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Abstract

Regression test is a re-running test type to ensure that previously developed and tested software is not seriously affected by
changes. Testing a software after changes is very important and necessary in order to maintain the software development and
maintenance processes. However, repeating all tests after each change is not feasible especially in large-scale projects.
Regression test selection which means selection of a subset of tests has emerged as a solution to this issue. This paper presents
a GBGA (Graph-Based Genetic Algorithm) with the most compatible neighbor crossover as a solution to the regression test
selection problem. In this GBGA, each individual in the population is located on a node of predefined graph structure and the
probabilities of the crossover are limited depending on the neighborhood relations to increase population diversity, prevent
premature convergence, and refine the convergence performance. This GBGA is applied to this problem to find the minimum
set of test cases to enhance the performance of the genetic algorithm by locating populations on graphs and limiting the
crossover option with neighborhood connections to increase the diversity. The results show that the proposed GBGA with the
most compatible neighbor crossover has superior performance in terms of fitness value when compared to genetic algorithm.

Keywords: Regression test selection, Graph-based genetic algorithm, Compatible crossover, Optimization.

1. INTRODUCTION

A software system evolves during its development and
maintenance phases with bug fixing, optimization,
enhancement or adaptation activities in time and it must be
re-tested after these changes. Regression testing is the
activity which is applied to ensure that this evolution does
not affect the approved functionality of the software
system.

The simplest and safest approach for regression testing is to
re-run all test cases, which is called the
“re-test all” technique (Rothermel, 1996). However,
repeating all test cases, which are previously executed
successfully, after each software revision is not practical
due to time and budget constraints especially in the case of
large-scale software systems.

*Corresponding author ruyasamli@iuc.edu.tr,
Irozkan@hho.msu.edu.tr, 2ormanz@iuc.edu.tr

Therefore, a large amount of research effort has been spent
in the literature to be able to select a subset of the test cases,
which is called regression test selection, with acceptable
cost-benefit balance and several approaches have been
proposed for this purpose. The regression test selection
process requires a balance between the cost and benefit of
regression testing. Providing this balance is an NP-
complete optimization problem and it cannot be solved in a
reasonable amount of time for large-scale software systems
which includes complex test suites (Yamug et al., 2017).
Many heuristic search-based solutions have been used in
literature for regression test selection (Li et al., 2007; Mittal
& Sangwan, 2018; Panichella et al., 2015; Yadav & Dutta,
2017) and one of them is the Genetic Algorithm.

Genetic Algorithm is a heuristic-based approach to solve
problems that cannot be solved with deterministic methods.
It mimics the evolution of the species based on natural
selection (Mirjalili, 2019) in a population and includes 4
basic steps which are the creation of the initial population,
selection, genetic operators and termination. In the first
step, a random solution population is created from the
search space.
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Then, based on a problem specific fitness function which
mimics the adaptation level of species in nature, individuals
are selected from the population. Genetic operators which
are crossover and mutation are applied to selected
individuals and a new generation is created. This process is
repeated until to reach the termination criteria. Genetic
Algorithm is an efficient heuristic search method and there
is a huge amount of application in literature including
regression test selection (Li et al., 2007; Mittal & Sangwan,
2018; Panichella et al., 2015; Yadav & Dutta, 2017).

On the other hand; the greatest weakness of Genetic
Algorithm is the premature convergence due to the loss of
population diversity over generations (Ghoumari & Nakib,
2019; Lee et al., 2008; Toffolo & Benini, 2003). Selecting
the best individuals in each population creates a population
that includes similar individuals, and this may cause
immature convergence to a local optimum. In order to
resolve this issue, several algorithms have been proposed in
the literature (Bryden et al., 2006; Garousi et al., 2018; Lee
et al., 2008; Lu et al., 2007; Mirjalili, 2019; Toffolo &
Benini, 2003; Whitley et al., 1999). One of these proposals
is the GBEA (Graph-based Evolutionary Algorithm)
(Bryden et al., 2006) which uses graphs as a geographic
structure to locate individuals in the population and indicate
the links between them for mating limitations.

As a subfield of evolutionary algorithm, Genetic Algorithm
can also be used on graphs for the problems encoded in a
series of bit strings and named as GBGA. This paper
proposes a tailored version of GBGA with the most
compatible neighbor crossover for regression test selection.
To our best knowledge, it is the first time that a GBGA has
been applied to the regression test selection problem in the
literature. This approach enhances the performance of the
Genetic Algorithm by locating populations on a graph and
limiting the crossover option with neighborhood
connections. Another novelty of our paper is that, unlike the
GBGA methods used in the literature, the parent selection
step of the crossover operator is designed as selecting the
most compatible one among the neighbors of the first parent
coming from the crossover parent pool as the second parent.
With this modification to the crossover operator, the genetic
diversity of the GBGA is increased while it is preventing
from transforming into a random search algorithm. The
proposed GBGA with the most compatible neighbor and
Genetic Algorithm are applied to a dataset including 216
test cases, 5610 requirements tested under these test cases
and affected requirements lists of five different software
versions of a software project used in the study of Garousi
et al. (Garousi et al., 2018).The performance of the
proposed GBGA is evaluated by comparing it with Genetic
Algorithm in terms of fitness value, affected requirement
coverage, irrelevant requirement coverage and execution
time.

In terms of fitness value, as main comparison criterion,
which is calculated with affected requirement coverage

rand irrelevant requirement coverage rates, GBGA with the
most compatible neighbor crossover gives better results
than the Genetic Algorithm.

The rest of the paper is organized as follows. Section 2
overviews the related studies in literature according to
underlying goals of this study. Section 3 explains the
materials and the methodology and gives the case
description and needs for the study. Section 4 presents the
proposed GBGA for regression test selection. Section 5
demonstrates and analyzes the results. Finally, conclusions
are given in Section 6.

2. BACKGROUND

2.1. Regression Test Selection

The regression test selection process aims to find test cases
that are relevant to software changes based on impact
analysis. There are several regression test selection
methods proposed in the literature. Based on impact
analysis differences, these techniques can be placed in three
different groups: code analysis-based methods (Aggrawal
et al., 2004; Gupta et al., 1992; Jones & Harrold, 2001;
Rothermel, 1996; Yamug¢ et al., 2017), model-based
methods (Briand et al., 2009; Engstrom et al., 2011; Farooq
et al., 2007) and requirement analysis-based methods
(Aggrawal et al., 2004; Ozkan, 2017; Rothermel & Harrold,
1997).

2.1.1 Code Analysis-Based Methods

Most of the regressing test selection methods focused on
source code analysis such as execution trace analysis, data
flow analysis and control flow analysis (Garousi et al.,
2018).

The execution trace of a test case on a program means the
execution sequence of program statements that are executed
with the test case. In execution trace analysis, execution
traces of test cases for old and new versions of the program
are compared and test cases that have different execution
paths are selected for regression test (Ozkan, 2017). Akhin
and Itsykson have used this method by identifying the
modified software components and extracting the
dependency information for test-software component
relation (Akhin & Itsykson, 2009). Vokolos and Frankl
have proposed a tool named Pythia (Vokolos & Frankl,
1998). This tool uses a slightly different version of
execution trace analysis. It keeps a history of the basic
blocks executed by each test case and to identify the
modified program statements, compares the source files of
the old and new versions of the program.

In data flow analysis, data interactions that have been
affected by modifications are determined. To find affected
interactions, definition-use pairs of the variables are
analyzed and test cases executing the path from definition
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to use of the modified variables are selected for regression.
Gupta et al. (1992) proposed a data flow analysis based
regression test selection method by using slicing algorithms
to explicitly detect definition-use associations that are
affected by a program change.

Control flow analysis-based methods are structured based
on the analysis of Control Flow Graphs (CFG) differences
of original and modified program. A control flow analysis
based regression test selection method has proposed by
Rothermel and Harold (Rothermel & Harrold, 1997) named
as Graph Walk. In this method, control flow graphs of the
old and modified program are compared and if any node in
the control flow graphs of the old program is not equivalent
to the corresponding node in the modified program,
all test cases that execute mismatching node are added to
test suite.

In these methods, it has been tried to find an optimum test
suite that covers the relevance code part based on a time-
consuming static analysis of source code. Basically, the
cost of regression test selection and execution of selected
test cases should be less than rerunning all test cases
(Graves et al., 2001). Because of this concern, the
application of code-analysis based methods especially for
large-scale and complex systems is quite challenging and a
limited number of empirical evaluations have been carried
out in a real industrial context (Engstrom et al., 2010).

2.1.2. Model-Based Methods

Model-based regression selection methods use design
models like class diagrams, sequence diagrams or case
diagrams (Briand et al., 2009). Changes on these models
and their impacts on previously verified test suite are
analyzed. Farooq et al. (2007) proposed an UML (Unified
Modeling Language) based selective regression testing
strategy which uses state machines and class diagrams for
change identification. Gorthi et al. (2008) proposed a model
based approach in their study and used the UML Use Case
Activity Diagram to analyze the impacts of changes and
select the required test cases.

The application of model-based methods is also limited as
the time-consuming static analysis of design models causes
similar concerns as code analysis-based methods.

2.1.3. Requirement Analysis-Based Methods

Requirement coverage-based methods aim to find an
optimum test set that covers the maximum number of
affected requirements which means the requirements
affected by software modifications and need to be
re-tested. Chittimalli and Harrold (2008) have proposed the
basic requirement coverage-based regression
test-selection method in which the regression test suite is
created by including modification-related requirements. In
20009, Krishnamoorthi and Mary,
in 2016 Srikanth et al. and in 2010 Gu et al. have improved

this method by using additional factors other than affected
requirement coverage such as irrelevant requirement
coverage which are the ones that are not affected by the
modifications, customer priority, fault impact and
implementation complexity.

Regression test selection is an
NP-complete optimization problem. There are multiple
optimization algorithms used in the literature for regression
test selection. Mirarab et al. (2012) have prioritized the
selected subset of test cases using a greedy algorithm that
maximizes minimum coverage in an iterative manner.
Krishnamoorthi and Mary (2009) have proposed a test case
prioritization technique using the Genetic Algorithm for a
time-constrained execution environment. Li et al. (2007)
have presented results from an empirical study of the
application of several greedy, metaheuristic, and
evolutionary search algorithms to six programs for
regression testing.
In 2011, Harman emphasized the regression test selection
as a multi-objective optimization problem and in 2018
Garousi et al. have applied this approach to a specific
problem by using the genetic algorithm. In their study, the
requirement coverage-based regression test selection
method is applied the data set used in this study by using a
tailored GBGA which has not been applied to regression
test selection before in literature.

2.2. Graph-Based Genetic Algorithm

The GBGA initially was used for problems which are
already in a graph structure such as NN (Neural Networks)
or genetic programming tree. In the study of Miller (1989),
the adjacency matrix of a NN is transformed into a binary
string by concatenating the adjacency matrix. Genetic
programming invented by Koza & Stanford (1990) has
swapped sub trees in a tree topology for crossover similar
to a one-point crossover in the standard Genetic Algorithm.
Korkmaz and Ugoluk (2004) have used the fitness value of
sub trees for guiding recombination, not to lose high-value
sub trees. In Doerr et al., (2007), unlike the general
node-based structure, an edge-based representation has
been proposed to improve optimization time. In this
method, each edge is stored with its two neighbor edges.
Samuel (2008) has proposed a matrix-based crossover and
mutation operator by transforming the graph to the
adjacency matrix. To be able to eliminate invalid solutions,
a connectivity constraint was added to operators.

In the study (Ghoumari & Nakib, 2019),
the adaptation of evolution strategy (associations of a
crossing operator and a mutation operator) during evolution
has been proposed. 20 different evolution strategies are
represented in a graph structure and to minimize diversity
loss during evolution if the strategy could not improve or
protect the diversity it is changed with a new one. Diversity
is calculated using Euclidean distance.
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All of the above-mentioned methods have been proposed to
use evolutionary algorithms on graph type represented
problems. On the other hand, a different approach in
GBEAs which use graphs to add geography to the
population as a solution to premature convergence due to
insufficient diversity in evolutionary algorithms was
proposed (Bryden et al., 2006). In their approach, a suitable
graph structure is selected, and then the evolutionary
algorithm is applied to this structure with graph suitable
operators. In the standard evolutionary algorithm,
individuals that have good fitness values are selected for
recombination in each population. Repeating this process
decreases the diversity and creates a population that
includes similar individuals. GBEA is proposed as a
solution to premature convergence due to insufficient
diversity in evolutionary algorithms. They use
a different type of combinatorial graphs to impose a
topology or “geographic structure” on an evolving
population. To create a population, each individual is
placed on a vertex of the selected graph structure.
In order to improve diversity, individuals can be replaced
only with the combination of neighbor individuals which
are the members of the same edge as a geographic
constraint in natural selection. Then a steady-state
evolutionary algorithm proposed by Syswerda (1991) is
used in which evolution proceeds one mating event at a
time. For a mating event, an individual is selected randomly
and based on the fitness value a neighbor individual is used
for crossover. If the fitness value of the new individual is
better than the selected one, it is replaced with the new one.

Based on the same approach, in a study different
evolutionary computation problems have been categorized
using 15 different connected combinatorial graph
structures. A combinatorial graph is composed of vertices
and edges which connect vertices as a set of unordered
pairs. If any vertex in the graph can be traversed from any
other vertex, that graph is defined as a connected graph.
Each problem is run on several different graphs and based
on the solution time problems are categorized. The choice
of graph affects the recombination number for convergence
and controls the spread of solutions within the population.
It is explained that selecting a suitable graph and tuning can
reduce optimization time significantly. Problems with
simpler fitness function performed best with highly
connected graphs (10 times faster), while problems with
difficult fitness landscapes performed better (12 times
faster) with less connected graphs.
The study (Bryden et al., 2003) applied GBEA to the
optimization of heat transfer in a complex system.
Specifically, the time to solution and the diversity of the
population were examined by using four different graph
structures.

As mentioned above, GBEA is used in literature to
overcome premature convergence problem of evolutionary

algorithm due to the loss of population diversity over
generations. Genetic Algorithm which is used for the
problems encoded in a series of bit strings is a subfield of
evolutionary algorithms and it can also be used on graphs
as an evolutionary algorithm. In this study, to benefit from
advantage of increasing diversity of graph-based structure,
atailored version of GBGA with three different graph types
is proposed and applied to regression test selection for the
first time in literature. To increase the diversity of future
generations, mating options of individuals in a population
are limited with the neighbors of the selected individuals on
the graph and the most compatible neighbor is selected for
mating as a novelty on GBGA. The proposed approach is
applied to a regression test selection problem including 216
test cases, 5610 requirements tested under these test cases
and affected requirements lists of five different software
versions of a software project used in the study of Garousi
et al. (2018) and the application results show that GBGA
with the most compatible neighbor has superior
performance in terms of fitness value when compared to
Genetic Algorithm.

3. MATERIALS AND METHODS

GBGA is a version of the Genetic Algorithm in which the
population is placed on a graph inspired by the concept of
distance in geography and mating is permitted only
between neighboring individuals to be able to keep genetic
diversity. In the scope of this study, three different graph
types are used as baseline structures for populations of
GBGA. Graphs are modeled as neighborhood matrices and
these ones which are used to limit crossover possibilities
between individuals. Crossover between any two
individuals is possible only if there is a connection between
their locations on the graph.

In this section of the paper, used graph types and details of
GBGA with the most compatible neighbor crossover are
explained.

3.1. Used Graph Types

Three different graphs are used as baseline structures for
populations of GBGA: torus, Petersen, and 2-pre-Z graphs.

The Torus Graph is a graph whose vertices can be

placed on a torus such that no edges cross (“Toroidal
graph,” 2021).These graphs are grids that wrap at the edges.
The nxm-torus (n corresponding to the number of
consecutive vertexes on the big circle of torus and m
corresponding to the number of consecutive vertexes on the
small circle) denoted T, ,,,, has vertex set Z,, x Z,, (Bryden
et al., 2006). Each vertex has edges only with its neighbors.
A 12x6-torus is shown in Figure 1(a).
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(a) (b)
Figure 1. (a)12x6 torus graph, (b) 32x5 Petersen Graph, (c) 2-Pre-Z Graph with 32 vertexes (Bryden et al., 2006)

The generalized Petersen graph with parameters n and k (n
corresponding to the number of consecutive vertexes on the
outside and inside shape which is a circle here and k
corresponding to the number of inside vertexes hopped for
next edge) is denoted P, and has vertex set
0,1,2,...,2n — 1(Bryden et al., 2006).
An 32x5-Petersen graph is shown in Figure 1(b).

The 2-Pre-Z graph is a graph obtained as an intermediate
product of the simplifying process defined in (Bryden et al.,
2006) on a 4x4 complete graph. A 32 vertex 2-Pre-Z graph
is shown in Figure 1(c).

3.2. Graph-Based Genetic Algorithm with The Most
Compatible Neighbor Crossover

As in genetic algorithm, GBGA has 4 basic steps which are
the creation of the initial population, selection of the
individuals, applying the genetic operators (crossover and
mutation), and termination. However, a neighborhood
matrix which represents the graph structure in GBGA
should be generated before the beginning of the search
process and a
problem-specific fitness function used to evaluate
individuals in selection and crossover operations is defined
for each problem. GBGA flow diagram can be seen in
Figure 2.

(©

3.2.1. Neighborhood Matrix

Neighborhood matrix, an example of which can be seen in
Figure 3, is a symmetric (0,1)-matrix with zeros on its
diagonal. Each row and column number represents a vertex
on the graph and the same row and column number
represent the same vertex. 0 means there is no connection
between the vertexes that row and column number of the
matrix element correspond and 1 means there is a
connection.  Neighborhood matrix corresponds to
undirected adjacency matrix in graph theory and computer
science. An adjacency matrix represents a finite graph. Its
elements indicate whether pairs of vertices are adjacent or
not in the graph.

Before starting GBGA, a n x n neighborhood matrix (n
corresponding to the population size) is created for the
graph that will provide the infrastructure for the population.
This matrix specifies the connections between individuals
which are used as mating possibilities in crossover
operations.
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Figure 2. GBGA Flow Diagram

Figure 3. Sample Neighborhood Matrix

3.2.2. Initial Population Creation:

The initial population is generated randomly based on the
problem-specific gene structure. It is assumed that each
individual in the population is placed on a vertex

corresponding to its number in the selected graph. Graph
vertex set should be equal to predetermined population size.

