrated. In the second step, which occurs between 248-279 oC 

temperatures, it was determined that metallic cobalt was formed first, and then metallic cobalt was oxidized 

and converted into Co3O4 compound because it was performed in the air atmosphere. 
 

Keywords: Hydrodesulfurization catalyst, cobalt oxalate dihydrate, cobalt oxide, characterization. 
 

 

 

 

1. INTRODUCTION 
 

Hydrodesulfurization (HDS) is a catalytic chemical 

process applied to remove sulfur from natural gas 

and refined petroleum products (petroleum, jet 

fuel, fuel oil, gasoline). The purpose of removing 

sulfur is to reduce the SO2 emissions that are 

released during the use of natural gas and 

petroleum products. In the HDS process, catalysts 

containing Mo, Co, Ni and V are used on γ-Al2O3 

substrate. The catalysts used in the process can be 

regenerated and reused, but after a certain number 
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of regenerations, they become waste [1, 2]. The 

disposal or storage of spent catalysts requires 

compliance with strict environmental regulations. 

Spent HDS catalysts are classified as hazardous 

waste by the US Environmental Protection Agency 

(EPA) [3]. 

 

HDS catalysts account for one-third of the world’s 

catalyst consumption. The generation of spent 

HDS catalyst is estimated to be 1-1.2x105 tons per 

year around the world [4, 5]. Recovery of metals 

from spent catalysts has become more important in 

recent years. Metal recycling is crucial not only for 

metal recovery, but also for making waste catalysts 
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harmless to the environment [3]. Spent HDS 

catalysts are an important secondary source in the 

production of molybdenum, nickel and cobalt [6,  

7]. Alkali or acidic leaching is generally used for 

metal recovery from spent catalysts [8- 10]. 

Precious metals dissolved by leaching are 

recovered by solvent extraction or precipitation 

processes [11- 14]. Before the leaching process, 

oxidative roasting is applied to remove the volatile 

components and sulfur in the spent catalyst in order 

to increase the leaching efficiency and prevent 

possible secondary reactions [15- 17]. 

 

Spent Co-Mo/Al2O3 HDS catalysts contain 10-15 

% Mo, 2-4 % Co, 25-30 % Al and very low 

amounts of P, Si, Fe and Ca. The remaining part 

consists of volatile components and sulfur [18, 19]. 

 

In the literature, there are many studies on the 

leaching of spent Co-Mo/Al2O3 HDS catalysts with 

acidic and basic solutions. By using H2SO4 [18, 20, 

21], HNO3 [19], HCl [12], H2SO4-HNO3 mixture 

[6], first Na2CO3, then H2SO4 solutions (two stage 

alkali-acid leaching) [22, 23] and NaOH [21], Co 

and Mo in Co-Mo/Al2O3 HDS catalyst can be 

dissolved with high efficiency. However, these 

leaching agents are more expensive and require 

more safety precautions compared to organic acids. 

Therefore, the use of organic acids as a leaching 

agent provides advantages. Oxalic acid is a strong 

organic acid and oxidizer, cheaper and has good 

chelating properties [24]. 

 

Cobalt oxalate has two hydrated crystal forms, 

CoC2O4·4H2O and CoC2O4·2H2O. CoC2O4·4H2O 

dehydrates to CoC2O4·2H2O at low temperatures 

such as 7-8 oC. CoC2O4·2H2O crystallizes in β-

form orthorhombic crystal structure and then 

recrystallizes into α-form monoclinic crystal 

structure which thermodynamically stable [25]. 

 

No study has been found in the literature on the 

production of CoC2O4∙2H2O from Co-Mo/Al2O3 

HDS catalyst. Therefore, this study was the first 

study in which CoC2O4∙2H2O was obtained from 

Co-Mo/Al2O3 HDS catalyst. Ilhan obtained nickel 

oxalate dihydrate (NiC2O4∙2H2O) from the spent 

Ni-Mo HDS catalyst and carried out its 

characterization [26]. 

 

In this study, roasted spent Co-Mo/Al2O3 HDS 

catalyst was dissolved in 0.25 M H2C2O4 solution 

at 4 different temperatures (25, 40, 55 and 70 oC) 

and optimum conditions were determined for 

obtaining CoC2O4∙2H2O. The characterization of 

the obtained CoC2O4∙2H2O was carried out using 

XRD, FT-IR, SEM-EDS and TG/DTG-DTA 

analysis techniques and its thermal decomposition 

behavior was investigated. 

2. EXPERIMENTAL 

Spent Co-Mo/Al2O3 HDS catalyst was obtained 

from a refinery. Co-Mo/Al2O3 HDS catalyst is 

cylindrical in shape, 1.2 mm in diameter and 1.3 

mm in length. The CHNS analysis (Thermo 

Finnigan Flash EA 1112) of the catalyst was 

carried out to determine the amount of volatile 

compounds. Catalyst was heated to 500 °C with a 

heating rate of 5 °C min-1 and roasted for 4 h in a 

dynamic air atmosphere in a tube furnace (Lenton) 

in order to convert sulfur compounds into oxidized 

compounds and to remove volatile compounds. Air 

was passed through the system during the roasting 

process. XRF analysis (PANalytical Axios 

Minerals) was carried out to quantitatively 

determine the chemical composition of the roasted 

catalyst. XRD analysis (Rigaku D/Max-2200, Cu-

Kα monochromatic X-Ray) was performed to 

determine the phases in the samples. Experiments 

for the production of CoC2O4∙2H2O from spent Co-

Mo/Al2O3 HDS catalyst were carried out in a 

water–heated, jacketed borosilicate glass reactor 

system (HWS) having a volume of 500 mL. 25 g of 

spent Co-Mo/Al2O3 HDS catalyst (solid/liquid 

ratio: 1/20 g mL-1) sample were dissolved using 

300 rpm stirring speed in 0.25 M, 500 mL of oxalic 

acid (H2C2O4) solution at 25, 40, 55 and 70°C 

temperatures. H2C2O4 solutions used in the 

experiments were prepared using anhydrous 

H2C2O4 (Fluka). The acid solution in the reactor 

was heated to the experimental temperature and the 

sample was added to the reactor when isothermal 
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conditions were obtained. Solutions were taken 

from the reactor at certain time intervals and 

dissolved elements were analyzed quantitatively by 

inductively coupled plasma–optic emission 

spectroscope (ICP-OES) (Spectro Ciros Vision). 

After the experiments were completed, the reactor 

contents were taken into a beaker. Solid/liquid 

separation was carried out by filtering the contents 

of the beaker through a G-4 Gooch crucible. It was 

observed that the solid material contained a 

different material in light pink color with a very 

fine particle size in addition to the granular leach 

residue. This solid material was collected from the 

bottom of the Gooch crucible with a spatula, dried 

in an oven at 105 oC for 3 h. The characterization 

of the obtained solid was carried out using XRD, 

TG/DTG-DTA (TA SDT Q600), FT-IR (Perkin 

Elmer Spectrum 100), SEM (Jeol JSM 5600), EDS 

(iXRF 500) and ICP-OES analytical techniques. 

3. RESULTS AND DISCUSSION 

a.Spent Co-Mo/Al2O3 HDS Catalyst 

 

CHNS analysis of the spent Co-Mo/Al2O3 HDS 

catalyst sample is shown in Table 1. Quantitative 

analysis results show that the catalyst contains high 

sulfur content. It is seen that the total amount of 

volatile material in the catalyst is 19.43 %. 

The results of XRF analysis of Co-Mo/Al2O3 HDS 

catalyst applied oxidative roasting at 500 oC for 4 

h are given in Table 2. The catalyst contains 35.13 

% Al, 16.66 % Mo and 3.71 % Co. The fact that the 

amount of S was determined as 0.004 % indicates 

that the roasting process was carried out 

Table 1 CHNS analysis of spent Co-Mo/Al2O3 HDS 

catalyst 

Element C H N S 

Wt. (%) 5.92 1.12 0.59 11.80 

successfully. The XRD diagram of the spent Co-

Mo/Al2O3 HDS catalyst (Figure 1) applied to the 

oxidative roasting process includes the peaks of the 

Al2O3 (ICDD No: 050-0741), MoO3 (ICDD No: 

005-0508), Co3O4 (ICDD No: 009-0418) and 

AlPO4 (ICDD No: 003-0447) phases. 