3.2.3. Fitness Function

In the Genetic Algorithm, a portion of the existing
population is selected through a fitness function to breed a
new generation. As in Genetic Algorithm, a problem-
dependent fitness function which measures the quality of
the individuals for selection should be determined in
GBGA.

3.2.4. Parent Selection for Mating

Selected individuals through fitness function are the parent
pool of the next generation. In the Genetic Algorithm, to
produce each child individual via crossover operator, a pair
from the parent pool is selected and a child is produced by
using different crossover methods.
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In GBGA with the most compatible neighbor crossover,
only one of the parents is selected from the parent pool.
Therefore, the crossover parent pool size is half of the
Genetic Algorithm. To increase the diversity, the other one
is chosen among the selected one’s neighbors on the graph
via neighborhood matrix. This selection process consists of
two steps: finding neighbors and selecting the most
compatible neighbor.

Finding neighbors: As shown in Figurel vertexes have
different edge structures for each graph. Neighbors of the
selected parent are determined based on the neighborhood
matrix of the used graph. In the neighborhood matrix, a
binary representation is used to show edges between
vertexes. Each binary value of “1” means the existence of a
connection between the corresponding row and column
vertexes and “0” means no connection. Therefore, column
numbers with “1” values in the row corresponding to the
selected individual indicate its neighbors.

Selecting the most compatible neighbor: Inspired natural
mating, the most compatible neighbor is selected as the
other parent for Crossover.
“Most compatible” means the similarity between parents.
For example, for the problem addressed in this study,
regression test selection, “most compatible” means test
coverage similarity between parents.
The neighbor which covers more common tests with the
selected parent than other neighbors is chosen as the second
parent.

Limiting the crossover between neighboring increases
diversity and choosing the most compatible neighbor
prevents the genetic algorithm from turning into a random
search.

3.2.5. Crossover and Mutation

After the selection of parents, identical crossover and
mutation operators with the genetic algorithm are used for
GBGA.

4. PROPOSED ALGORITHM: REQUIREMENT
COVERAGE BASED REGRESSION
SELECTION BY USING THE GRAPH-BASED
GENETIC ALGORITHM WITH THE MOST
COMPATIBLE NEIGHBOR CROSSOVER

In the scope of this study, GBGA with the most compatible
neighbor crossover is applied to a requirement coverage-
based regression test selection problem for three different
graphs defined in section 3 and it is compared with the
traditional genetic algorithm. The proposed solution is
developed in Matlab Global Optimization Toolbox by
modifying the genetic algorithm structure provided by this
toolbox.

4.1. Dataset

Dataset of the problem which includes a traceability matrix
between the test cases and requirements and affected
requirements lists of five different software versions of a
software project are obtained from (Garousi et al., 2018).
Traceability Matrix is the fundamental structure of the
requirement coverage-based selection. It represents the
relationship between the test cases and requirements in
binary matrix format. Each row of the matrix represents a
test case, and each column represents a requirement.
Each binary value of “1” means that the corresponding row
test case covers the corresponding column requirements
and “0” means do not cover. This binary matrix
representation makes it easy to find out the requirement
coverage of candidate solutions in the GBGA search flow.

The size of the traceability matrix has the dimension of
216 x 5610. 5610 system requirements are tested via 216
different test cases. The relationship between test cases and
requirement list is many-to-many which means that a test
case covers more than one requirement, and a requirement
can be tested in more than one test case.

In addition to traceability matrix, affected requirements
lists are used to calculate the requirements coverage
performance of GBGA and Genetic Algorithm for five
different software versions are represented in 1 x 5610 size
binary vector format.

This dataset is used for empirical evaluation and tuning of
the GBGA.

4.2. Proposed Solution

In this part of the paper, the basic steps of GBGA with the
most compatible neighbor crossover are explained from an
application perspective.

4.2.1. Initial Population Creation

The initial population is created randomly in the structure
shown in Figure 4. Each gene as a binary bit represents a
regression test case and each chromosome/individual as a
1 x 5610 size binary vector represents a set of test cases as
a possible solution. For each bit, the value of “1” means the
existence of the corresponding test case in the solution
(regression test-set), and “0” means its absence.

Population size is an important parameter that significantly
affects the performance of the Genetic Algorithm and also
GBGA. An insufficient number of individuals will cause
the Genetic Algorithm to quickly converge to a local
minimum (Gotshall & Rylander, 2000). On the other hand,
if the population includes too many chromosomes, the
Genetic Algorithm may have a performance problem. De
(1998) proposed a population size ranging from 50 to 100
chromosomes. Cobb & Grefenstette (1993) recommended
a range between 30 and 80. In this study, population size is
determined and used as 80 for GBGA and Genetic
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4.2.2. Fitness Function

In this study, the fitness function is designed on minimizing
irrelevant requirement coverage while maximizing the
affected requirement coverage.
The affected requirement coverage of a regression test set
is the proportion of affected requirements covered by that
test set to the total number of affected requirements. On the
other hand, irrelevant requirement coverage is one minus
the proportion of irrelevant requirements covered by a
subject test set to the total number of irrelevant
requirements. It was formulated as shown in Equation 1 in
order to construct it as finding the smallest value. arv is
used for affected requirement coverage, irv is used for
irrelevant requirement coverage. Identical fitness function
is used for classic and GBGAs.

1

Fitness(c) = ——
arv + irv

Equation 1. Fitness function

4.2.3. Parent Selection for Mating

As defined in section 3, only one of the parents is obtained
from the crossover parent pool. The other parent is selected
among the neighbors of the first parent on the graph. After
determining the neighbors via neighborhood matrix, the
most compatible neighbor is selected as the second parent.
For the requirement coverage-based regression test
selection problem “the most compatible neighbor” means
the neighbor which has more common tests with the chosen
parent than the other neighbors. After determining the
parents,

an identical crossover operator with the Genetic Algorithm
is used to generate child individuals.

4.2.4. Termination

Termination criteria determine what causes the algorithm
to terminate. In this study, the maximum generation number
as 120 and the maximum generation number where the best
value does not change more than a certain threshold as 20

are used as the termination criteria for Genetic Algorithm
and GBGA. Algorithms stop when reaching any of these
two criteria.

4.3. Tuning Parameters of Graph-Based Genetic
Algorithm

To be able to reach the best performance, internal
parameters of the Genetic Algorithm
(e.g., crossover and mutation rates) must be properly tuned
for a specific case. Many studies have shown that the tuning
of a Genetic Algorithm has a strong impact on its
performance. In this study, crossover rate and mutation rate
parameters of both the Genetic Algorithm and GBGA for
three different graphs are tuned empirically based on the
fitness value and execution time. Each GBGA and Genetic
Algorithm is executed 100 times for each crossover rate
starting from 0.05 to 1 with an increasing value of 0.05 and
for each mutation rate starting from 0.01 to 0.2 with an
increasing value of 0.01. In order to assess the performance
with each crossover rate and mutation rate, average values
of fitness values across 100 runs are used. Determined
values after this tuning process are shown in Table 1.

Table 1. Tuned parameter values

Crossover Rate Mutation Rate
GA 0.6 0.07
Torus GBGA 0.75 0.03
Petersen GBGA 0.8 0.04
2-Pre-Z GBGA 0.7 0.06

5. RESULTS AND DISCUSSIONS

In order to test the performance and compare, GBGA and
Genetic Algorithm are used to find the minimum set of tests
for regression test selection based on a data set which
includes 216 tests, 5610 requirements verified by these
tests, and an affected requirement list for five different
software versions. Each algorithm is run 100 times for each
software version and each run starts with a different initial
population and stops when one of the termination criteria is
met. The performance of the GBGA with three different
graphs and Genetic Algorithm is compared in terms of
fitness value, affected requirement coverage, irrelevant
requirement coverage, and execution time.

5.1. Fitness Value Comparison

From the fitness value aspect, GBGA with three different
graphs provides better results (lower values are better
because fitness function is formulated as finding the
smallest value) than the Genetic Algorithm for all five
software versions as shown in Figure 5. GBGA with
Petersen graph is slightly better than the other two GBGAS
with torus and 2PreZ graphs. It can be said that the Petersen
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graph is the best option for requirement coverage-based
regression test selection with GBGA.

In this study, fitness value is the one and only determinant
for solution selection. Therefore, it is the most important
factor to make a comparison in the scope of this study. The
fitness value is the primary comparison criterion in this
study. As discussed in Section 4, the fitness value of a
solution is the combination of affected and irrelevant
requirement coverage.

FITNESS VALUES

—+—Classic GA Petersen Graph Based GA

2PreZ Graph Based GA Torus Graph Based GA
0,63
062

0,61

sw swW sw sw swW
VERSION 1 VERSION 2 VERSION 3 VERSION 4 VERSION §

Figure 5. Fitness Value Comparison

5.2. Affected and Irrelevant Requirement Coverage
Comparison

In addition to fitness value comparison, coverage ratios of
affected and irrelevant requirements are also compared
separately. As explained in section 2, affected requirements
are those which correspond to the modifications made in
the source code across two software versions and irrelevant
requirements are the ones that are not affected by the
modifications.

Requirement coverage comparison has two different
scenarios as shown in Figures6 and 7. Genetic Algorithm
has slightly better results in affected requirement coverage
perspective than GBGAs, while GBGAs have clearly better
results in irrelevant requirement coverage perspective.

When compare GBGAs; GBGA with 2PreZ graph is the
best one among GBGAs in affected requirement coverage,
while GBGA with Petersen graph is the best in irrelevant
requirement coverage. However, affected and irrelevant
requirements coverages are secondary criteria, and these
comparisons are given as details of fitness value
comparison.

AFFECTED REQUIREMENT COVERAGE

—4—Classic GA Petersen Graph Based GA

2PreZ Graph Based GA Torus Graph Based GA

sw sw sw swW sw
VERSION 1 VERSION 2 VERSION 3 VERSION 4 VERSION 5

Figure 6. Affected Requirement Coverage Comparison
5.3. Execution Time Comparison

In execution time comparison seen in Figure 8, the Genetic
Algorithm requires less execution time than GBGAs as
expected. “Finding the most compatible neighbor” process
is the reason for this difference.
It increases the execution time of the GBGAs linearly
depending on the number of neighbors. However, this
difference is negligible when compared to the execution of
tests cases.

When comparing the GBGAs, it is observed that GBGA
with Petersen graph has a lower execution time values than
the other two because its average neighbor number for a
vertex is less than others.

IRRELEVANT REQUIREMENT COVERAGE

~4—Classic GA Petersen Graph Based GA

2PreZ Graph Based GA Torus Graph Based GA

04
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o /\/
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Figure 7. Irrelevant Requirement Comparison
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EXECUTION TIME

~4—Classic GA Petersen Graph Based GA

2PreZ Graph Based GA Torus Graph Based GA
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Figure 8. Execution Time Comparison

6. CONCLUSIONS

This paper presents a GBGA modeled with three different
graphs named torus, Petersen, and 2PreZ for requirement
coverage-based regression test selection. To the best of the
authors' knowledge, there is no study in the literature using
a GBGA for regression test selection problems.

In order to evaluate the performance of the GBGA with the
most compatible neighbor crossover, it is compared with
the Genetic Algorithm in terms of fitness value, affected
requirement coverage, irrelevant requirement coverage,
and execution time.
When evaluated in terms of fitness value, which is the one
and only determinant for solution selection as explained in
detail in section 5, the GBGA gives better results than the
Genetic Algorithm in all five different software versions
included in the dataset.

In this study, the GBGA with the most compatible neighbor
crossover is proposed as a solution to requirement
coverage-based regression test selection. However, the
application model of the GBGA provides a general and
flexible structure which is applicable to most of the
optimization problems by customizing the genetic structure
based on problem-specific data and tuning the parameters
of genetic operators.

In the scope of this study, three different graph types are
used as the baseline structure for GBGA. These graphs are
obtained from the study of Bryden, Ashlock, Corns, and
Stephen (Bryden et al., 2006). They have reviewed 15
different graphs in their study for GBGA. Inspired by this
paper, other graph types which are not used in our study can
also be applied to the regression test selection problem.

Application of GBGA to different optimization problems
with a newly designed crossover operator would be a step
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toward understanding what types of problems it is
applicable to.

Future work directions can be applying the proposed
approach with more graph types (1), and to different
optimization problems (2).
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Abstract

In the software testing process, automation testing is generally required for obtaining better test results and saving time
and money. Automation testing is beneficial, especially when web applications are being tested according to performance,
vulnerability, security, load, and stress. Today, there are many web-based automated tools with various properties, which
are developed by different producers. Some of them can only be used for specific purposes and produce pretty good
results, while others can be used in a broader area but produce average results. Web-based automated tools differ from
each other according to various criteria such as cost, license, technical support, language support, user experience,
documentation, browser support, environment support, testing type, and hardware requirements. It is often hard to
determine which web-based automated tool is appropriate for a specific testing process. Since many of these tools are
licensed and costly, it is sometimes impossible to make trials and decide on the proper automated tool. Some studies in
the literature address this problem by examining only a few tools and only a few comparison criteria. However, the
comparison of automated tools is an important issue that needs to be addressed in more detail. In this paper, for the first
time in the literature, 14 web-based automated tools are compared according to 20 different criteria, and the results of this
comprehensive review are presented.

Keywords: Software testing, Software tool, Web application testing, Automated testing tool.

1. INTRODUCTION testing, interface testing, and web application testing.
Apart from these, software tests can be categorized into

Software testing has become a popular concept in the several groups according to different criteria. Some of

last decade because of the tremendous growth in
software applications. The primary motivation of
software testing is to prove that the software is working
as required by customers, programmers and users, and
always producing the correct results. It is also known
that risk management is a critical concept in software
engineering (Masso et al., 2020), and the testing process
can be used to determine the risks in the software.
Testing process includes test plan, test environment,
documentation, reporting and test cases/scenarios.
Software tests can be grouped according to the tests'
content such as database testing, mobile application

*Corresponding author ruyasamli@iuc.edu.tr, 2ormanz@iuc.edu.tr

the categorization is as follows. According to their
primary purposes: functional testing, non-functional
testing; according to the testing times: active testing,
passive testing, according to the levels: unit testing,
integration testing, system testing, acceptance testing
(Elbaum et al., 2003; Bertolino, 2007; Kundu, 2012;
Hedayati et al., 2015; Falah et al., 2015) according to
testers' knowledge of the system: the black-box testing,
the white-box testing (Monier & El-mahdy, 2015). All
software testing processes about all these testing styles
can be performed by two different methods:
(1) by human beings (manual testing), and
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(2) by machines/other software (automated testing).
Automated testing includes many different abilities
about testing and it is faster than manual testing
(Catelani et al., 2011; Gupta et al, 2015). Because of the
unbelievable growth of the softwares, automated testing
is often preferred over manual testing in recent years.

This paper discusses web application testing and web-
based automated system  testing  explicitly.
In web application testing, web security, which is the
site's ability to handle the traffic and the site's regular
users, is also checked (Petukhov & Kozlov, 2008).

Table 1. A literature review of web-based automation tools

This paper examines web-based automated testing tools.
The main aim is to assist the software testers in finding
out the best web-based automated testing tools, thus
efficiently and effectively performing web-based
testing. There are many factors to be considered to refer
to the very best tools, such as browser compatibility,
technical support, and integration. Some studies in the
literature have already analyzed some of the software
testing tools. Therefore, a review is given below.

Study

Tools

Comparison Features

Major findings

(Krizani¢ et al., 2010)

Grinder, JMeter,
NeoLoad, WebLoad

Security support, Test results
report

Although commercial tools offer a richer set of
features and are, in general, easier to use, available
open-source tools proved to be quite sufficient to
perform given tasks successfully.

(Gogna & & Kumari,
2011)

Watir, WET

Developer(s), Stable release,
Language, The platform, Testing
type, License

They have different limitations, so both can be better
than the other in different situations.

(Kaur & Kumari, 2011) QTP, TestComplete Data-driven testing, Test result TestComplete is better used for applications with low-
reports, Reusability, Execution security requirements, and QTP is better where data
speed, Record and playback, security is required even during testing.

Recording  efficiency,  User
experience, Cost
(Chandel et al., 2013) JMeter, Loadrunner Performance, Speed, They have different limitations, so both can be better

Throughput, Efficiency

than the other in different situations.

(Kaur & Gupta, 2013)

QTP, Selenium, Test
complete

Usability, Efficiency

These tools can be selected based on the type of
application, the budget, and the efficiency required.

(Al-Zain et al., 2013)

Sahi, Selenium,
TestComplete, VS
Web Test

Record and playback, Handling of
page waits, Browser support,
Technical support

It has been shown that free and straightforward
automation tools can be much more potent than
commercially sophisticated and expensive tools in
many situations.

(Dukes et al., 2013) Paros, WebScarab, Functionality, Cost, Platform  Open-source tools can conduct security testing with
JbroFuzz,  Acunetix, support limited results.
Fortify Language support

(Gogna, 2014)

Selenium, Watir

Functionality

They have different limitations, so both can be better
than the other in different situations.

(Singh & Tarika, 2014)

Selenium, Skilu, Watir

Data-driven testing, Efficiency,
Language support, Reusability of
code

They have different limitations, so all can be better
than others in different situations.

(Dubey &  Shiwani, Ranorex, Cost, Efficiency, Capability, Data-  They have different limitations, so both can be better
2014) TestComplete driven testing, Test result reports, than the other in different situations.

Reusability,

Record and playback, User

experience
(Daud et al., 2014) Acunetix, Nessus Vulnerability, Cost, Software Vulnerability scanning is a useful feature for

support, Efficiency

organizations to prefer any of these tools.

(Sharmila & Ramadevi,
2014)

JMeter, WAPT

Average response/sec, Successful
sessions,  Bandwidth, CPU
utilization, Total throughput/sec,
Total KBytes sent, Standard
deviation, Median

JMeter has beneficial and efficient bandwith for
testing web applications.

(Bharti & Dutt, 2014)

QTP, Selenium, Test
Complete

Ease of operation, Usability, Area
of application, Efficiency

These tools can be selected based on the type of
application, the budget, and the efficiency required.

(Bindal & Gupta, 2014)

QTP, Selenium, Test
Complete, SOAP Ul

Usability, Efficiency

They have different limitations so each one can be
better than the others in different situations.