 

Figure 1 XRD diagram of Co-Mo/Al2O3 

HDS catalyst oxidative roasted 

 

Table 2 Elemental analysis of oxidative roasted Co-Mo/Al2O3 HDS catalyst 

Element Al Mo Co P Si Fe Ca S 

Wt. (%) 35.131 16.656 3.706 1.170 0.312 0.104 0.041 0.004 

 

 

b.Characterization of Cobalt Oxalate Dihydrate 

Produced from Spent Co-Mo/Al2O3 HDS 

Catalyst 
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b.Characterization of Cobalt Oxalate Dihydrate 

Produced from Spent Co-Mo/Al2O3 HDS 

Catalyst 

 

In order to determine optimum conditions for the 

production of cobalt oxalate dihydrate from              

spent   Co-Mo/Al2O3   HDS   catalyst,   dissolution 

experiments were carried out in 0.25 M H2C2O4 

solution at 300 rpm stirring speed at different 

temperatures. In these experiments, the results 

obtained from the % Co extraction - time diagrams 

drawn by using the ICP-OES analysis results of the 

solutions taken from the reactor at different times 

(Figure 2), showed that the optimum conditions for 

the production of cobalt oxalate dihydrate 

(CoC2O4∙2H2O) were 25 oC temperature, 0.25 M 

H2C2O4 concentration, 1/20 g mL-1 solid/liquid 

ratio and 300 rpm stirring speed. Therefore, solid 

material obtained from the experiment performed 

under these conditions was used in the 

characterization analyses. 
 

 
 

Figure 2 Cobalt extraction (%) – time diagram 

obtained by dissolving oxidative roasted Co-

Mo/Al2O3 HDS catalyst in oxalic acid (Sample: 25 

g, H2C2O4 solution: 0.25 M, 500 mL, stirring 

speed: 300 rpm) 
 

When the cobalt extraction (%) - time diagrams are 

examined, it is seen that the amount of cobalt in the 

solution increases rapidly at the beginning of the 

experiment for all experimental temperatures 

(Figure 2). The results obtained from the 

experiment carried out at 70 oC show that the 

dissolves at a rate of 70 % in the first 5 minutes of 

the experiment. It is seen that the amount of cobalt 

in the solution reached 90 % at the 60th minute of 

the experiment, and then remained constant and 

took the value of 92.5 % at the end of the 180 

minutes experiment period. In the experiment 

carried out at 55 oC, the value of the cobalt amount 

in the solution, which took its highest value with 83 

% at the 30th minute, decreased slowly in the 

following experiment periods and decreased to 76 

% at the end of the 180 minutes experiment period. 

The results of the experiments carried out at 25 and 

40 oC differ greatly from the results of the 

experiments carried out at 55 and 70 oC. The 

amount of cobalt in the solution, which reaches its 

maximum value at the end of 30 minutes in both 

experiments (25 oC: 56 %, 40 oC: 62 %), decreases 

rapidly in the following reaction times and takes its 

lowest value at the end of the 180 minutes 

experiment period. While the amount of cobalt in 

the solution was 19.7 % at the end of 180 minutes 

in the experiment carried out at 40 oC, this amount 

was 8.86 % in the same test period in the 

experiment carried out at 25 oC. Cobalt is present as 

Co3O4 in the spent Co-Mo/Al2O3 HDS catalyst after 

oxidizing roasting (Figure 1). CoC2O4∙2H2O is 

formed as a result of the reaction of Co3O4 with 

H2C2O4 (Reaction 1). 

 

Co3O4 (s) + 3 H2C2O4 (aq) + 3 H2O (aq)   

3 CoC2O4∙2H2O (s) + 1/2 O2 (g)                            (1) 

 

CoC2O4∙2H2O, which is formed according to 

Reaction 1, has a high solubility in acidic medium 

at high temperatures. CoC2O4∙2H2O precipitates at 

low temperatures and increasing pH values. The 

ICP-OES quantitative analysis showed that 8.86 % 

cobalt was present in the solution after 3 h of 

reaction time in the experiment using 0.25 M 

H2C2O4 solution (Figure 2). Since other 

components (MoO3, Al2O3, AlPO4) in the spent Co-

Mo/Al2O3 HDS catalyst also react with H2C2O4 

during the experiment, H2C2O4 is consumed and the 

pH value of the solution is constantly increasing. 

According to these findings, the optimum 
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concentration of H2C2O4 for precipitation of 

CoC2O4∙2H2O was determined as 0.25 M. 