(Angmo
2014)

&  Sharma,

Selenium, Watir

Execution speed, Record and
playback,  Platform  support,
Browser  support,  Language
support,  Test result reports,

Accessibility, Usability

Selenium is a better choice in various conditions but
Watir is suitable under certain specific situations.

14
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(Sharma
2014)

&  Angmo,

FitNesse, LoadRunner,
QTP, Selenium,
SilkTest,

Language  support, Platform
support, Testing type,
Development status, Stable/initial

Selenium is determined as the best tool according to
the criteria in this study.

TestComplete, TestNg,  release/development year,
TOSCA, Watir, License,  Developer, Browser
WinRunner support
(Singh & Sharma, 2015)  Sahi, Selenium Cost, Record and playback, Sahi performs better than Selenium. However,
Efficiency,  Browser support, Selenium is a better choice when platform
Platform  support, Language compatibility and programming language support are
support, Test result report, User  required.
experience
(Gupta et al., 2015) QTP, Selenium Cost, Language support,  They have different limitations, so both can be better
Application support, File upload than the other in different situations.
system, Effort, and  skill,
Execution speed
(Meenu & Kumar, 2015)  QTP, Selenium,  Cost, Platform support,  They have different limitations, so both can be better
SoapUl, Application support, Browser than the other in different situations.
Test Complete support, Language support,

Technical support, Record and
playback, User experience, Test

result report, Data-driven
framework

(Kunte & Mane, 2017) QTP, Selenium Cost, Efficiency, User experience,  Selenium is a better choice for web applications than
Platform  support, Language QTP, which provides a tester with more flexibility to

support, Execution speed

test the applications under various complex scenarios.

(Radhakrishna &

Nachamai, 2017)

JMeter, Soap

Response time

They have different limitations, so both can be better
than the other in different situations.

(Abbas et al., 2017)

JMeter,
Microsoft
Studio, Siege

LoadRunner,
Visual

Test scripts generation, Testresult
report, Application support, Cost

JMeter provides the best results, but the proper tool
should be chosen based on the budget, time, and nature
of the software system under consideration that has to
be tested.

(Kakaraparthy, 2017)

Ranorex,  Selenium,
Test Complete

Cost, Platform support, Language
support, Data-driven  testing,
Record and playback, Application
support, User experience, the Test
result report

They have different limitations, so both can be better
than the other in different situations.

(Mahmood & Sirshar,  Selenium, SAHI, Language Support, User It can be practical to utilize open-source tools.
2017) WATIR, QTP experience, Hardware
Requirement, Cost
(Qasaimeh et al., 2018) Acunetix, Burp Suite, Vulnerability ZAP vulnerability is the highest. However, Acunetix
NetSparker,  Nessus, and NetSparker have more accurate results.
OWASP ZAP

(Jain & Rajnish, 2018)

OpenScript, Selenium

Cost, Efficiency, Hybrid-driven
framework, Test result report,
Reusability of code, Execution
speed, Record and playback, IDE

Selenium has an easy-to-use and efficient playback.

(Kaur, 2021)

JMeter, Load Runner,
Silk, Selenium

support, User experience,
Application support
Performance, Load, Browser

Supported, Language Supported,
License Types

Automation testing is more useful and time-saving
than manual testing.

(Patil & Pawar, 2021) Many different tools Reports, level of  skills, The selection of test automation tools in the BFSI
documentation, DevOps support,  business unit would depend on the required budget and
integration with ALM type of the project

(Prasad et al., 2021)

Many different tools

Modifiability, understandability,
extendibility, modularity,
compatibility, cost-effectiveness,
flexibility, reliability

The study summarizes the existing literature.

(Srivastava et al., 2021)

Many different tools

Test  development  platform,
scripting languages, programming
skills, script creation time

Different types of applications need different types of
protocols.

From the literature studies, it can be realized that the
comparative studies of web-based automated testing
tools have examined only a few tools and only a few
comparison criteria. The most used criteria can be
summarized as cost, user experience, test result report,
language support, platform support, and environment
support. In almost every study, it has been concluded
that it is hard to select the best testing tool as they have
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different advantages and disadvantages. Whether one
tool is better than the other could be decided based on
the existing criteria, but not in general. With the
motivation of these results from the previous studies, a
large number of web-based testing tools (14) and a large
number of comparison criteria (20) have been examined
in this paper. We have compared both the open-sourced
and licensed tools, whereas most studies have only made
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comparisons with the open-sourced tools. Therefore, our
research is more comprehensive than the other literature
on web-based automated testing tools.

2. WEB-BASED AUTOMATED TESTING
TOOLS

The web-based automated testing tools discussed in this
study are Acunetix, FitNesse, JMeter, Katalon Studio,
LoadRunner, QTP (QuickTest Professional), which is
also known as HP Unified Functional Testing (HP
UFT), Ranorex Studio, Sahi Pro, Selenium, Telerik Test
Studio, TestComplete, TestlO, TestingWhiz, and
Webload. Some brief explanations of these tools were
given below.

Acunetix, which was developed in 2005, can detect and
report over 4500 web application wvulnerabilities.
Some of them are: Cross-Site Scripting, SQL Injection,
XML Injection, Malicious File Inclusion, Unrestricted
URL Access, HTTP Response Splitting, Information
Leakage, Improper Error  Handling, Weak
Authentication, Session Fixation and so on. The

vulnerability scanner tool was initially developed for
Windows until 2014. A Linux version and Acunetix 360
for enterprises were formed in 2018, respectively. An
example scene of the Acunetix test report is given in Fig.
1 (Acunetix, 2020).

Bitp//testphp.ulnweb.com/artists.php

Fig. 1. An example Acunetix test report

FitNesse is all of a web server, a wiki, and an automated
testing tool for software specially used for acceptance
testing. The FitNesse project started in 2004 in Java with
a fork of Fit classic Java, and new versions were created
with new plug-ins until 2010. A FitNesse test report
example is given in Fig. 2 (FitNesse, 2020).
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B)FitNesse =t s~ Tools
FrontPage

Welcome to FitNesse!
The fully integrated stand-alone acceptance testing framework and wiki.

To add your first "page”, dlick the Edit button and add a

Fig. 2. An example FitNesse test report

JMeter, which was developed by Apache in 1998, is a
tool for both dynamic and static resources. JMeter is
used to simulate a heavy load on a server, object, or
network group or to analyze the overall performance of
a web application under many load types. JMeter can
analyze the ability to load and perform tests of many
different applications such as databases, message-
oriented middleware, and internet protocols. An
example JMeter test report is given in Fig. 3 (JMeter,
2020).

Graph Results

Fig. 3. An example JMeter test report

Katalon Studio (or informally Katalon) is used to help
the users to generate automated tests cross-platform.
The tool developed in 2015 is compatible with all
operating systems, browsers, and devices. Differently
from many web-based automated tools, Katalon has
both open-sourced (Katalon Studio) and licensed
(Katalon Studio Enterprise and Katalon Runtime
Engine) versions. An example scene of the Katalon
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Studio test report is given in Fig. 4 (Katalon Studio,
2020).

Executions

Fig. 4. An example Katalon Studio test report

LoadRunner was presented by MicroFocus in 1993. It
offers a simplified and faster testing experience to the
users, and it supports performance testing for the most
comprehensive range of protocols and over 50
technologies and application environments.
LoadRunner, which has more than 40 versions up to
today, emulates many concurrent virtual users to apply
real workloads to any application and capture end-user
response times.An example LoadRunner test report is
given in Fig. 5 (LoadRunner, 2020).
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Fig. 5. An example LoadRunner test report

QTP (QuickTest Professional), which is also known as
HP Unified Functional Testing (HP UFT), provides
users to execute and create automated apps on web,
mobile, and desktop platforms. QTP was developed in
2001, and there are many versions today. The tool's
some features are; automated documentation, exception
handling, data-driven testing, extensibility, error
handling mechanism, and unique handling mechanism.
An example QTP test report is given in Fig. 6 (QTP,
2020).
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Fig. 6. An example QTP test report

Ranorex Studio is one of the web application testing
automation tools covering all mobile, desktop, and web
applications. Some of the features are record and
playback, GUI recognition, reusable test code, and
integration with various tools. The tool delivers robust
object recognition, supports web frameworks and web
technologies, performs what testers refer to as web
element identification, integrates with the current
solutions, and has various useful properties. An example
Ranorex Studio test report is given in Fig. 7 (Ranorex
Studio, 2020).
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Fig. 7. An example Ranorex Studio test report

Sahi Pro (or informally Sahi) is a tool designed to solve
the everyday problems faced by testers. Sahi is uniquely
tester-centric in its design and functionality. It can be
used on all browsers on all operating systems for
desktop, mobile, and web testing. While it can be
integrated with many other tools, it is an efficient tool
for different testing types. An example Sahi Pro test
report is given in Fig. 8 (SahiPro, 2020).
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Fig. 8. An example Sahi Pro test report

Selenium, which is the first tool that comes to people's
minds when anyone is talking about web-based
automated tools, was first developed in 2004. Selenium
is a popular web application tool that supports different
types of software tests. It is a sophisticated tool
composed of several components that have specific roles
in helping in the development of web applications. Not
all of them are used together; most of the Selenium
Quality Assurance engineers focus on one or two tools
for their projects. Selenium is a widely used web-based
automated tool because it supports various platforms,
operating systems, programming languages, and
browsers. However, Selenium is used to test web
applications only; it does not have any ability to test
desktop-based applications, mobile applications, or any
other software. It does not offer a native reporting
facility, one of the most important disadvantages of the
tool. An example Selenium test report is given in Fig. 9
(Selenium, 2020).
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Fig. 9. An example Selenium test report
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Telerik Test Studio is a Windows-based automated tool
for different types of applications. It empowers the users
to quickly and easily craft automated tests, integrate
them in CI/CD (Continuous Integration/Continuous
Delivery) environment following the workflow, find
defects earlier, and ship a better quality software
product. It can perform various testing types, such as
functional testing, performance testing, load testing, and
mobile testing. An example Telerik Test Studio test
report is given in Fig. 10 (Telerik Studio, 2021).
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Fig. 10. An example Telerik Test Studio test report

TestComplete is a functional automated testing platform
developed in 1999. TestComplete contains three
significant modules, which are mobile, web, and
desktop testing, and each of the modules contains its
functionality for creating automated tests. TestComplete
is an easy, reliable, fast tool that has a capable
supporting team. An example TestComplete test report
is given in Fig. 11 (TestComplete, 2021).
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Fig. 11. An example TestComplete test report

TestlO is another web testing tool that is used generally
for crowd-testing. It can remove quality assurance
bottlenecks with flexible testing, enable one to expand
one coverage to hundreds of platforms and devices and
ensure one of the professional testers has unbiased eyes
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on the product. It has high compatibility with devices,
browsers, and platforms. An example TestlO test report
is given in Fig. 12 (TestlO, 2022).
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Fig. 12. An example TestlO test report

TestingWhiz supports various testing types such as
mobile testing, regression testing, data-driven testing,
database testing, big bang testing, and so on.
TestingWhiz is very easy to use for both large and small
applications. It has intelligent and reusable recording
techniques while testing. Also, the test commands
applied by the tool are usable even to users who have no
coding skills to optimize testing workloads and boost the
efficiency of the automation projects. However, the tool
is not provided for free; it is subscription-based, which
is readily available on request, and it cannot thoroughly
scan a web application. An example TestingWhiz test
report is given in Fig. 13 (TestingWhiz, 2022).
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Fig. 13. An example TestingWhiz test report

Webload, which was developed in 1997, is one of the
testing tools which are specially used for
load/performance testing. There is a long period
between the first and second versions of Webload. The
second and third versions were presented in 2010, and
after that, new versions were developed continuously.
Webload supports many integration tools, browsers,
platforms, and also cloud applications. With Webload, a
tester can pinpoint issues and the bottlenecks which may
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stand in the way of achieving one load response
requirement. An example Webload test report is given
in Fig. 14 (Webload, 2021).
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Fig. 14. An example Webload test report

3. RESULTS AND DISCUSSIONS

In this section, a comparison of the web-based
automated tools according to various criteria has been
performed. The tools were compared according to 20
different features. These features are gathered in 5
separate tables according to their relevance to facilitate
the comparisons. The comparisons were made by
examining each tool's official website, the related
studies and tutorials in the literature, and our test
simulations. For this study, many sample tests have been
carried out such as implementing tests operations on
Facebook by wusing Selenium, TestingWhiz, and
Webload, using sample university websites with JMeter,
TestingWhiz and Webload, shopping on sample
shopping sites with JMeter, TestingWhiz, and Katalon
Studio, comparing Facebook and Twitter, Google,
Yahoo and Yandex with JMeter and some other test
simulations. The tools are classified according to their
general characteristics in Table 2, requirements in Table
3, technical compatibility in Table 4, testing properties
in Table 5, and technical supports in Table 6. For each
comparison table, the features and the values of
attributes are briefly discussed.

3.1. Analysis of General Properties

General Properties refer to the properties of a tool that
come to mind in the first place. These features are the
Testing Style, Open Sourced/Licensed, Cost, and Stable
Release. The features discussed in this section are
described below.

“Testing style” explains how automation software does
the test. It can take values in the form of API Testing,
Desktop Testing, Mobile Testing, Web Testing, and
combinations thereof. Open-sourced/Licensed indicates
whether the tool has a license or not. Tools with free
versions of open source, licensed for later versions, are



Samli & Orman (2023). ileri Miihendislik Calismalar1 ve Teknolojileri Dergisi, 4(1), 13-28

also specified. This feature is important because it
handles both open-source and licensed tools, unlike
other literature studies. "Cost” is a numerical value that
expresses the price of the tool. The intermediaries' fees
may be specified in different ways, such as daily,
monthly, or 1-time purchases. “Stable release” means
the most recently updated version of a tool and is

expected to be recent for the tool to be used. Since
software engineering is a continually evolving field,
software varies and changes over time, and also different
necessities may occur for other software. In this respect,
a tool needs to update tools frequently and meet the
changing software needs.

Table 2. Comparison of web-based automated tools according to general properties

Testing Style Open-sourced/Licensed Cost Stable release
Acunetix Web Testing Licensed Customizing  according to  customer -
necessities
FitNesse Web Testing Open Sourced Free April 2019
JMeter Mobile Testing, Open Sourced Free November 2019
Web Testing
Katalon Studio API Testing, Katalon Studio (Open Sourced)  Katalon Studio (Free) October 2019
Desktop Testing, Katalon  Studio  Enterprise  Business technical support ($2,500 per year)
Mobile Testing, (Licensed) Enterprise technical support ($5,500 per year)
Web Testing Katalon  Runtime  Engine Enterprise Premium technical support
(Licensed) (customizable price)
LoadRunner Desktop Testing, Licensed 50 virtual user licenses (free) 2020
Web Testing More virtual users ($1,40 per day)
QTP (HP UFT) Desktop Testing, Licensed Trial (Free) July 2019
Web Testing Runtime Engine ($2,300 per year)
Uft One ($3,200 per year)
Volume Pricing (Customizing according to
customer necessities)
Ranorex Studio Desktop Testing, Licensed Trial (Free) October 2019
Mobile Testing Runtime License Floating ($890)
Web Testing, Premium Node-Locked ($2,990)
Premium Floating ($4,990)
Sahi Pro Desktop Testing, Licensed Trial (Free) -
Mobile Testing, Sahi Pro ($695 per year)
Wehb Testing
Selenium Web Testing Open Sourced Free 2018
Telerik Test Desktop Testing, Licensed Test Studio Web & Desktop ($2,499 per year)  June 2019
Studio Mobile Testing, Test Studio Ultimate ($3,499 per year)
Web Testing
TestComplete Desktop Testing, Licensed Trial (Free) June 2019
Web Testing TestComplete Base (Euro 5,170)
TestComplete Pro (Euro 8,023)
TeamSuite Bundle (Customizing according
to customer necessities)
TestlO Web Testing Licensed Auvailable on request -
TestingWhiz Desktop Testing Licensed Auvailable on request -
Web Testing
Webload Web Testing Licensed Auvailable on request February 2016

As shown in Table 2, while some tools have only one
unique test style (web testing or desktop testing), some
other tools consist of a combination of tests and have
many test styles such as API Testing, Desktop Testing,
Mobile Testing, and Web Testing. This feature has of
great importance in the selection of the tool. For a tool
to be used on an application, it must have a structure
suitable for that application. As shown from the table,
only three tools within 14 tools are entirely open-source
and free. The remaining licensed vehicles have
considerably higher fees. While specific versions or trial
versions of some tools are free, a professional version
must be paid for. While the prices of some tools are
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specified as daily or monthly, the fees of some other
tools or some versions can be customized according to
customer demands. This is an essential criterion
regarding the selection of the tool. This table shows that
different market tools for companies seeking
professional support, individual nonprofessional users,
and actors with different roles state that each of these
actors can find a suitable tool according to their needs.
When the stable release features are examined for the
tools, it is seen that all of them are updated frequently,
and in this respect, it can be stated that all tools can meet
the changing software needs.
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3.2. Analysis of Requirements

In this section, the required features for a tool to be used
efficiently are discussed. Since the most crucial feature
for the efficient use of a tool is the hardware
requirements, both CPU and RAM requirements are
presented. Besides, it is another matter to consider
whether any programming knowledge is required to use
a tool. The features discussed in this section are
described below. “Hardware requirement (CPU)”

expresses the minimum CPU features required to use the
tool. CPU speed and other features are given in this
feature. “Hardware requirement (RAM)” referred to the
minimum and recommended RAM amounts (if
detected) required to use the tool. “User experience
requirement” indicates whether user experience is
necessary for the use of the tool or not. It can take two
values “Easy to use” (can be used without any
knowledge) or Requires some programming skills.