 

The ICP-OES quantitative analysis results showed 

that MoO3, Al2O3 and AlPO4 compounds in the 

spent Co-Mo/Al2O3 HDS catalyst were also 

dissolved under experimental conditions. As a 

result of the dissolution of these compounds, Mo, 

Al and P also pass into solution. The % extraction 

values calculated using the ICP-OES analysis 

results of the solutions taken from the reactor at the 

end of the 3 hours experiment period are given in 

Table 3. When Table 3 is examined, it is seen that 

the % extraction values of Mo, Al and P increase 

with increasing temperature. While the temperature 

dependence of the Mo and P amounts in the solution 

is relatively low, the temperature dependence of Al 

is quite high. 97.9 % of Mo, 56.2 % of Al and 63 % 

of P in spent Co-Mo/Al2O3 HDS catalyst can be 

taken into solution at 70 oC (Table 3). 

 

Table 3 Extraction (%) values of Mo, Al and P 

obtained by dissolving oxidative roasted Co-

Mo/Al2O3 HDS catalyst in oxalic acid (Sample: 25 

g, H2C2O4 solution: 0.25 M, 500 mL, stirring 

speed: 300 rpm, reaction time: 3 h) 

 

Temperature 25 oC 40 oC 55 oC 70 oC 

Mo extraction (%) 84.8 89.7 95.7 97.9 

Al extraction (%) 8.2 13.9 32.7 56.2 

P extraction (%) 32.1 40.5 56.3 63.0 

 

Cobalt can be found as a result of the dissolution of 

CoC2O4∙2H2O in the H2C2O4 solution during the 

dissolution experiment, as well as in the form of 

cobalt oxalato (Co(C
2
O4)

2

2-
), cobalt biokzalato 

(Co(HC2O4)
+ components and Co(HC2O4)2) [27, 

28]. 

 

The XRD diagram of the light pink solid material 

obtained after dissolution experiment performed at 

25 oC temperature, 0.25 M H2C2O4 concentration 

and 300 rpm stirring speed is given in Figure 3. In 

the XRD diagram, the peaks of CoC2O4∙2H2O 

(ICDD No: 025-0250) are seen. SEM-EDS analysis 

of solid material is given in Figure 4. From the SEM 

micrograph, acicular (needle-like) crystals of 

CoC2O4∙2H2O are seen. The acicular 

morphological structure of CoC2O4∙2H2O is 

compatible with the morphological structure in 

Romero et al.’s study [29]. The EDS analysis of the 

solid material includes the peaks of cobalt and 

oxygen. SEM-EDS analysis also shows that the 

solid is CoC2O4∙2H2O. 

 

 

Figure 3 XRD analysis of light pink solid obtained 

by dissolving spent Co-Mo/Al2O3 HDS catalyst in 

oxalic acid 

In order to determine the thermal decomposition 

behavior and decomposition reactions of the light 

pink solid material obtained as result of the 

dissolution experiment performed at 25 oC 

temperature, 0.25 M H2C2O4 concentration and 300 

rpm stirring speed, TG-DTA analysis was carried 

out in dry air atmosphere with a linear heating rate 

of 5 C min-1 and gas flow rate of 100 mL min-1 

(Figure 5-a). In order to clearly determine the 

number of decomposition steps, DTG diagram is 

also given in Figure 5-b. Decomposition start and 

finish temperatures and DTGmax values are 

indicated on the DTG diagram. 
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Figure 4 SEM-EDS analysis of solid obtained by 

dissolving spent Co-Mo/Al2O3 HDS catalyst in 

oxalic acid 

When the TG and DTG diagrams is examined, no 

significant weight loss is observed up to 118 oC. 

Weight loss occurs from 118 oC and the material 

loses H2O rapidly up to 196 oC. The substance loses 

17.42 % weight up to 196 oC and continues to lose 

water slowly from this temperature up to 248 oC. At 

248 oC, the weight loss is 18.40 %. According to 

Reaction 2, when the material is completely 

dehydrated and converted to CoC2O4, the 

theoretically calculated weight loss is 19.68 %. This 

decomposition step causes the endothermic peak to 

be observed in the DTA diagram. 

 

In the second decomposition step occurring 

between 248-279 oC temperatures, the weight loss 

was determined as 42.73 %. In this step, two 

successive reactions occur. First, CoC2O4 

converted to Co (Reaction 3), and then the Co 

formed is oxidized to Co3O4 (Reaction 4) due to 

performing in air atmosphere. The theoretically 

calculated weight loss during the conversion of 

CoC2O4 to Co3O4 is 45.38 %. Reaction 3 is an 

endothermic reaction. However, a sharp exothermic 

peak occurs because the highly exothermic reaction 

heat formed during the oxidation of Co to Co3O4 

dominates the endothermic heat of Reaction 3. 