Table 3. Comparison of web-based automated tools according to requirements

Hardware requirement (CPU)

Hardware requirement (RAM)

User experience requirement

Acunetix 64-bit any processor Minimum: 2 GB Easy to use
FitNesse - - Easy to use
JMeter Multicore CPU with four or more cores ~ Minimum: 16 GB Requires some programming skills

Katalon Studio

1 GHz, 32-bit (x86) or 64-bit (x64)
processor or higher

Minimum:
1 GB (for 32-bit)
2 GB (for 64-bit)

Easy to use

LoadRunner

Intel Core, Pentium, Xeon, AMD or
compatible Speed: 1.6 GHz or higher

Minimum: 2 GB
Recommended: 4 GB

Requires some programming skills

QTP (HP UFT) 1.6 GHz or higher Minimum: 2 GB when no more than Easy to use
three add-ins are loaded simultaneously.
Ranorex Studio 2 GHz dual-core or higher Minimum: 1 GB Easy to use

Sahi Pro - Minimum: 1.5 GB Requires some programming skills

Selenium 4x Dual-core AMD Opteron or higher Minimum: 4 GB Requires some programming skills

Telerik Test x86 or x64 1 GHz Pentium processor or ~ Minimum: 1 GB Easy to use

Studio higher Recommended: 2 GB

TestComplete Intel Core i5 or Intel Core i7 (the 3rd  Minimum: 8 GB Easy to use.

generation) or higher

TestlO 800 MHz or higher Minimum: 4 GB Easy to use

TestingWhiz Intel Pentium 4 or higher Minimum: 4 GB Requires some programming skills
Recommended: 8 GB

Webload IBM-compatible PC (x86-32) with  Minimum: 1 GB Easy to use

Pentium 111 800 MHz or higher

Recommended: 4 GB

Table 3 presents a comparison of the web-based
automated tools according to hardware and user
experience requirements. It has all the information for
all tools except FitNesse and Sahi Pro tools. Although
the criteria in this table do not directly affect the tool's
selection, it provides information on whether the
currently selected tool can be used or not and what
requirements must be met for the tool before it is used.
For example, it would be beneficial for a new user to
start the test process with the FitNesse tool in terms of
being both open source and free and easy to use.
However, FitNesse only performs web testing and
cannot be used for mobile testing. Also, since there is no
full information about the CPU configuration it requires,
there may be a compatibility problem with the hardware
to be tested. Table 3 also indicates that the tools usually
need high CPUs and RAMs. This situation can be stated
as the fact that at least one other software is running
while the tools are running, various data operations are
performed, and reports are generated on the software.
JMeter needs a higher memory than other tools because
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it is cross-platform; it supports all browsers and IDEs
that support Java; in other words, it has high
compatibility. One of the first actions to be taken after
deciding to use a tool is to provide the tool's
requirements. As it is seen, while some tools are easy to
use, the user should have specific programming
knowledge in some popular and frequently used tools
such as Selenium. In other words, it is not enough for
testers to know and apply the test cases and test
scenarios; they need to write these cases and procedures
and make changes if necessary.

3.3. Analysis of Technical Compatibility

In this section, programming languages, platforms,
browsers, and IDEs supported by tools are discussed.
The feature that maximizes an automation tool's
usability can be considered compatibility because it
provides a tool for many projects. The features discussed
in this section are described below.



Samli & Orman (2023). ileri Miihendislik Calismalar1 ve Teknolojileri Dergisi, 4(1), 13-28

“Language compatibility” expresses which
programming languages the tool can test on
applications.

“Platform compatibility” determines the operating
systems and other platforms on which the tool can

operate. “Browser compatibility” expresses the lowest
level of web browsers that the tool can work with.
“IDE compatibility” gives the IDES supported by the

tool.

Table 4. Comparison of web-based automated tools according to technical compatibility

Language Compatibility

Platform Compatibility

Browser Compatibility

IDE Compatibility

Acunetix CSS, HTML, Java, JavaScript, Web-based environments Any browser -
.NET, Node.js., PHP

FitNesse C++, C#, Delphi, Python, Cross-platform Any browser Maven or lvy in Eclipse
Ruby

JMeter - Cross-platform Any browser All IDEs which support

Java

Katalon Studio

Java/Groovy

Windows 7, 8, 10, MacOS 10.11+,
Linux (Ubuntu-based)

Any browser

Java, Android SDK, Web
drivers

LoadRunner

C#, Java, JavaScript, VB,
VBScript

Windows 7 (SP1) 32/64 bit, 8 64
bit, Windows Server 2012 64 bit,
R2 (SP1) 64 hit

Any browser

QTP (HP UFT) VBScript Windows 7 32/64 bits, Windows 7 IE 6,7,8,10, Firefox 3.0 Its IDE
(SP1) 32/64 bits and later, Google
Chrome

Ranorex Studio No specific scripting language ~ Windows 2000, XP, Vista, 7, Any browser Its IDE

(it is written in .NET using C ~ Windows Server 2003, 2008

hash, Iron python, and VB.net)
Sahi Pro JavaScript Cross-platform Any browser Selenium IDE
Selenium C#, Java, JavaScript, Perl, Windows, macOS X, Linux All major All IDEs which support

PHP, Python, R, Ruby browsers Java
Telerik Test AJAX, Angular, HTML, Windows 7,8, 10 Internet Explorer,  Visual Studio IDE
Studio MVC, Silverlight, WPF Windows Server 2008, 2012 Microsoft Edge,

Firefox, Google Chrome,
Opera, Safari

TestComplete C++, C#, DelphiScript, Windows 7 (SP1), 8, 8.1, 10, IE, Firefox, Its IDE
JavaScript, Jscript, Python, Windows Server 2008 R2, 2012, Google Chrome
VBScript 2012 R2, 2016, 2019
TestlO - Web-based environments Any browser -
TestingWhiz - Windows Any browser Its IDE
Webload JavaScript Windows, Linux Any browser Its IDE

The values in this table are related to the technical
features of the tool. Programming language
compatibility means which programming language can
test on applications written, a fundamental selection
criterion. While some tools support only one language
(JavaScript, VBScript) in this regard, some tools
increase the probability of being used because they
support many languages (C ++, C #, DelphiScript,
JavaScript, Jscript, Python, VBScript, and so on).
Another one of the most critical factors affecting the
selection of the tool is platform compatibility. While
researching this feature, it is observed that some tools
work on only one system (usually Windows), and some
tools work on cross-platforms. In some tools, only the
name of the operating system is included, while in some
tools, it is possible to get information about the
platforms' versions. A remarkable point here is that the
tools usually do not work in the MAC OS operating
system. Accordingly, the testers who should work with
this system should make the selection only among many
tools.
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Since the tools examined in this study are web-based
tools, there is generally no restriction in the browser
support section. In other words, the tools mostly work in
all browsers. However, in some tools such as QTP,
browsers are expected to be higher than a specific
version. Looking at Table 4, it is seen that the tools
either use existing IDEs or create their unique IDEs. The
limitation here is to consider compatibility issues when
using tools that use current IDEs. For example, IDE used
in tools such as JMeter and Selenium is expected to have
Java support.

3.4. Analysis of Testing Properties

In this section, the features of the test process, which is
the main function of the tools, are discussed. The
features discussed in this section are described below.
“Other tools support for integration” refers to other tools
that the tool can work with. “Testing type” describes the
tests that the tool performs. There are areas where each
of them specializes. Some tools focus on security like
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penetration and vulnerability, while others are
concerned with tests such as load, stress, and
performance. This feature generally indicates which
tests a test tool can perform best. “Test result

generation” expresses how the results of the test will be
reported. In other words, it can be described as the

format of the reports obtained.

Table 5. Comparison of web-based automated tools according to testing properties

Other tools support integration

Testing type

Test result generation

Acunetix GitHub, FortiWeb, Imperva, Jenkins, Jira, Penetration, Vulnerability, Web, Security HTML, PDF
SecureSphere

FitNesse - Acceptance -

JMeter BlazeMeter, Dynatrace, Jenkins, Meliora, Load, Performance, Stress CSV, HTML

TestLab, Visual Studio

Katalon Studio Azure DevOps, Bamboo, CircleCl,
Jenkins, Jira, gqTest, TestLink, TestRail,

TeamCity, Travis Cl, Microsoft Teams

API, Mobile, Web

CSV, HTML, PDF

LoadRunner - Load, Performance -

QTP (HP UFT) CollabNet, iRise, Jira, Kovair, TeamForge,  API, Business Process, GUI HTML
TestComplete, ServiceNow

Ranorex Studio Azure DevOps, Bamboo, Hudson, Jenkins,  Data-Driven, GUI, Keyword-Driven, Quality =HTML, XML
Team City Assurance, Regression

Sahi Pro Bamboo, Jenkins, Selenium, or any Cl tool  Agile, Functionality, Load, Performance XSL

Selenium Can be integrated with many prices or free  Data-Driven, GUI, Keyword, Regression, Unit,  No reports
tools Web

Telerik Test Studio  Bamboo, Jenkins, Jira, TeamCity, TFS Load, Functional, Performance, Restful Junit, XML

TestComplete Bamboo, Jenkins, Jira, QAComplete,

Selenium, Team Foundation Server

Coverage, Data-Driven, GUI, Keyword, Load,
Mobile, Regression, Unit, Web

HTML, Junit, PDF, XML

TestlO GitHub, Jira, Redmine, Trello Beta, Exploratory, Regression, Usability CSV, XLS
TestingWhiz Bamboo, Jenkins Cross-Browser, Database, Data-Driven, CSV, XLS
Mobile, Regression, Web
Webload Amazon Web Services, Jenkins, Selenium  Capacity, Load, Stress, Soak CSV, DOC, HTML,
JUnit, ODT, PDF, RTF,
XLS, XLSX

When looking at Table 5, it is seen that other tools that
support integration information were not available for
FitNesse and Load Runner. When looking at other tools,
it is generally found that Bamboo, Jenkins, and Jira are
common in all; apart from these, it can be seen that they
can be integrated with many tools. One of the issues to
be considered here is that SAHI, TestComplete, and
Webload tools can be combined with Selenium. Apart
from these, Selenium stands out in this feature as it can
work integrated with many different tools, free or
licensed except these tools.

Perhaps the most critical factor in choosing a testing tool
is the types of tests it can perform. As it is known, not
every tool can perform all kinds of tests. While some
tools focus on security, some tools focus on performance
balls and derivatives, and some tools deal with different
types of tests. From Table 5, it is seen that Acunetix
performs security tests; JMeter, Load Runner, SAHI,
Telerik, and WebLoad perform tests, FitNesse performs
acceptance tests, and other tools perform different types
of tests. Accordingly, it is essential to choose a tool
according to the test type to be performed on the
application.

The reports obtained from the tests are not a direct
criterion for selecting the tool, but it is a feature that can
help to use the tool efficiently. It is seen that all of the
tools support standard formats such as CSV, HTML,
XML, and PDF, except for some tools that do not have
information about the test report. Apart from that, it is
seen that Telerik, TestComplete, and Webload also
support the Junit format, and Webload has quite a lot of
options regarding the test report. One of the surprising
results of this feature is that there is no report support in
Selenium, which is the first tool that many people think

of when

it comes to web-based automation tools.

Selenium, which has been ahead of other tools in many
respects, has become the most left-behind tool in this

feature.

3.5. Analysis of Technical Support

In this section, the part's features of the technical support
available for free or paid tools are discussed. These are
essential points that ensure the continuity of the tool.
The features discussed in this section are described

below.

“Customer support” expresses whether the tool gives
supporting the customers using it. It refers to a general
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situation and takes one of the values—no professional
support, Limited, Free Communities, and Dedicated.
“Documentation titles” refers to the documentation titles
on the official website of the tools. This feature can also
be thought of as information someone can easily find on
the tool's website. “Articles” gives the various articles
on the official website of the tools. Although it does not
have a format, it is evaluated in two categories: A
limited number of articles and A large number of well-

organized articles. Forums indicate whether there is a
forum on the tool's website or not. It does not have a
specific format; it gives general information about the
forum'’s presence/absence and its features. The technical
staff provides available information about whether there
is a technical staff supporting the tools or not. “Bug
tracking” expresses whether there is a bug tracking
feature in the tool or not, and if so, what operations this
feature does.

Table 6. Comparison of web-based automated tools according to technical support

Customer Documentation titles Avrticles Blog Technical staff Bug tracking
support support
Acunetix Dedicated Case Studies, Support, A limited number An active 24/7 online  Assigning
Videos, Web Vulnerabilities, of articles blog with technical staff identified
Webinars, Whitepapers many posts  support vulnerabilities
and subtitles
FitNesse - Features, Download A limited number  No blogs No bug tracking
Plug-ins, User Guide of articles
JMeter Free Get Started, User Manual, Best - An active - Creating a bug
Communiti  Practices, Component blog with report and
es Reference, Functions many posts listing the bug
Reference, Properties logs quickly.
Reference, Change History,
Javadocs, JMeter Wiki,
FAQ Wiki and subtitles
Katalon Studio  Dedicated Products, Pricing, Support A limited number An active 4/7 online  No bug tracking
The company, Download Now,  of articles blog with technical staff
Sign In and subtitles many posts  support
LoadRunner Limited Resources, Pricing, Contact Us, - No blog - No bug tracking
Education Central,
Free Trial
QTP (HP UFT) Dedicated Well-organized — considerable A large number of An active 24/7 online  No bug tracking
documentation with subtitles well-organized blog with technical staff
articles many posts  support
Ranorex Dedicated Products, Solutions, Webinars, A large number of An active 24/7 online  No bug tracking
Studio Support, Company well-organized blog with technical staff
Blog articles many posts  support
Sahi Pro Limited Home, Features, Services, A limited number  No blog - No bug tracking
Pricing, Try for Free of articles
Selenium No About, Downloads, - An active - Determining
professiona  Projects, Documentation, blog with new bugs or
| support Support, Blog many posts checking  the
status of an
existing one
Telerik  Test Dedicated Demos, Pricing, Blogs, A limited number An active - Determining
Studio Docs & Support, Search of articles blog with new bugs
many posts
TestComplete Dedicated Features, Use Cases, A large number of A general 24/7 online  No bug tracking
Integrations, Resources well-organized blog technical staff
Pricing, Start my Free Trial articles support
TestlO Dedicated Product, Testing Solutions, A limited number An active 24/7 online  No bug tracking
Customers, Pricing, of articles blog with technical staff
Resources and subtitles many posts  support
TestingWhiz Dedicated Solutions, Features, A large number of An active 24/7 online  No bug tracking
Integrations, Pricing, well-organized blog with technical staff
Resources, Blog, Company articles many posts  support
and subtitles
Webload Dedicated Solutions, Features, Resources, A large number of A general 24/7 online  No bug tracking
Blog, Pricing well-organized blog technical staff
and subtitles articles support

The features in this table have not been dealt with in any
previous studies in the literature. This is one of the
original ~ features of this publication. The
disadvantageous aspect of this table's features is that it
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does not have a numerical or deterministic value, and it
is tried to be tabulated with verbal expressions.
Therefore, it is a little more subjective than other tables.
Also, when compared to other tables, it is seen that the
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most missing information is also here. For example,
sufficient information about Load Runner for many
features could not be obtained.

When the table is examined, it is seen that there is
limited customer support for some tools and support in
the form of free communities for JMeter, it is not
possible to obtain customer support information for
FitNesse, and there is no professional support for
Selenium. Since one of the most detailed information
about the test tools can be brought is the websites, the
websites' documentation titles also provide information
about the tool's support. In general, it is seen that many
tools have detailed menus and subtitles, and some tools
have only main titles, but as a result, it is understood that
there is sufficient documentation information in each
tool.

Another feature examined in this table is whether there
isa blog on a tool’s website or not. A blog, an area where
both the manufacturers and users of the tools share their
experiences, can sometimes be an effective problem-
solving method. It is seen that there is a blog system in
all tools except FitNesse, LoadRunner, and SAHI. In
terms of a tool, technical staff support is also of great
importance. It is a facilitating aspect for the user that
there is active technical support, especially for the users
who are not experienced in the test automation process.
Online 24/7 technical support is provided in Acunetix,
Katalon  Studio, QTP (HP UFT), Ranorex,
TestComplete, TestlO, TestingWhiz, and Webload
tools. This technical support can be provided by phone,
e-mail, website, or in different ways. No information on
the technical support of other teams has been obtained.
The last feature examined in this table, and this study is
bug tracking. This feature, which means following and
monitoring the bugs brought with a tool, is a feature that
can provide statistical benefit, especially in the long-
term use of the tool. However, there is a bug tracking
feature only for Acunetix, JMeter, Selenium, and
Telerik Test Studio. These bug tracking structures
assign identified wvulnerabilities as tasks to team
members for remediation, create a bug report and list the
bug logs quickly, determine new bugs, and check the
status of an existing one.

4. CONCLUSION

Automated software testing is one of the most useful and
popular aspects of the software testing process.
Automated software testing tools provide some
advantages to the users, such as performing the test
process quickly, trying as many test cases as possible,
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and performing significant data operations. They are
also used to measure some essential software metrics
such as security, vulnerability, efficiency, performance,
load, stress, and so on. Especially for web-based
applications, automated software testing tools have a
critical role. Since the number and type of automated
tools are evolving and expanding today, compatible
programming languages, operating systems, and
browsers are also continually increasing and provide
many options for those interested in software testing.
Although this is advantageous, it can be a disadvantage
if the right tool cannot be selected because every tool has
different features and may not provide a useful test for
every software. In this respect, a tester should decide the
tool that best tests the application he/she will try. This
selection process takes place not only by software
features but also by many different criteria. These
criteria can be related to the application’s features to be
used, financial conditions, technical support, or any
other thing. The more we know about the tools, the more
comfortable we choose the most appropriate one. For
this reason, there are many studies in the literature
comparing software testing tools.

This study has a wide-ranging analysis feature that
addresses more tools and more criteria than previous
tool comparison papers in the literature. The 14 free or
paid tools discussed in this study, according to 20
different standards, are Acunetix, FitNesse, JMeter,
Katalon Studio, LoadRunner, QTP (HP UFT), Ranorex,
Sahi Pro, Selenium, Telerik Test Studio, TestComplete,
TestlO, TestingWhiz, and Webload and the criteria are
general properties (Testing style, Open-
sourced/Licensed, Cost, Stable release); requirements
(Hardware requirement (CPU), Hardware requirement

(RAM), User experience requirement); technical
compatibility (Language compatibility, Platform
compatibility, Browser compatibility, IDE

compatibility); testing properties (Other tools support
for integration, Testing type, Test result generation) and
technical support (Customer support, Documentation
titles, Articles, Blog, Technical staff support, bug
tracking). After all these reviews, the following results
were obtained:

o If the vulnerability metric of the software will
be explicitly measured; Acunetix,

e If there is a necessity for an open-sourced tool
specializing in web testing only; FitNesse,

o Ifatester with knowledge of programming will
test different platforms, IDEs, and browsers on
an environment with high hardware features;
Jmeter,
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e If test operations will be performed on APIs;
Katalon Studio,

e If the software's metrics such as load, stress,
and performance will be explicitly measured
by a tester with knowledge of programming;
LoadRunner,

e If testing will be done on an environment with
high hardware features and an application
written in VBScript and if the tool is required
to use its IDE; QTP,

e If testing is done on the desktop, mobile, and
web applications at the same time and the used
programming languages are also various;
Ranorex Studio,

o If there is a necessity for the testing report of
type XSL, or if testing will be done using the
current Selenium IDE; Sahi Pro,

e Iftesting is done on a hybrid project by a tester
with  knowledge of programming using
different tools and the test reports are not
necessary; Selenium,

o If different test types such as Load Testing,
Functional Testing, Performance Testing, and
Restful Testing will be performed and a bug
tracking mechanism is needed to detect new
errors; Telerik Test Studio,

o If different tests such as Coverage Testing,
Data-Driven Testing, GUI Testing, Keyword
Testing, Load Testing, Mobile Testing,
Regression Testing, Unit Testing, and Web
Testing should be applied to the same project;
TestComplete,

e If a tool is required to be integrated with
specialized tools such as Redmine or Trello and
to perform usability testing; TestlO,

o If a database test is to be performed on a
Windows-based system and good technical
support is needed; TestingWhiz,

e If the software's metrics, such as load, stress,
and performance, are to be measured, Webload
would be the most appropriate tool.

In general, the result obtained from this study can be
summarized as no tool is better than others. The
suitability of a tool for a project depends on various
criteria in the test process.
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TiO2 Esash Fotokatalitik Yiizeyler: Mekanizma ve Uygulama Alanlari
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Ozet

Fotokataliz terimi 151k radyasyonu ile aktive olan reaksiyonlari tanimlamaktadir. Giiniimiiz endiistri diinyasinda ¢evre
kirliliginin 6nemli bir sorun teskil etmesi sebebiyle fotokataliz tizerinde yapilan arastirmalar gittikge 6nem kazanmaktadir.
Fotokatalitik yiizeylerin 6nemi anlasildik¢a bu konu {izerine yapilan arastirmalar da artmistir ancak TiO» kaplamalarin
UV 1s1gna ihtiya¢ duymasi pratik agidan bazi zorluklar dogurmustur. Cesitli elementlerin TiO, yapisina ilavesi ile
kaplamalarin goriiniir 1gikta aktive olabilecegi kanitlanmistir. Bu g¢alismanin amaci; goriiniir 151k bolgesinde aktif
olabilecek fotokatalitik TiO, kaplamalari sol-jel yontemi kullanilarak {iretmektir. Bu amagla farkli oranlardaki demir
elementi TiO, biinyesine eklenmistir. Kaplama fazlarmin fotoaktivite agisindan 6nemli olmasi nedeniyle X-1g1m1
difraktometresi (XRD) ile faz analizi yapilip, kaplamalarin morfolojileri taramali elektron mikroskobunda (SEM)
incelenmistir. Kaplama 6ncesi 6zellikler DTA/TG cihazi ile tespit edilmis ve ylizey kaliteleri atomik kuvvet mikroskobu
(AFM) kontrol edilmistir. Kaplamalarin mor 6tesi ve goriiniir 151k fotokatalitik aktivitesine etkisi metilen mavisinin
bozunmasi ile saptanmistir. Bu gézlemlerden yola ¢ikarak ilave demir elementinin TiO- biinyesine eklenmesi ile elde
edilen kaplamalarin fotokatalitik ve morfolojik 6zelliklerinin gelistigi tespit edilmistir.

Anahtar Kelimeler: Fotokataliz, Doplama, Sol-Jel, Titanyum OKksit.

TiO2 Based Photocatalytic Surfaces: Mechanism and Application Areas

Abstract

The term photocatalysis describes reactions activated by light radiation. Research on photocatalysis is gaining more
importance as environmental pollution poses a significant problem in today's industrial world. As the importance of
photocatalytic surfaces has been understood, research on this subject has increased. Practically, the necessity of UV in
order to create photocatalytic activity reveals difficulties. Related to these difficulties, addition some elements to the
structure of TiO,, of which photocatalytic activity under visible light has been proved with studies before, is preferred.
The aim of this study is to produce photocatalytic TiO2 coatings which can be activated under visible light by using sol-
gel method. With this regard, Fe element was doped to TiO,. Because coating phases are important owing to photoactivity,
X-ray diffraction method is used to analyse phases and the morphologies of the coatings were analysed by scanning
electron microscope (SEM). Pre-coated properties were investigated by using DTA/TG device and the surface qualities
were observed by using atomic force microscope (AFM). The effect of the coatings on the ultraviolet and visible light
photocatalytic activity was detected by the degradation of methylene blue. It was determined by evaluating these results
that doped iron metal to the TiO, structure causing to improve of the photocatalytic and morphologic properties of the
coatings.

Keywords: Photocatalysis, Doping, Sol-Gel, Titanium Oxide.
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1. GIRIS

Dogal su kaynaklarmin gittikce azalmast ve sinirh
sayidaki kullanim suyunun endiistriyel ve ¢evresel atiklar
sebebiyle kirlenmesi giinlimiiziin ciddi sorunlarindan bir
tanesi haline gelmistir (Bulut ve Birben, 2019). Su
sterilizasyonunda kullanilan klor rahatsiz edici bir koku
yaymasinin yaninda uzaklastirilmak istenilen maddelerle
gerceklestirdigi kimyasal reaksiyonun sonucu kansere
yol agabilecek seviyede zararli tri-halo-metan bilesiginin
olusmasmna neden olmaktadir (Ozgiir, 2021). Tri-halo-
metan filtrasyon ve absorsiyon yontemleri ile
uzaklastirilamadigi i¢in geri doniistimii de oldukga giictiir
(Ozdogan ve Ozdemir, 2019).

Fotokatalizor, sistemde yer alan organik bilesiklerin
parcalanmasi ile yukarida bahsi gecen bir¢ok sorunun
¢Oziimiinde etkin bir yol olmasi ile glindeme gelmistir
(Akman ve arkadaslari, 2021). Fotokatalizorler,
ultraviyole (UV) 1s181n etkisi ile aktif hale gelen ve
kuvvetli bir oksitleyici ortam olusturan yari iletken
malzemelerdir (Altintas ve arkadaslari, 2019). Yiizeyde
yapismis halde bulunan bakteri ve organik bilesikler bu
oksitleyici toz yardimiyla kolaylikla ortamdan
uzaklastirilabilmektedir (Izgi ve arkadaslari, 2020 ile
Giiner, 2023). Baska bir ifadeyle fotokatalizorler 15181
etkisi ile aktif hale gelen Kkatalizorler olarak
bilinmektedir. Is1gin absorbe edilmesi ile daha yiiksek bir
enerji seviyesine gelerek enerjiyi reaktif malzemeye
transfer ederler (Dalkilig, 2022). Bu sekilde kimyasal bir
tepkime baslar. Bir metal ve yarimetal alasimi
fotokatalizor olarak kullanilabilmektedir. Baslarda Fe,O3
(Pamela, 2023) olmak tiizere ZnO (Yagoob, 2020),
SrTiOs (Patial ve arkadaglari, 2020), GaAs (Zhang ve
arkadaglar1, 2022), GaP (Dewi, 2019), CdS (Liu ve
arkadaslari, 2021) ve WO3 (Dutta ve arkadaslari, 2021)
yartiletken fotokatalizorlere ornek olarak
verilebilmektedir. Uygulamalarda en yaygin olarak
kullanilan fotokatalizér 3.2 eV enerji araligindaki
TiOy’dir  (Guo ve arkadaslari, 2019). Farkh
uygulamalarda bu araligin degistirilebilmesi i¢in Fe, Al,
Cu, V, Pt, Cr, Ag ve nadir toprak elementleri
katilmalarina dair uygulama Srnekleriyle karsilagilmistir
(Magdalane ve arkadaslari, 2021).

TiO, esasli oksit filmler; kimyasal buhar biriktirme
(Huang ve arkadaslar, 2021), fiziksel buhar biriktirme
(Wang ve arkadaglari, 2020), molekiiler 1gin epitaksi
(Vahl ve arkadaglari, 2019) gibi yiiksek yatirim maliyetli
ve ileri teknolojik ekipmanlar ile gerceklestirilebilirken
sol-jel teknigi ile daha diisik maliyetler ile de
sentezlenebilmektedir.  Ince  film  kaplamalarin
sentezlenmesinde  sol-jel  tekniginin;  kimyasal
reaksiyonlarm kontroliiniin miimkiin olmasi, homojen bir
yapt elde edilebilmesi, diigiikk sicakliklarda islemlerin
gerceklestirilebilmesi, diisiik enerji maliyetli olmasi ve
iiretildigi altlik ile reaksiyona girmemesi gibi avantajlar
bulunmaktadir ancak sol-jel yontemi ile TiO; ince film
iiretmenin bazi dezavantajlari da bulunmaktadir (Pant ve
arkadaglari, 2019). Titanyumalkoksitin ¢ogu alkol
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icerisinde ¢Oziinmemesi, bu yontemle iiretilen ince
filmlerin is¢ilik maliyetinin yiiksek ve uzun zaman
almasi, sentezlenme esnasinda yiiksek biiziilmenin
gerceklesmesi, mikro porozitelerin kaplamada yer
almasi, sagliga zararli organik ¢oziiciller ile islem
yapilmasi bu dezavantajlardir (Mohammed, 2020).

Bu ¢alismada, fotokatalitik bir yiizeyin elde edilmesi ve
anti bakteriyel uygulamalarda kullanilmasi planlanan

demir eklenmis titanyumdioksit malzemenin cam
yizeylerde sol-jel yontemi ile sentezlenmesi
gerceklestirilmistir. Sentezlenen kaplamalarin mikro

yapilar1 EDS ve XRD sonuglar1 baz alinarak fazlara gore
gbozlenmis, termal ve ylizeye yapisma Ozellikleri
aragtirtlmigtir.  Titanyumalkoksit, isoproponal asetil
aseton ile hazirlanan ¢ozeltilerle cam altlik malzemeler
tizerinde kaplamalar sentezlenmistir. Bu kaplamalarin
faz analizleri XRD, termal analizleri DTA/TG, yiizey
yapilar1 ise SEM ve AFM cihazlarindan faydalanilarak
gergeklestirilmistir.  Sonug olarak, sol-jel yontemiyle
fototakalitik 6zellige sahip demir katkili titanyumdioksit
kaplamalar basariyla sentezlenerek anti bakteriyel
uygulamalara yonelik bir iiriin elde edilmistir.

2. ANALiZ METODU

Fe katilmig TiO; filmleri hazirlamak i¢in demir kloriir
(FeCls.6H,O)  ve  Ti-isoproksit  (Ti(ClaH2504)
kimyasallar1 ile islem yapilmigtir. Toz haldeki
FeCl3.6H,O’nin  ¢6ziinmesi i¢in proponol solventi
kullanilmig olup, komplekslesme reaksiyonlart ve
kimyasallarin ¢oziimiini saglamak amaciyla glasiel
asetik asit kullanilmustir. Fe katilmis TiO2 ince filmleri
olusturmak amaciyla kuvars camlar iizerinde sol-jel
tekniginden faydalanilmistir.

Anti bakteriyel uygulamalarda kullanilmak iizere sol-jel
teknigi ile kuvars camlar tizerine Fe-TiO ince filmleri
olusturulmustur. Sekil 1 bu metodun akis semasini
gostermektedir. Bu prosesin ilk asamasinda Fe ve Ti
bazli saydam ¢6zeltiler hazirlanmistir. Toz haldeki 0,12
gram demir kloriir ve 1,5 ml titanyumalkoksit isproponal
solvent igerisinde  ¢Oziindirilmistiir. Fe/TiO2
karigimlarinin saglanmasi igin belirlenen 0,07, 0,18 ve
0,73 M’lik stokiometrik oranlarda hassas terazide
tartilmis ve sonrasinda behere alinmustir. isoproponal ile
gerceklesen ¢oziinme sonrasinda 10 ml “chelating agent”
olarak adlandirilan glasiel asetik asit katalizor ve
komplekslesme reaksiyonlarini olusturmak amaciyla
elde edilen ¢ozeltiye eklenmistir. Elde edilen karigim 60
dakika karistirilarak saydam ¢ozeltiler elde edilmistir. Bu
amaca ulasabilmek i¢in isoproponal ve asetik asitin

Fe Fe
miktarlar1  sabit  tutulup; — =0,07,— =018,
Ti Ti
Fe L . o
T =0,73degerleri  olacak  sekilde  ¢ozeltiler
1
hazirlanmastir.
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Fe ve Ti esaszh demir tozlan

*— lzopropancl seyreltme
+—— (Glasiel asetik asitte ¢ozinme

*+— Kangtuma (25°C, | saat, hava)
Saydam ¢ozelt

Damlatma

|

Kurutma
(3007, 10 dic)

Isil 13lem
(300°C, 5 dk)

|

Tavlama

(600°C, 1 saat, hana)

Fe-Tal); filmler

Sekil 1. Fe-TiO; Sol-Jel Film Sentezi Akis Semasi

Sekil 2’deki grafikte Mettler Tolede elektrod araciligiyla
Olciilmiis degisik Fe/Ti oranlarina sahip ¢ozeltilerin pH
degerleri verilmektedir.
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Sekil 2. Fe/Ti Oranlarina Bagli Olarak Degisen
Cozeltilerin pH Degerleri

Sekil 3, cam althiklar {izerine iiretilmis Fe-TiO, ince
filmlerin ~ Philips Expert Pro marka cihaziyla
gerceklestirilen CuK, 1g1n1m1 (A=0.15418 nm) ile yapilan
X 1ginlar difraksiyon paternlerini gostermektedir.

2500
5 1: Anataz TiOz
2000 1 EiRphl TiO:2
3: Ti:0s
2 4: FeTi
1500 4 3: TiO
o Fe/T=0.73 6:Tno
© b 70 o-FeaDs
S 1000 Lt
[ Fe/Ti=0,18 1
iy, Jll 3 2 36
500 9 Fe/Ti=0,07 6
) L.Juf_ ,.JL. o ..JL. .f_.n\..JE
Fe/Ti=) 1 1 7 1 1
0
L] 20 40 60 20 100

Teta-2Teta (Derece)

Sekil 3. Cam Altliklar Uzerine Uretilmis Fe-TiO;
Ince Filmlerin X Isinlari Difraksiyon Paternleri

31

Fe-Ti esasli tozlarin Perkin ElImer DTA/TG cihazi ile 100
ml/debi argon atmosferi altinda gergeklestirilen termal
ozellikleri Sekil 4’te gosterilmektedir.
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Sekil 4. Fe/Ti Esasli Tozlarin DTA/TG Egrisi

Kaplamalarin mikroyap1 6zelliklerinin tespiti Philips
Excell 30 S FEG marka SEM cihazt ile
gergeklestirilmistir.  Sekil 5°te Fe katkist olmayan
kaplamaya ait SEM fotografi yer almaktadir. Sekil 6,
Sekil 7 ve Sekil 8’de farkli Fe/Ti oranlar1 igeren
kaplamalarin SEM fotograflart verilmistir.

7 AceN Spot Magn 4
72.00 kv 8.0 10000x <TLONE.

Sekil 5. Fe/Ti=0 Oraninda Hazirlanan Fe-TiO;
Kaplamalarin Farkli Bilyiitmelerde SEM Mikroyapist.
(Katman Say1s1=6)
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AccV 'Spot Magn™ ~ Det: WDH—————1 10um
\2.00 KV 3.0, 2000x “TLD.5.1

agn
0__JORROX TLR-5

Sekil 6. Fe/Ti=0,07 Oraninda Hazirlanan Fe-TiO;
Kaplamalarin Farkli Bityiitmelerde SEM Mikroyapist.
(Katman Say1s1=6)
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AceV Spot Magn " et WD |—,| 2|Jm7
s B /

-2.00 kV 8.0°| 10000x _THD 3.3

A& - Spot Magn .~ Det- WD F=——— 10ym
2.00kV:30. 2000x - TLD. 3.3

Sekil 7. Fe/Ti=0,18 Oraninda Hazirlanan Fe-TiO;
Kaplamalarin Farkli Bilyiitmelerde SEM Mikroyapist.
(Katman Say1s1=6)
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\
__AccV SpotMagn -Det WD ——— 2m
200KV 80 10000x TLD 33

AccV Spot Magn Det WD a0 m
2.00kv 3.0 2000x TLD 49

Sekil 8. Fe/Ti=0,73 Oraninda Hazirlanan Fe-TiO;
Kaplamalarin Farkli Biiyiitmelerde SEM Mikroyapisi.
(Katman Say1s1=6)

Cam altliklar {izerinde olusturulmus farkli bilesimdeki
kaplamalarin resimleri Digital Enstrument AFM cihazi
ile alinmgtir. Sekil 9°da Fe-TiO; filmlerinin Fe/Ti oram
0,07 olan sentezlenmis kaplamanin iki ve ii¢ boyutlu
AFM fotograflar verilmistir.
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Sekil 9. Fe/Ti=0,07 Oraninda Hazirlanan Fe-TiO;
Kaplamalarin (Ust) Ug ve (Alt) iki Boyutlu AFM
Fotografi
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Sekil 10°da Fe/Ti orani 0,18 ve Sekil 11°de Fe/Ti orani
0,73 olan kaplamalarin AFM gorselleri yer almaktadir.

Sekil 10. Fe/Ti=0,18 Oraninda Hazirlanan Fe-TiO;
Kaplamalarin (Ust) Ug ve (Alt) iki Boyutlu AFM
Gorseli
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Sekil 11°de ise Fe/Ti orani 0,73 olan kaplamalara ait
AFM goriintiileri yer almaktadir.

Sekil 11. Fe/Ti=0,73 Oraninda Hazirlanan Fe-TiO,
Kaplamalarin (Ust) Ug ve (Alt) iki Boyutlu AFM

Gorseli
Fotoaktivite  deneyleri ~ Optimum-One  UV-VIS
Spectrophotometer cihazi  kullanilarak  yapilmustir.