 

 

Figure 5 TG-DTA (a) and DTG (b) diagrams of 

the solid obtained by dissolving the spent Co-

Mo/Al2O3 HDS catalyst in oxalic acid in dry air 

atmosphere (heating rate: 5 oC min-1, air flow rate: 

100 mL min-1) 

CoC2O4∙2H2O  CoC2O4 + 2 H2O                    (2) 

CoC2O4  Co + 2 CO2                   (3) 

3 Co + 2 O2  Co3O4                    (4) 

 

Decomposition start-finish temperatures, derivative 

thermogravimetric curve (DTGmax) temperatures, 

% weight loss and % total weight loss values were 

determined using the data obtained from TG-DTA 

and DTG diagrams and are given in Table 4. 

Ahmet Orkun KALPAKLI

Characterization of Cobalt Oxalate Dihydrate Obtained from Spent Co-Mo/Al2O3 Hydrodesulfurization Cat...

Sakarya University Journal of Science 25(5), 1059-1070, 2022 1064



   

 

  

Table 4 Details of decomposition steps of solid obtained by dissolving the spent Co-Mo/Al2O3 HDS  

catalyst in oxalic acid in dry air atmosphere 
 

 
Start 

temperature (oC) 

Finish 

temperature (oC) 
DTGmax (oC) % Weight loss 

% Total 

weight loss 

First step 

(Reaction 2) 
118 196 169.5 17.42* 17.42 

Second step 

(Reaction 3 and 4) 
248 279 269.9 42.73 53.27 

 
Molecular weight of CoC2O4∙2H2O = 182.98 g mol-1 

(*) After 196 °C, the substance continues to lose water slowly up to 248 °C. At 248 °C, the weight loss is 18.40 %. 

 
 

Majumdar et al. [30] studied the thermal 

decomposition behavior of CoC2O4∙2H2O in an 

inert gas atmosphere. In Majumdar et al.’s study 

[30], Reaction 4 does not occur because it is 

performed in an inert gas atmosphere. The results 

obtained in this study are in agreement with the 

findings of Majumdar et al. [30]. Maciejewski et al. 

[31] determined that metallic Co formed as a result 

of the decomposition of CoC2O4 is highly active 

and converts to Co3O4 by oxidizing with O2 when 

performing in air atmosphere. 

 

Co3O4, obtained by thermal decomposition of 

CoC2O4∙2H2O in the air atmosphere, is in the form 

of nanorods or nanoparticles [32]. Co3O4 

nanoparticles can be produced by thermal 

decomposition of CoC2O4∙2H2O in air atmosphere, 

as well as by methods such as microwave-assisted 

method, hydrothermal method, sol-gel technique, 

vapor deposition method, solution combustion 

method and chemical spray pyrolysis [32- 40]. 

 

Co3O4 in nanorod or nanoparticle form has many 

applications due to its optical, magnetic and 

electronic properties as well as its biological 

properties (antibacterial, antiviral, antifungal, 

antileishmanial, therapeutic agents, anticancer, and 

drug delivery). These nanostructures are used as 

anode material in lithium-ion rechargeable batteries 

as well as catalyst, phosphate ion sensors, 

electrochromic sensors, supercapacitor. Co3O4 

nanoparticles are also used in electronics and 

electrooptic fields due to its p-type semiconductor 

properties [34- 42]. 

 

FT-IR diagram of the light pink solid material 

obtained after leaching experiment performed at 25 
oC temperature, 0.25 M H2C2O4 concentration and 

300 rpm stirring speed is given in Figure 6-a. FT-

IR spectrum includes vibration bands of v(Co-O) at 

486 cm-1, ν(CC) + δ(CO2) at 740 and 821 cm-1, 

νsym(CO) at 1315 cm-1, νasym(CO) at 1361 cm-1, 

v(CO) at 1612 cm-1 and ν(OH)(H2O) at 3350 cm-1 

(Figure 6-a). These results are in good agreement 

with the FT-IR spectral analysis findings of 

Prananto et al. [32] and support that the light pink 

solid material obtained is CoC2O4∙2H2O. 

 

FT-IR diagram of the final product obtained by 

decomposition of light pink solid material in air 

atmosphere is given in Fig 6-b. FT-IR spectrum 

includes broad absorption band of ν(Co-O) at 488 

cm-1 and narrow sharp absorption band of O-Co-O 

at 655 cm-1. Patel et al. [43] stated that the strong 

absorption band determined at 662 cm-1 belongs to 

the stretching vibrations of the octahedrally 

coordinated Co3+ metal ions in the metal oxide. 

Prabaharan et al. [33] stated that the absorption 

band determined at 661 cm-1 is the stretching 

vibration of the O-Co-O bond. The findings 

obtained in this study are in good agreement with 

the findings of Patel et al. [43] and Prabaharan et al. 

[33] and it shows that the final product obtained by 
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the decomposition of the light pink solid material in 

the air atmosphere is Co3O4. 

 

Figure 6 FT-IR diagrams of solid obtained by 

dissolving spent Co-Mo/Al2O3 HDS catalyst in 

oxalic acid (a) and the final product obtained by 

decomposition of this solid in air atmosphere (b) 

In addition to XRD, SEM-EDS and TG/DTG-DTA 

analyses, FT-IR analysis also shows that the light 

pink colored material obtained is CoC2O4∙2H2O. 

The decomposition steps and the decomposition 

start and finish temperatures in the TG-DTA and 

DTG diagrams given in Figure 5 are in good 

agreement with the literature [30]. On the other 

hand, it is seen that the weight loss values obtained 

from the TG diagram are slightly lower than the 

theoretically calculated weight loss values. 

 

In order to determine the Co content of the light 

pink solid material (CoC2O4∙2H2O) obtained, 100 

mg of solid was completely dissolved in 1 M NH3 

(ammonia) solution. As a result of the ICP-OES 

quantitative analysis of the obtained solution, the 

Co content of CoC2O4∙2H2O solid was determined 

as 31.45 %. 

 

By using the ICP-OES quantitative analysis results 

of the solution obtained at the end of the experiment 

carried out at 25 oC temperature, 0.25 M H2C2O4 

concentration, 300 rpm stirring speed and by 

weighing the light pink solid obtained from 

dissolving the spent Co-Mo/Al2O3 HDS catalyst in 

oxalic acid solution, the reaction yield of obtaining 

CoC2O4·2H2O solid was calculated as 90.9 %. 

4. CONCLUSION 

In this study, roasted spent Co-Mo/Al2O3 HDS 

catalyst was dissolved in H2C2O4 solution and 

optimum conditions were determined for obtaining 

CoC2O4·2H2O. The characterization of the obtained 

CoC2O4·2H2O was carried out and its thermal 

decomposition behavior was investigated. The 

conclusions can be summarized as follows; 

 

• It is determined that CoC2O4·2H2O can be 

obtained by dissolving the spent Co-Mo/Al2O3 

HDS catalyst in H2C2O4 solution. Optimum 

conditions for CoC2O4·2H2O production were 

determined as 25 oC temperature, 0.25 M H2C2O4 

concentration, 1/20 g mL-1 solid/liquid ratio and 

300 rpm stirring speed. CoC2O4∙2H2O was obtained 

with a reaction yield of 90.9 %.  

 

• CoC2O4∙2H2O is formed in accordance with the 

following reaction of Co3O4, in Co-Mo/Al2O3 HDS 

catalyst after oxidizing roasting, with H2C2O4. 

 

Co3O4 (s) + 3 H2C2O4 (aq) + 3 H2O (aq)   

3 CoC2O4∙2H2O (s) + 1/2 O2 (g)  

 

• The light pink solid material obtained from 

dissolving of spent Co-Mo/Al2O3 HDS catalyst in 

solution containing H2C2O4 was characterized by 

XRD, SEM-EDS, TG/DTG-DTA and FT-IR 

analyzes and it was determined as CoC2O4∙2H2O. 

 

• Co3O4 is obtained by decomposition of 

CoC2O4∙2H2O in air at temperatures above 280 oC. 

 

• Co3O4 is a multifunctional material and has 

many applications such as biomedical applications, 

catalysts, phosphate ion sensors, electrochromic 

sensors, supercapacitor, as anode material in 

lithium ion rechargeable batteries. The fact that 

Co3O4 is produced by thermal decomposition of 

CoC2O4∙2H2O obtained from spent Co-Mo/Al2O3 

HDS catalyst, which is a waste, in the air 
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atmosphere is important for the studies to be carried 

out on this subject. 
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