Deney i¢in 1 It saf suya 2 ppm metilen mavisi
(C16H18CIN3S) ilave edilerek sivi ¢ozelti hazirlanmistir.
Her bir numune, ayri ayr1 10 ml alinan ¢dzeltilerin
icerisine birakilip agik havada 3 saat giines 1511na maruz
birakilmigtir. Numunelerin metilen mavisi ¢ozeltisini
goriinilir 1g1kta pargalamasi incelenmigtir. Tablo 1°de
Fe/Ti oranlarma bagli olarak degisen 3 saat metilen
mavisinde giines 1s18ina maruz birakilan numunelerin
parcalanma yiizdeleri verilmistir.

Tablo 1. Fe/Ti Oranina Goére Par¢alanma Oranlar

Fe/Ti Oranlar: %Parcalanma
0 0
0,07 0,09
0,18 0,51
0,73 0,68
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3. ANALIiZ

Cozeltilerin pH analiz sonuglarina gore Fe/Ti orani
diistiikge ¢ozeltinin asitligi artmaktadir. pH ag ortiisiiniin
olusumuna etki eden 6nemli bir faktordiir. Daha diisiik
pH degerine sahip kosullar altinda dagimik olarak
dallanmig bir yapi olusurken artan pH degerlerinde
birbirinden ayr1 halde salkimlar  goriiniimiinii
kazanmustir.

XRD analizleri sonucunda kaplamalarin kristallesme
davranislarina ait bilgiler elde edilmistir. Jeller 300-600°
C arasinda 1s1l islemden gegirilmistir. Bu jel yapis1 350°C
yer kadar amorf yapidadir. 350-600°C arasinda da anataz
yapidadir. Sekil 12°de amorf ve anataz yapilarina ait
XRD paternleri yer almaktadir.

(101)

T|O2 (Anataz)

3 S
> 8
2
Tioz: Fe (Amorf)
20 30 40 50 .
20 [°]

Sekil 12. 350 C’nin Altinda Meydana Gelen Amorf
Yap1 ve Uzerinde Olusan Anataz Yapinin XRD Paterni

Yapilan ¢alismada 600 °C’de tavlanmis Fe-Ti oranlarina
gore kaplanmig ince filmler igin sonuglar verilmistir.
Demir miktarmin igerigine gore pik degerleri degisim
gostermistir. En diisiik demir igerigine sahip olan
numune anataz veya anataz rutil karigik fazina yonlenir.
Fe/Ti oran1 0.73 olan numunenin gosterdigi pik degerleri
en zayif olandir. Kaplamalarda anataz TiO,, rutil TiOg,
Ti30s, FeTi, TiO, Ti20 ve a-Fe;03 fazlar: bulunmustur.

TG grafigi incelendiginde %26 toplam agirlik kaybi
meydana geldigi ve agirlik kaybinin 650°C’ ye kadar
devam ettigi goriilmektedir. 500° C’ye kadar toplam
agirligin %24’1 kaybedilirken 500-650 arasinda ise %2
si kaybedilmistirr DTA egrisi de goz Oniinde
bulundurarak 80 ile 330°C kiitle kaybi endotermik
reaksiyon sonucunda gergeklestigi anlagilmaktadir. Bu
da jelde bulunan alkollerin fiziksel suyun ve
alkoksitlerden gelen organik gruplarin sistemden
uzaklagmasindan  kaynaklanmaktadir. 330° C’nin
iizerinde meydana gelen agirlik kaybinin nedeni ise Fe-
Ti esasli tozda bulunan karbon tiirii malzemenin
yanmasindan kaynaklanmaktadir. Ayrica, TiO2 nin 330°
C’nin {lizerinde amorf fazdan anataz faza gegmesindendir
(Mohammed, 2020). DTA sonuglarma gére 800 °C
mertebelerinde yer alan diisiik siddetli endotermik pikin
ise anataz rutil faz doniisiim reaksiyonuna ait oldugunun
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tespit edilmistir. Bu sebeple 800 °C’den sonra rutil fazin
olugsmasi ile goriiniir 1sikta fotokatalitik &zelliklerin
ortadan kalkmasi ve bu 6zelliklerin kazanilmasi i¢in UV
1s18a ihtiyac duyulacaktir (Pant ve arkadaslari, 2019).

Mikroyap1 goriintiilerinde ¢6zelti igerisine katilan Fe
orant arttikga diizenli bir morfoloji olugmaktadir.
Kaplamalar genelde mozaik yapida olup, kaplama
adaciklar1 olugsmustur. Bu adaciklar arasinda kanallar
olusmustur. Bu adaciklarin boyutu 0.5 ile 2 um arasinda
degismektedir. Fe/Ti orani arttik¢a homojen ve gdzenekli
kaplamanin meydana geldigi goriilmektedir.
Kaplamalarin katman sayisinin artigina gore pul pul
dokiilmemesi yapisma ozelliklerinin iyi oldugunu
gostermektedir. Bu durum kaplama oOmriiniin uzun
olmast anlamima gelmektedir. Ayrica, artan katman
sayisina gore katmanlarin diizenli bir sekilde bilyiidiigi
goriilmektedir. Katman sayis1 arttikga taneler homojen
bir sekilde biiylime gostermektedir ve tane dagiliminda
da homojenlik goriilmektedir.

Fe/Ti=0 olan kaplamalarda TiOz’nin daha iyi kalsine
olabilmeleri i¢in yiiksek sicakliklarda ¢alisilmalidir fakat
Fe orani arttirilarak daha diizenli tane yapilari ufalan bir
goriintli elde edilebilmistir. Bunu da en iyi Sekil 6’da
gorebilmekteyiz. Sekil 7’de mikroyapt igerisinde
gozenekli yapilar goriilmektedir. Sekil 8’de ise kaplama
kalinliginin sebep oldugu yetersiz yayilmadan olusan
hatalar goriilmektedir. Kisaca artan Fe/Ti oranina gore
daha homojen ve fazla gbzenekli kaplamanin meydana
geldigi  tespit edilmistir.  Yiiksek sicakliklarda
gerceklestirilen termal islemler neticesinde kaplamalarda
herhangi bir dokiilme gozlenmemis olup bolgesel bazi
catlamalarin oldugu gozlenmistir.

AFM arastirmalart SEM analizleri ile birebir Ortiisen
sonuglar vermistir. Fe/Ti orani arttikga kaplamalarin
yiizeyleri es eksenli ve homojene yakin bir dagilim
gostermistir. Bu durum kaplamanin daha iyi bir yapigsma
ylizeyine sahip olmasi bakimindan kritik bir 6neme
sahiptir. Fe/Ti 0,73 oraninda hazirlanan kaplamalarin
sirastyla 0,07 ve 0,18 oraninda hazirlanan kaplamalara
kiyasla asperite oranlarimin daha iyi oldugu ve daha iyi
fotokatalitik 6zellikler gostereceginin de bir kanitidir.

Fotokatalitik etkiye sahip malzemelerin zamanla iginde
bulundugu organik ¢ozeltiyi parcaladigi ve bdylece
¢ozelti konsantrasyonunda diisme oldugu
gozlemlenmistir. Cozelti konsantrasyonu diistiikce
cozelti rengi agildig1 gibi ¢dzeltinin absorbans degeri de
diismistiir. Absorbans degerindeki diisiisiin yiizdesel
oran1 ayni zamanda organik c¢o6zeltide pargalanma
orantyla paralellik gosterir. Dolayisiyla ¢ozeltinin
konsantrasyonu diistiikge absorpsiyon degeri azalir. 6
katli kaplamalarin sirasiyla Fe/Ti=0, 0.18, 0.73 ve 0.007
oranlar1 i¢in azalarak maksimum dalga boylarinda elde
edilen absorpsiyon degigsimlerini gostermektedir. Buna
gore Fe/Ti=0,73 kaplamalari igin en yiiksek parcalanma
degeri gostermis ve Fe miktar1 arttikca pargalanma
ylizdelerinde artis gézlemlenmistir.
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4. SONUCLAR VE TARTISMALAR

Sol-jel yontemiyle kuvars camlar tizerinde anti bakteriyel
uygulamalar igin Fe ilave edilmis TiO, kaplamalar
basariyla sentezlenmistir. Fe/Ti orani diistiik¢ce c¢ozelti
icerisindeki klor miktarinin artmasi sebebiyle ¢ozeltinin
asitligi artmaktadir. XRD analizleri cam altliklar lizerine
Fe-TiO; kaplamalarin basarili bir sekilde iretildigini
gostermektedir. Piklerin siddetleri Fe/Ti oranlariyla
dogru orantili olarak artmaktadir. Jeller 300-600° C
arasinda 1s1l islemden gecirilmistir. Bu jel kaplama;
350°C’ ye kadar amorf, 350-600°C arasinda da anataz
yapidadir. Igerdigi demir miktarma gére piklerin
degerleri degismektedir. Siddeti yiiksek olan pikler ise
ince filmlere aitti. DTA/TG sonuglarma goére %26
toplam agirlik kayb1 meydana geldigi ve agirlik kaybinin
650°C’ ye kadar devam ettigi goriilmektedir. 500° C’ye
kadar toplam agirhigin %24t kaybedilitken 500-650
arasinda ise %2’si kaybedilmistir. Fe/Ti oraninin artmasi
ile homojen ve oldukg¢a yiiksek gozenekli kaplamanimn
elde edildigi bu sebeple de daha piiriizlii yiizeylerin
olustugu gozlenmistir.

Sonug olarak farkli Fe/Ti oranlarinda gergeklestirilen
kaplamalarda Fe orani arttikca anataz fazinin daha
belirgin hale gelmesi sebebiyle fotokatalitik 6zelliklerin
arttign gozlenmis ve veriler fotokatalitik testler ile
dogrulanmigtir. Yiiksek ylizey piiriizliligi sebebiyle
kaplamalarin diger yiizeylere yapisma direncinin daha
yiiksek olmasi ile en iyi kaplama ve fotokatalitik
ozellikler 0,73 oranindaki Fe/Ti alagimlarinda elde
edilmistir.
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Ozet

Endiistriyel atik sularin aritilmasi ve proseslerde yeniden kullanilmasi, temiz iiretim c¢aligmalar1 agisindan son derece
degerlidir. Otomotiv sektorii suyun yiiksek miktarda kullanildig1 endiistrilerden biridir. Ozellikle ara¢ motorlari igin
enjektor, pul, ayar pulu vb. pargalarin yikama ve hassas yiizey islem proseslerinde yiiksek miktarda su tiikketimleri s6z
konusudur. Bu ¢alismada bir orijinal ekipman iireticisinde (OEM) doénel ¢anakta yiizey bitirme prosesinde olusan atik
suyun geri kazanimi i¢in 6n aritma {initesi tasarlanmistir. Bu tasarimda tiretim prosesi atiklarindan birisi olan ve bertaraf
edilen ¢apak alma taglarinin, filtre malzemesi olarak yeniden kullanimi aragtirilmistir. Mevcutta olusan atik sular bir
isleme tabi tutulmadan bertaraf edilmektedir. Atik sularin yeniden kullanilabilmesi i¢in membran ile aritma islemine tabi
tutulabilecegi, yapilan literatiir calismalarindan goriilmektedir. Ancak membran 6ncesinde suyun igerigindeki partikiil ve
¢okelebilen kat1 madde yiikiiniin giderilmesi gerektigi anlagilmistir. Bu ¢aligmada membran ile aritma siireci 6ncesindeki,
AKM (Askida Kat1t Madde) giderimine ait bir aragtirma ortaya konulmustur. Caligmanin amact AKM yiikii fazla olan
kirli sularin masrafsiz ve daha diisiik maliyet ile eko-verimlilik ¢ercevesinde 6n artimmin saglanmasidir. Capak alma
taslar1 yerlestirilerek tasarlanan 6n ¢oktiirme havuzunda, ti¢ giin dokuz vardiya (1 vardiya 8 saatlik ¢aligma siiresini ifade
eder.) alinan numuneler AKM analizlerine tabi tutulmustur. Tas filtrenin 6n ¢oktiirmede kullaniminin ortalama atik su
AKM degerini %98 giderim verimi ile 41182,88 mg/L den 877,13 mg/L degerine diisiirdiigii tespit edilmistir. Omriinii
tamamlamis ¢apak alma taglarimin atik su aritiminda filtre malzemesi olarak yeniden kullaniminin isletmelerdeki benzer
eko-verimlilik ¢aligmalari i¢in 6nemli bir kaynak olusturacagi diistiniilmektedir.

Anahtar Kelimeler: Siirdiiriilebilirlik, Eko-verimlilik, Atik su, Geri kazanim, Filtre malzemesi.

Reuse of deburring stones for recovery of wastewater generated in the surface finishing
process in the rotary bowl

Abstract

The treatment of industrial wastewater and its reuse in processes are extremely valuable in terms of clean production. The
automotive sector is one of the industries where water is used in high amounts. Especially for vehicle engines, injectors,
washers, shims etc. highwater consumption occurs in parts washing and sensitive surface treatment processes. In this
study, a pre-treatment unit was designed for the recovery of wastewater generated in the surface finishing process in an
original equipment manufacturer (OEM). In this design, the reuse of deburring stones, which is one of the production
process wastes and disposed, as filter material has been investigated. The existing wastewater is disposed of without any
treatment. It is seen from the literature studies that wastewater can be treated with membranes to be reused. However, it
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has been understood that the particle and precipitable solids load in the water must be removed before the membrane.
There is no information about the membrane process in this study. Research on the removal of AKM (Suspended Solids)
before the membrane has been revealed. The aim of the study is to provide pretreatment of polluted waters with high
WWTP load free of charge and at a lower cost within the framework of eco-efficiency. Samples taken in nine shifts (1
shift means 8 hours of working time.) for three days were subjected to SS (Suspended Solid) analysis in the pre-settlement
basin designed by placing deburring stones. It was determined that the use of the stone filter in pre-settlement reduced
the average wastewater SS value from 41182.88 mg/L to 877.13 mg/L with 97% removal. It is thought that the reuse of
deburring stones as filter material in wastewater treatment will be an important reference for similar eco-efficiency studies

in enterprises.

Keywords: Sustainability, Eco-efficiency, Wastewater, Recovery, Filter material.

1. GIRIS

Su kaynaklart artan niifus, endiistrilesme ve kontrolsiiz
tarimsal sulama sebebi ile talebe yanit verememektedir.
Kiiresel 1sinma nedeni ile dogal dengenin bozulmasi
yagis miktarlarini olumsuz etkileyerek, susuzlugun son
yillarda diinya genelinde onemli
problemlerden birisi haline gelmesine sebep olmustur.
Endiistride kesintisiz iiretim yapilabilmesi igin ihtiyag

yaganan  en

duyulan suyun temin sorunlarinin yasanmamasi adina
geri kazanim yoOntemlerinin kullanilmasi ve bu amacla
kullanilacak aritma oldukga
onemlidir. Artan {iretim maliyetleri ve su kaynaklarinin
azalmasi, tretimde eko-verimlilik ve siirdiiriilebilirlik

sistemlerinin tasarimi

kavramlarinin énemini ortaya koymaktadir. Literatiirde
yillar  igerisinde  iretimde  eko-verimlilik  ve
stirdiiriilebilirlik konularinda pek ¢ok ¢alisma yapilmis
ve son yillarda artarak yenileri eklenmistir. Yapilan
literatiir arastirmast sonucunda elde edilen bazi 6rnek
¢aligmalara agagida yer verilmistir.

Liu ve dig. (2021) endiistriyel tiretimde eko-verimliligin
arttirilmasi ve siirdiiriilebilir gelisimin desteklenmesi i¢in
endiistriyel iiretim siireglerinde enerji perspektifi ve eko
verimlilik  optimizasyonu igin  verilerin  analiz
edilmesinin  6nemini  belirtmiglerdir. Ciice (2018)
¢alismasinda, endiistride temiz iiretim odakli yaklagimlar
ve dongiisel ¢evre politikalarinin aragtirilmasi, ayrica
verimlilik stratejilerinin degerlendirmesini yapmustir.
Yapilan degerlendirmeler sonucunda yasam dongiisii
analizi (YDA) ve Cevre icin Tasarim (CiT) araclari
iiriiniin Giretimi sonucunda ¢evresel etkileri en aza indiren
verimliligi arttirirken aritim maliyetlerini azaltan ve
tasarim kararini destekleyen araclardan oldugunu ortaya
koymuslardir.  Sapmaz  Veral (2019) literatiir
arastirmasina dayali ¢calismasinda, dongiisel ekonominin
atik ve kaynak yonetimi i¢in etkili bir ara¢ olacagim
belirtmistir. Sapmaz Veral (2021) calismasinda dongiisel
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ekonominin O6niindeki engelleri, dongiisel ekonomiye
gecis igin stratejileri ve dongiisel is modellerini atik
bashigi altinda dongiisel
ekonominin {iretim ve tiikketim aligkanliklariyla iligkisini
ortaya koymustur. Colak ve dig. (2018), otomotiv
faaliyet  gosteren yesil
performanslarint  bulanik ¢ok kriterli karar verme
yoOntemlerini gerceklestirdikleri
galismalarinin  sonucunda, otomotiv endstrisindeki
sirketlerin kendi yesil performanslarini 6l¢meleri ve takip
etmeleri ve tedarik¢ilerini segmeleri i¢in ilgili yontemin
6nemli bir ara¢ sagladigini belirtmislerdir. Ates (2021)
calismasinda  dongiisel ekonominin en  6nemli
bilesenlerinden olan geri doniisiim kavramini 30 iilke i¢in
2008-2017 doneminde panel veri yontemleriyle, direngli
tahminci Prais-Winsten (PCSEs) kullanilarak bagimli ve
bagimsiz degiskenler tanimlayarak gergeklestirmistir.
Calismanin geri  doniigiime
yonelmelerinin gayri safi yurtici hasila (GSYIH)‘yi
arttiracagt sonucuna varmistir. Demircioglu ve dig.
(2020) dongiisel ekonominin giiglendirilmesini saglayan
endiistriyel aragtirmiglardir.  Yarattigi
faydalar1 ve maliyetler {izerindeki etkilerinin dongiisel
ekonomideki onemini agiklamiglardir. Gedik (2020)
caligmasinda dongiisel ekonomi kavramiyla ilgili genis

yOnetimi incelemis ve

sektoriinde reticilerin

kullanarak

sonucunda ilkelerin

simbiyozu

bir teorik cerceve olusturmaya odaklanmustir. Onder
(2018) calismasinda siirdiiriilebilir kalkinma anlayisini
hakim kilabilmek i¢in ortaya atilan ve dongiisel ekonomi
olarak adlandirilan ekonomik yaklasimi incelemistir.
Sapmaz Veral ve dig. (2018) AB(Avrupa Birligi) atik
yonetiminden kaynak yonetimi yaklasimmna gegis
yonelimlerini ortaya koymaya c¢alisan derlemelerinde
AB’nin, atik yonetiminden kaynak y6netimi anlayisina
gecisi bir firsat olarak gordiigiinii, ana odagmin sadece
atik  yoOnetimi olmaktan ¢ikip kaynaklarin geri
kazanimina da kaydigini belirtmislerdir. Ozulucan ve
dig. (2017) calismalarinda gida sektoriinde faaliyet
gosteren bir igletmenin verilerini kullanarak, isletmenin
geri kazanim faaliyetinin, performansina olan etkilerini
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incelemis ve sonu¢ olarak igletmenin geri doniistimlii
iiriine gecis yapmasiin ve geri kazanim faaliyetlerine
onem vermesinin sirkete fayda saglayacagi olgusuna
varmiglardir. Eksi ve dig. (2020) calismalarinda, CYS
(Cevre Yonetim Sistemi) benimsenmesinde etken olan
faktorleri ve uygulama sonucu elde edilmesi beklenen
iyilesmeleri ele almis ve bunlarin firma 6zelliklerine gore
farklilik gosterip gostermedigini incelemislerdir. CYS’e
geciste etken olan finansal faktorlerin ihracat yapma
durumuna gore, ¢evre ile ilgili faktorlerin ¢aligsan sayisina
gore, rekabetle ilgili faktorlerin ise sektdre gore farklilik
gosterdigini belirlemislerdir.

Ari ve dig. (2018) calismalarinda iklim degisikligi ve
kiiresel 1sinma karsisinda isletmeler igin stirdiiriilebilir
¢Oziim Onerilerini bagliklar altinda sunmuslardir ve
gercek hayat uygulamalarindan firmalar i¢in 6rnek tegkil
edecek stirdiiriilebilirlik ¢aligmalarindan ve ¢6ziim
Onerilerinden bahsetmislerdir. Turhan ve dig. (2018) nitel
arastirma yontemini kullandiklar1 ¢calismalarinda, 6nemi
giderek daha fazla artan stirdiiriilebilir iiretim konusunda
Tirkiyenin en biiylik dort otomotiv  firmasinin
raporlarin1  siirdiiriilebilirlik  basligt diger
firmalara yol gostermek ve daha sonra yapilan
caligmalara ornek teskil etmek amaciyla incelemislerdir.
Gotze ve dig. (2019) vaka galigmalarinda eko-verimlilik
kavraminin, tekil driinlerin ve dretim siireglerinin
stirdiiriilebilirlik odakli analizi ve tasarimi i¢in de verimli
oldugunu gozlemlemisler ve bu gézlemlerini enjeksiyon

altinda

kaliplama i¢in kaliplara uyarlamislar, uygulanabilirligini
ve tipik sonuglarmi gostermislerdir. Simsek ve dig.
(2018) calismalarinda, yerel bir yiizey bitirme firmasinda
metal ylizey isleme ve atik metal talaglarinda kullanilan
sogutma degerlendirilmesi icin
gergeklestirdikleri  analizlerin, geri
kazaniminin ve yeniden kullaniminin genisletilmesi i¢in
kurulacak aritma ve besleme hattinda belirleyici oldugu

S1visinin

sogutma  s1vist

sonucuna ulagmiglardir.

Glintimiizde 6zellikle talasl imalatta ileri teknolojiyle
donatilmig tezgahlar kullaniliyor olsa da ¢apaksiz bir
imalat cogu zaman miimkiin olmaz. Diger taraftan ¢apak
hem {iretim kalitesi ve hem de ¢evreye verdigi zararlar
bakimindan riskli bir olusumdur. Ayrica ¢apakli parcalar
montaj isleminde de problem olusturmasinin yaninda
yorulma 6mriinii de olumsuz etkilemektedir. Bu sebeple
ozellikle hassas pargalar ilave bir capak temizleme
islemine tabi tutulmaktadir (El Naser ve dig., 2017).

Ozel bir kesme yontemi olan hassas kesme pargalarin
dogru bir geometri, gatlak veya yirtilma igermeyen ve
piiriizsiiz kesilmis kenarlarla herhangi bir ana ikincil
operasyona gerek duyulmadan kaliplarla tiretildigi ileri
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ve hassas bir sa¢ sekillendirme yontemidir. Ikincil
operasyonlarin elimine edilmesi ile presten ¢ikan ve
hemen sonrasinda ¢apak alma islemi uygulandiktan sonra
toplanmaya hazir pargalarin elde edilmesi parga iiretim
maliyetlerini ve siirelerini diigirmekte, ayn1 zamanda
yiizey ve boyut hassasiyeti ¢ok yiiksek olan parcalar elde
edilmektedir (Daric1, 1998).

Pres tezgahlarinda basilan pargalar, istenilen teknik
oOlgiilere ulagsmak icin taglama, lebleme vb. yiizey taslama
islemlerine tabi tutulur. Bu operasyonlarda olusan diisiik
kuvvet etkisi ile kopabilecek ¢apaklarin giderimi igin
capak alma islemine tabi tutulur. Uygulama sirasinda
metal ig parcalari, ¢capak alma taglar1 ve su girdi olarak
kullanilir. Islem sonucunda istenen yiizey kalitesinde
metal ig pargalari, atik ¢apak alma tasi ve endiistriyel atik
su elde edilir.
Endiistriyel ~ atiksularmm  Ozellikleri,  endiistriden
endiistriye oldukca farkliliklar gdstermektedir. Ayni
daldaki endiistrilerde bile, kullanilan hammaddeler ve
uygulanan proseslerin farkliligi, diger bircok faktorle
birlikte c¢ikan atik suyun yapisinda farkliliklar
olusturmaktadir (Kopan, 2023). Yapilan analizlerde atik
suyun AKM konsantrasyonu ortalama olarak 41.182,88
mg/L, Cokelebilir Kat1 Madde (CKM) degeri 223,33+5,2
ml/L ve yag ve gres degeri 74 mg/L oldugu goriillmiistiir.
Yillik ortalama degerler baz alindiginda 6000 ile 7000 m3
arasinda atik su olusumu miimkiindiir.

Bu calismada, yukarida ifade edilen temel ilkeler
cercevesinde orijinal bir ekipman ireticisinde (OEM)
donel ¢anakta ¢apak alma ve ylizey bitirme prosesinde
olusan atik suyun geri kazanimi i¢in capak alma
taglarinin yeniden kullanimi arastirilmigtir. Atik suyun
icerisinde yer alan ve askida kati madde olarak nitelenen
kirleticilerin giderimi suyun geri kazanimi ve filtrasyonu
icin Onemlidir. AKM gideriminde farkli filtreleme
sistemleri kullanilabilir. Calismada {iretimdeki bir
operasyondan ¢ikan taslarin 6n AKM gideriminde filtre
arastirilmigtir.  Donel
canakta ylizey bitirme prosesi, otomotiv endiistrisinde
hassas sahip parcalarin yiizeylerinin
islenmesi i¢in kullanilan bir yontemdir. Siirecin girdileri
metal parca, capak alma tasi, su ve kimyasal madde olup,
ciktilar1 istenen Slgiilerde iiriin, atik su ve atik ¢apak alma
taglaridir. Deneysel calismada kullanilan ¢apak alma
taglar1 donel ¢anakta ylizey bitirme prosesinde olusan
attk suyun geri kazanimi i¢in tasarlanan 6n aritma

malzemesi olarak kullanimi

toleranslara

tankindan alinmistir. Bu ¢aligmada 6n aritim tankinda
prosesin ¢iktist olan ve bertaraf edilen ¢apak alma
taglarinin 6n ¢oktiirmede kullanimi incelenmistir.
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Capak alma taglarinin bir defa kullanim sonrasinda atik
olmasi yerine suyun yeniden kullanimi ve aritilarak geri
kazanimi bu konuda yapilan temiz {iretim calismalari
acisindan son derece degerlidir. Girdi olarak su
kullanilan yikama banyolari, hassas yilizey islemleri
otomotiv endiistrisinde siklikla karsilagilan proses
adimlaridir. Yiiksek su tiiketiminin dikkati ¢ektigi bu
proseslerde attk su &nemli bir kirlilik yiikiini
tagimaktadir. Bu yiik yag, kimyasal maddeler ve metal
partikiillerden olusmaktadir.

Ozet olarak, dénel ¢anakta talas kaldirma islem adimu,
otomotiv endiistrisinde hassas toleranslara sahip
irlinlerin {iretilmesinde kullanilmaktadir. Bu islem,
stirekli sivi akisi ile metal is pargalarinin ylizeyinden,
capak alma taslar1 yardimi ile talas kaldirilmasi
operasyonudur. Ornek bir uygulama ile yapilan tasarim,
kaynak tiiketimini en aza indirecek ve temiz iiretim
uygulamalar1 i¢in Ornek saglayacaktir. Bu baglamda
yapilacak temiz {iretim ¢aligmalari, dogal kaynaklarin
verimli kullanilmasi adina {iretim sektdriinde yer alan
firmalarin faaliyetlerini gelistirmeleri i¢in Onemlidir.
Yapilacak iyilestirmeler ortaya
calismalarin temelinde {iretim siire¢lerinin dogru analiz
edilmesi ve olusan atik maddelerin yeniden kullaniminin

adina konulacak

veya atik olusumunu minimize edecek yontemlerin
gelistirilmesinin 6nemi yadsinamaz niteliktedir.

Calismanin amaci AKM yiikii fazla olan kirli sularin
masrafsiz ve daha diigiik maliyet ile eko-verimlilik
cergevesinde On artimmin saglanmasidir. Caligmada,
iiretim faaliyetlerinde olusan atiklarin yeniden kullanim
potansiyelinin gerekliligi  ortaya
konulmaya g¢alisilmistir. Literatiirde yer alan atik suyun
aritimi ve yeniden kullanimi yontemleri incelendiginde,
iretimin bu asamasinda ortaya c¢ikan atik sularin
aritilmast ve bir membrandan gegirilerek yagindan
arindirilmasinin  saglanabilecegi goriilmiistiir. Ancak
membran uygulamalarinin  Oncesinde, sudaki atik
yiikiinlin azaltilmas1 ve bu sayede membran 6miirlerinin

ele alinmasinin

uzatilmasi gerekliligi ortaya ¢ikmistir. Bu asamada gesitli
on filtreleme yontemleri giindeme gelmis olup, ¢alisma
kapsaminda tas filtreleme sistemi incelenmistir. Taglarin
bosluklarindan ve yiizeylerinden yararlanilmasi ve atik
su havuzu ile yapilacak O6n aritmanin performansi
arastirilmastir.
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2. ANALIiZ METODU
2.1. Deneysel Kurulum

Atik sularin olusumu incelendiginde Oncelikli olarak
sudaki parametrelerin analizleri yapilmistir. En biiyiik
yiikii olusturan ve suyun goriiniimiinde kirlenmeye sebep
olan parametreler degerlendirilmis ve tasarima karar
verilmigtir. Karar asamasinda ozellikle
atiklarindan olan ve kullanim émrii doldugunda bertaraf
edilen ¢apak alma taslar1 dikkati cekmektedir. Bu taglarin
¢oktiirme ve siizme iglemleri igin is yapabilme
yeteneginin ve kabiliyetinin arastirilmasi ¢aligmanin
temel unsurlarindandir. Hem atik suyun partikiiler madde
yikiiniin iyilestirmesine etkisi incelenmis hem de taslarin
firma icerisinde yeniden kullanilarak degerlendirilmesi
ile endiistriyel simbiyoz ornegi olusturup
olusturamayacagi degerlendirilmistir.

stirecin

Doénel ¢anakta yilizey isleme igin kullanilan taglarin
karakterizasyonu bu ¢alismada Boliim 2.1.2 Capak alma
taglarinin karakterizasyonu baglig1 altinda anlatilmistir.
Ik olarak metal is parcalari, capak alma taslar ile donel
canak sistemine yiiklenir. Ardindan kimyasal madde ve
su girdisi saglanir. Donils hareketi sayesinde metal
ylizeylerinden talag kaldirma gergeklestirilir. Tek
operasyon i¢in 150-300kg arasinda tas kullanilmaktadir.
Taslarin kullanim 6mrii tanimli olup, kullanim o6mrii
sonunda taglar bertaraf edilmek iizere donel ¢anaklardan
varillere aktarilmaktadir. Islenilen metal pargadan
kaldirilacak ¢apak miktarina ve metallerin ylizey
kalitesine bagli olarak tag omiirleri degisiklik gosterir.
Kullanim 6mrii dolup islevini yitiren bu taglarmn, farkli
bir amag¢ dogrultusunda filtre malzemesi satin alinmasi
stirdiiriilebilirlik

yerine  kullaniminin

acisindan énemlidir.

aragtirilmast

Atik suyun parametrelerinin yapilacak laboratuvar
analizleri ile belirlenmesi ve atik taglarin boyut, nitelik ve
niceliksel analizlerinin gerceklestirilmesi ilk adimdir.
Ikinci adim dogru sonuglarim elde edilmesi igin 5nem arz
eden aritma kurgulanmasi
Ciktilarin analizi ve sonuglarin degerlendirilmesi ile
calisma sonuclandirilmastir.

havuzunun olmustur.

2.1.1. Atik Suyun Karakterizasyonu

Dénel ¢anakta ylizey bitirme prosesi hassas toleransh
parcgalarin imalat asamasindaki en 6énemli adimlarindan
biridir. Metal pargalarin bir  Onceki
operasyondan gelen metal yaglar1 ve igslem sirasinda
capaklarin giderilmesi ile olusan metal partikiiller ve

tzerinde
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capak alma taglarindan kopan parcalarin olusturdugu
katilar su igerisinde Onemli bir kirlilik yiki
olusturmaktadir. Yag, partikiil madde ve kimyasallar
nedeniyle kontamine olan suyun yeniden kullanilmasi
i¢in 6ncelikle barmdirdigi bu temel fiziksel ve kimyasal
yiikten arindirilmasi gerekmektedir. Atik su igerisindeki
yag ve gres analiz edilmis ve deger 74 mg/L olarak
Olglilmiistiir (Rice ve Bridgewater, 2012). Bu agsamada
fiziksel aritma yoOntemlerinin  kullanilmas1 igin
olusturulan bir simiilasyon havuzu ile suyun ne diizeyde
iyilestirilebileceginin analizleri gergeklestirilmistir. Bu
calismada yag gideriminin yapilacag§i membran
uygulamasi hakkinda bilgi verilmemistir. Membran filtre
uygulanmasit Oncesinde suyun iyilestirilmesi i¢in
arastirma yapilmistir. Bu gerekce ile yag ve gres
analizleri tas filtre uygulamasi ¢ikiginda 6l¢iilmemistir.
Iyilestirme etkilerinin goriilebilmesi igin giris atik su ve
filtreleme isleminin bitiminde alinan su numunelerinde
CKM (Cokelebilir Katt Madde), AKM (Askida Kati
Madde), pH, sicaklik, basing 6l¢timleri yapilmistir. Bu
Olciimlerdeki farklar degerlendirilmis ve tasarimin hangi
parametreler i¢in etkili olduguna karar verilmistir. Atik
su igerisinde bulaniklik olusturan ve suyun kirli
goriinmesine sebep olan en temel kirleticiler, partikiil
maddelerdir. Donel ¢anakta yiizey bitirme prosesi
siiresince olusan atik partikiiller suda ¢6ziinmez, su
icerisinde dagilarak veya dipte ¢okerek ¢camur birikintisi
olusturur. Cokelemeyen katt maddelerin tespit edilmesi
icin Askida Katt Madde Tayini (AKM) analizi ve ilave
olarak ¢okelebilir katt madde tayini uygulanmistir (Rice
ve Bridgewater, 2012).

Suyun karakterizasyonu i¢in pH ve iletkenlik (uS/cm)
tayinleri de gergeklestirilmistir. yaninda
olusturulan sicaklik  (°C)
degisimleri ile basing (atm) Ol¢iilmiistir. Her bir
parametre  hakkinda  elde  edilen
degerlendirmesi yapilmistir. Capak alma taslarinin geri
kazanilarak atik su havuzunda filtre olarak kullanilmasi

Bunun
simiilasyon havuzunun

sonuglarin

simiile edilmis ve atik suyun geri kazanimindaki etkileri
incelenmistir. Bu etkilerin sonuglar1 ile kazanim elde
edilip edilemeyecegi yapilan deneyler ile tespit edilmeye
calisiimustir. Olgiim ve analizler tas filtre uygulanmasi
oncesi ve sonrasindan 3 giin 9 vardiyayr kapsayacak
sekilde gerceklestirilmistir. 1 haftalik c¢aligma siiresi
boyunca capak alma taglarinin etkilerinin Oncesi ve
sonrast durumunda yapilan Ol¢glim ve analizler ile
sonuglar elde edilmistir.

2.1.2. Capak Alma Taslarinin Karakterizasyonu

Yiizey bitirme prosesi olan donel g¢anakta kullanilan
capak alma taglarina ait karakteristik Ozelliklerin
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belirlenebilmesi i¢in analizler yapilmistir. Bu analizler
sonucunda taslarin boyutlari, bosluk hacimleri ve yapilari
belirlenmigtir. Taslarin yapilarma ait gorseller elde
edilmistir. Bu calismada kullanilan ¢apak alma taslar
seramik yapilidir, yaklasik 4 mm. kenar uzunluguna
sahip tiggen geometrik bigime sahiptirler. Ayrica 3
tekrarl1 yapilan deneyde 100 ml hacim igerisinde 218348
adet tas bulundugu gorilmiistiir. Bosluk hacimlerinin
tespit edilmesi i¢in yine 3 tekrarli olarak taglar 1 litrelik
kaba doldurulmus ve iizerine su eklenmistir. Dolan suyun
hacim degeri tespit edilmis ve 1 litre hacimde 300+12 ml
bosluk hacmi gdzlenmistir. Analizler sonucu elde edilen
capak alma taslarinin karakteristik 6zelliklerini iceren
bilgiler asagida verilmistir (Tablo 1). Taglarin
karakteristik yapisi belirlenmis ve partikiiller maddelerin
giderimi i¢in kullanilabilir oldugu sonucuna varilmustir.
Bu ¢ergevede Dbertaraf edilen atik taglar tekrar
kullanilmistir. Kurgulanan atik su havuzunun farkl
bolimlerine doldurulan taglardan gegen su kati
partikiillerinin yiizeylerde tutunmas: ile kirliliklerden
arinacagl  diistinilmistiir.  Gergeklesecek  giderim
yapilacak su analizleri ile dogrulanacaktir.

2.2. Onerilen Yontem

Artma havuzunun kurgulanmasi ve aritma islem
adimlari, ¢apak alma taglarinin karakterizasyonu
sonucunda suyun genel parametrelerinin tayini ile
belirlenmistir. Bu agamada proses kaynakli olusan atik
suyun genel 6zellikleri Tablo 2’de verilmistir. Bu tabloda
ortaya c¢ikan en belirgin 6zellik AKM (Askida Kati
Madde) ve CKM (Cokebilir Katt Madde) yiikii olup, bu
yiik partikiiler maddelerin proses geregi fazla olmasi
sebebi ile ortaya c¢ikmaktadir. Bu fazla yiikiin sebebi
donel ¢anakta yiizey bitirme prosesinde olusan capak
alma tag1 partikiilleri ve pargalardan kopan metal
capaklardir. Atik suyun tekrar kullanilabilmesi icin
yagli suyun bir membrandan gegirilmesi ve yagdan
arindirilmas1 uygulanabilir bir yontemdir. Ancak bu
islem Oncesinde partikdil
gerekmektedir. Bu yiikiin
Omiirlerini arttiracak olmasinin  yani sira  sudan
maksimum renk giderim veriminin elde edilmesinde de
onem tasimaktadir. Suyun aritilmasinda uygulanacak
islem adimlari i¢in bir havuz olusturulmustur (Sekil 1).

yikiinden arindirilmasi

azaltilmast membran
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Tablo 1. Capak alma tas1 karakteristik 6zellikleri

Karakteristik dzellik Veri

b
Tas boyutu(mm) a

a/b

04/04

Tas yapisi Seramik
Birim/adet (ml/adet) 100ml/2183+8adet
Bosluk hacmi (ml/l) 300£12 ml/l
Ozgiil agirlik (g/cm?3)
(Bulk Density) 30,2
Sekll U(}gen
Goriiniis

Proseste olusan atik su, giris olarak tanimlanmis alandan
yercekimi ile bu havuza akmaktadir. S6z konusu atik su
icerisinde, metal pargalarin paslanmasini engelleyen
koruyucu yaglar da yer almaktadir. Atik su igerisinde
bulunan bu yaglar, havuzun birinci bekleme bolgesinde,
ozgiil agirlik farkindan dolayi yiizeyde birikmektedir. Bu
yagin giderilmesi i¢in banyoya bir yag siyirici entegre
edilmistir. Bekleme bdlgesinde yer alan yagin biiyiik bir
bu yag siywicinin igerisinde toplanarak
ayristirilmaktadir. Toplam dort kisimdan olusan aritma
havuzunda her bir kisma tas filtre entegre edilmistir. Tas
filtreleri Ongoriilen alanda sabitlenmesi tas
boyutlarindan daha kiiciik delikler igeren siizgecler
kullanilmistir. 1lk olarak delikli siizge¢ ve taslarin
aralarindan gecger. Atik su c¢apak alma taslariin
aralarindan ilerlerken, partikiiller dar bogluklarda kalir.
Havuz hacminin 1/3’tnii kapsayacak ve akisa engel
olmayacak miktarda tas kullanilmistir. Boylelikle suyun

kismi

i¢in,

temizlenmesi islemi gergeklesir. Bu arastirma igin atik su
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c¢ikisindan su  numunesi alinip, analizlere tabi
tutulmustur. Bu analizlerin sonuclar1 atik su girisinden
alinan kirli suyun sonuglari ile kiyaslanmigtir. Havuzun
kurgulanmas1 sirasinda islevini tamamlamis ¢apak alma

taglarinin uygunlugu ve performansi da aragtirilmistir.

Siirdiiriilebilir ¢cevre bakis agist ile gergeklestirilen bu
aragtirma ile capak alma taslarinin bertaraf edilmesi
yerine tasarlanan havuzda filtre malzemesi olarak
yeniden kullanilmas1 degerlendirilmistir. Havuzda
cazibeyle akan suyun havuz igerisindeki kisimlar
arasindaki  gecisi de  yercekimi  yardimryla
gerceklesmektedir. Atik suyun havuzdaki bu ilerleyisi
sirasinda ortamda bakteriyolojik birikim nedeni ile koku
olusabilecegi Ongoriilmiistiir. Bu nedenle, kokunun
caligma alanma yayilimini dnlemek i¢in havuz iizeri
kapak ile ortiilmiis ve biriken kokunun filtre yardimu ile
dis ortama salimi gergeklestirilmistir. Atik su ¢ikisi
sonrast bu sekilde yer almayan ancak suyun membran
filtreye iletilmesini saglayan 1 adet pompa {izerinde
bulunan manometre ve termometre yardimi ile sistemin
basimng ve sicaklik parametreleri de takip edilmistir.
Numunelerin alindigi an manometre ve termometre
iizerindeki degerler kayit altina alinmistir.
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dKoku Filtrasyonu

Atik Su
Girigi

ﬁr Yag siyirict———=——

Atik Su
Cikiss

;
Capak Alma Taglan

2x2mm gaph
delikli sizgeg

Sekil 1. Aritma havuzu kurgusu

3. ANALIiZ

Toplam 3 giin (9 vardiya) boyunca yiiriitiilen ¢aligmalar
ile tasarlanan sistemden elde edilen
incelenmistir. Isletmede bir vardiya sekiz saatlik calisma
zamanint belirtmektedir. Bu ¢aligmanin yapildigi tesiste
1.vardiya 00:00-08:00, 2.vardiya 08:00-16:00 ve 3.
vardiya 16:00-24:00 saatleri arasinda faaliyet gosterir.

sonuglar

Filtreleme sisteminin Oncesi atik su girisinden alinan
numuneler suyun kirli halini, filtreleme sonrasi atik su
¢ikisindan alman numuneler temiz halini temsil
etmektedir. Donel ¢anakta yiizey bitirme siirecindeki

girdi ve giktilar Sekil 2°de verilmektedir.

Pargalar, metal hammaddelerden pres tezgahlarinda
basildiktan sonra hassas kenar, kose degerleri eldesi i¢in
donel canakta yiizey bitirme islemine tabi tutulurlar. Bu
islem sirasinda, su ve alkali ¢apak alma kimyasal
maddesi kullanilir. Doniis hareketi sayesinde capak
alma taslar1 parca ylizeyinden istenmeyen capaklari
gidermektedir. islemden ¢ikan su, atik su olarak desarj
edilmektedir. Donel canakta ylizey bitirme islemi
sirasinda metal pargalar lizerinde korozyon olusumunun
engellenmesi igin koruyucu yag bulunmaktadir. Islem
sirasinda bu yaglar emiilsiye olmakta ve atik su ile
desarji yapilmaktadir. Islem sonucunda 6mrii dolan
capak alma taslar1 da atik statiisiindedir. Bu taglar
biriktirildikten sonra bertaraf

variller igerisinde
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edilmekte ve bu islem i¢in bitceye ihtiyac
duyulmaktadir. Bir diger atik madde, pargalardan ve
taglardan kopan maddeler ile olusan atik ¢gamurdur. Bu
camur, suyun i¢erisinde bulaniklik olusturmakta ve suyu
kirletmektedir.

Siirecin tamami incelendiginde suyun geri kazanimi ve
yeniden kullanilabilmesi i¢in aragtirmalar yapilmustir.
Dongiisel ekonomi ve ¢evresel iyilestirmeler gozden
gecirilerek global uygulama ornekleri arastirilmistir.
Literatiirde yer alan atik suyun aritimi ve yeniden
kullanimi  yontemleri incelendiginde, iiretimin bu
asamasinda ortaya ¢ikan atik sularin aritilmasi ve bir
membrandan gegirilerek yagindan armdirilmasinin

saglanabilecegi  gorilmiistir. =~ Ancak  membran
uygulamalarmin  6ncesinde, sudaki atik yiikiiniin
azaltilmast ve bu sayede membran Omiirlerinin

uzatilmasi gerekliligi ortaya ¢ikmistir. Bu asamada
cesitli 6n filtreleme yontemleri giindeme gelmis olup,
calisma kapsaminda tas filtreleme sistemi incelenmistir.
Taslarin bosluklarindan ve yiizeylerinden yararlanilmast
ve atik su havuzu ile yapilacak 6n aritmanin performansi
aragtirtlmustir.

On aritmada kullamlacak atik su havuzu igine, dmrii
dolan atik capak alma taglar1 yerlestirilmistir. Toplam 3
gilin (9 vardiya) boyunca atik su girigi ve ¢ikigindan
alinan numuneler analiz edilmistir. Gergeklestirilen bu
analizlere ait sonuclar Tablo 2’de tas filtre Oncesi ve
Tablo 3’te tas filtre sonrasi atik su parametreleri olarak
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verilmistir. Yapilan analizlerde atik suyun tas filtreden
gecmeden Once askida katt madde konsantrasyonunun
ortalama olarak 41.182,88 mg/L oldugu goriilmektedir.

Taslarin konumlandirildigi havuzun ¢ikisindan alinan

numuneler ile de AKM analizleri gergeklestirilmistir.
Tablo 3’te ii¢ gliniin ortalamasinin 877,1349,3 mg/L

s Capak Alma Tasi

oldugu gorillmistir.  Sonuglar taglarin  havuza
konumlandirilmasinin, AKM degerinin diisiiriilmesinde

oldukca etkili oldugunu gostermistir.

s Atk Camur

. . » Sebeke Suyu B « Atk Su
Girdiler |-gosams o ks Ciktilar
* Koruyucu Yag . [ iltﬁf'la':;k

Sekil 2. Donel ganakta yiizey bitirme siireci girdileri ve ¢iktilari

Tablo 2. Tas Filtre Oncesi Atik Su Parametreleri

Atik su parametreleri tas filtre dncesi
1.Giin 2.Giin 3.Giin
l.vardiya | 2.vardiya | 3.vardiya | l.ardiya | 2.vardiya | 3.vardiya | l.vardiya | 2.vardiya | 3.vardiya
Cokelebilir
Kat1 Madde 150 50 120 50 960 140 50 440 50
(ml/l
pH 8.21 7.71 7.14 8.61 8.17 8.85 8.56 8.8 8.7
lletkenlik | 4 678 836 568 980 588 551 618 536
(uS/cm)
Basing(atm) 3.6 3,2 3,1 3 3,2 3,2 3 3 3
Sicaklik(°C) 22 26 26 22 24 24 22 22 22
Askida Kat1
Madde 41710 40120 40920 40290 43160 41050 40710 42580 40106
(mg/L)
Tablo 3. Tas Filtre Sonrasi Atik Su Parametreleri
Atik su parametreleri tas filtre sonrasi
1.Giin 2.Giin 3.Giin
1.vardiya | 2.vardiya | 3.vardiya | 1.vardiya | 2.vardiya | 3.vardiya | 1.vardiya | 2.vardiya | 3.vardiya
Cokelebilir Kati
Madde (ml/l) 0 0 0 0 0 0 0 0 0
pH 8.68 8.0 7.98 8.77 8.64 8.45 7.02 7.03 7.17
Iletkenlik(uS/cm) 499 652 616 745 579 632 692 726 711
Basing(atm) 3 3 3 3.2 3,2 3,2 3.2 3.2 3,2
Sicaklik(°C) 22 22 22 24 24 24 22 22 22
Askida Kati
Madde(mg/L) 896,6 879,8 792,8 1680 1187 1244 797 925 492
5 =
HARM OIerim | 9785 | o780 | 9806 | 9583 | 9725 | 9697 | 9672 | 9782 | 9877

Not: Atik su 6n artimi i¢in 3 vardiyada ayni taslar degismeden kullanilmistir.
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Bir diger Olciilen parametre CKM degeridir. Yine ayni
zaman diliminde ile yapilan
analizlerde, tag filtre uygulamasi 6ncesinde bu dokuz
numune degerinin ortalamast 223,33+5,2 ml/L olarak
Olciilmiistiir. Atik suyun tag filtreden gegmesi sonunda
ise CKM olgiilememistir. Elde edilen iki farkli
parametreye dayali sonug bize taslardan gegen suyun
partikiiler madde yiikiinden etkili bir bigimde arindigini
gostermigtir. Bunun yaninda 6lgiilen pH ve iletkenlik
parametrelerinin 6nemli bir sekilde degismedigi tespit
edilmistir. sebebinin kimyasal bir aritma
yapilmamasinin oldugu diisiiniilmektedir.

alinan numuneler

Bunun

Basing ve sicaklik parametreleri takip amaclh dl¢tilmiis
olup, yapilan 6n aritma isleminin bu degerler icinde
belirli bir etkisinin olmadig: tespit edilmemistir. Ancak
sistemin stabil ve dengeli olarak akigini devam ettirdigini
gostermesi agisindan &nemlidir. Olgiilen sonuglar da
bunu gostermektedir. Sicaklik atik su girisi igin minimum
22 ve maksimum 26 °C olarak kaydedilmistir. Tas filtre
sonras1 Olgiilen sicaklik degerleri minimum 22 ve
°C olarak Olglilmiistiir. Sicaklik
degerlerinde anlamli bir degisim gozlenmemistir. Bunun
temel sebebi sistemde degisim olusturabilecek bir
miidahalenin yapilmamasidir. Sadece bir alanda pompa

maksimum 26

giicli uygulanmig olup, atik su ¢ikisinda suyu membran
filtreden gegirmek tizere kullanilmaktadir. Bu calisma
membran Oncesi suyun iyilestirilmesine odaklanmuistir.
Bu nedenle membran hakkinda detaylara yer
verilmemigtir. Elde edilen sonuglarin 1518§inda AKM ve
CKM degerlerinde belirgin bigimde iyilesme oldugu
gbzlemlenmistir. Bu da membran dmriiniin uzamasi igin
anlamlidir. Bu sonug ¢apak alma taglarinin filtre olarak
kullanilabilecegini gostermektedir.

4. SONUCLAR VE TARTISMALAR
Gilinlimiizde dongiisel gevre politikalarinin
olusturulmasi, kaynaklarin dogru yonetilmesi ve
verimlilik stratejilerinin degerlendirilmesi endiistrilerin
giincel konular1 igerisinde yer almaktadir. Dongiisel
ekonomi kavrami endiistride temiz {retim odaklh
yaklasimlarin gergeklestirilmesi igin olduk¢a anlamlidir.
Atik olusumunu ortadan kaldiran bir yontem ve felsefe
biitiiniidiir. Bu c¢ergevede siire¢ igerisinde olusan bir
atigin, isletmede yeni bir alanda girdi olarak kullanilmas1
ve degerlendirilmesi son zamanlarin karsimiza ¢ikan
arastirma konusu olmustur.

Bu c¢alisma kapsaminda bir OEM’de Omriinii
tamamlamis ¢apak alma taglarmin dongiisel ekonomi
gercevesinde yeniden kullanimi arastirilmistir. Bu
kapsamda orijinal bir ekipman iireticisinde (OEM) do6nel
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canakta yiizey bitirme prosesinde olusan atik suyun geri
kazanimi ic¢in 6n aritma tanki tasarlanmistir. Tasarlanan
tankta prosesin ¢iktis1 olan ve bertaraf edilen ¢apak alma
taglarinin  6n  ¢oktiirmede kullanimi1 arastirilmistir.
Calismanin amaci AKM vyiikii fazla olan kirli sularin
masrafsiz ve daha diigiik maliyet ile eko-verimlilik
gergevesinde On artiminin saglanmasidir.

Atik su 6zelliklerine gore tasarimi yapilan tankta dmriini
tamamlamig ¢apak alma taglari filtrasyon malzemesi
olarak kullanilmigtir. 3 giin boyunca 9 vardiyalik ¢aligma
siiresinde alinan farkli
sonucunda su igerisinde kirlilik olusturan askida kati
madde ve cokelebilir kati madde konsantrasyonunun
azaldigi gortulmiistiir. Atil taglarin filtre malzemesi olarak
on c¢oktirmede kullaniminin ortalama atik su AKM
degerini %97 giderim verimi ile 41182,88 mg/L‘den
877,13 mg/L degerine diistirdiigli tespit edilmistir. Bu
calismanin sonucunda atil ¢apak alma taslarinin atik
suyun aritilmasinda  kullanilabilecegi  goriilmiistiir.
Haftalik 70€ ortalama bedeli ile filtre tiiketimi
bulunmaktadir. Tiiketimin ortadan kaldirilmasi ile bu

su numunelerinin analizi

maliyetin olusumunun &nlenebilecegi goriilmiistiir. Tek
operasyon i¢in 150-300kg arasinda tas kullanilmaktadir.
Olusan taslarin kg basma bertaraf bedeli 0,1€ olup,
ortalama bertaraf bedeli 2500€/yi1l olarak hesap
edilmistir. Dongiisel ekonomi i¢in deger yaratan ve
kullanilabilecek olan bu uygulama ile filtre igin
harcanacak bedellerin harcanmasinin gerekmeyecegi,
filtre degisim ve yeni filtre alinmasi maliyetlerinin
Onlenebilecegi, atitk tas bertaraf maliyetlerinin
azaltilabilecegi sonugclarina ulagilmistir.

Calismanin gerceklestirildigi ISO 14001 Cevre yonetim
sistemi gerekliliklerini yerine getiren 6rnek bir OEM’de
ortaya ¢ikan ve atiklarin yeniden kullaniminin
degerlendirildigi bu caligma baska calismalar i¢in de
ornek teskil etmesi agisindan degerlidir.

SIMGELER

atm Atmosfer

g/cm?® Gram/santimetrekiip
uS/cm Mikrosiemens/santimetre
mg/L Miligram/litre

ml/L Mililitre/litre

mm Milimetre

°C Santigrat derece

% Yiizde
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